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In Armillaria ostoyae diploid mycelium may mate with haploid mycelium in a
process analogous to dikaryon-monokaryon matings in other basidiomycete
fungi. Cultural characteristics and molecular markers were used to study
inheritance of nuclear and mitochondrial DNA in four diploid-haploid matings
of A. ostoyae. When haploids are mated with diploids, morphological changes
from fluffy to flat in the haploid thallus can be used to follow mating
progress. Progeny originating from the haploid thallus had mitochondrial
haplotypes identical to the haploid parent. Progeny with fluffy colony
morphology (putatively haploid) all had nuclear haplotypes identical to the
haploid parent. Flat progeny (putatively diploid) had nuclear haplotypes either
the same as the diploid parent or a combination of all of the diploid and
haploid parent nuclear markers. Diploid-diploid pairings between the parents
and flat progeny resulted in somatic incompatibility between genetically
unlike diploids and demonstrated that somatic incompatibility is a reliable
indicator of nuclear, but not mitochondrial, condition. The data suggest that
nuclei of the diploid parent, but not mitochondria, migrate into the haploid
thallus and eventually displace the haploid nuclei. In some instances, stable
2N + N dikaryons were maintained.
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M a t i n g  s y s t e m s  i n  b a s i d i o m y c e t o u s  f u n g i  a l l o w  f o r
continual production of new genetic associations prior to
me ios i s .  In  most  o f  these  fung i ,  two hap lo id ,  mono-
karyotic colonies with compatible mating factors mate to
form a secondary mycelium with binucleate cells, known
as a dikaryon. The presence of a clamp connection, an
appendage found at septa between hyphal cel ls ,  is an
identifying feature of dikaryons. Dikaryons may continue
to mate with monokaryons by donating one nucleus to
the monokaryon via nuclear migration. The process of
dikaryon-monokaryon matings has been studied in some
detail for many basidiomycetes (Buller, 1931; Swiezynski
& Day ,  1960 ;  El l ingboe & Raper ,  1962 ;  Ay lmore  &
Todd, 1984; Nguyen & Niederpruem, 1984; Coates &
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Rayner, 1985; May & Taylor, 1988). In contrast to most
basidiomycetes, the secondary mycelium of the agaric
A r m i l l a r i a  i s  u n i n u c l e a t e  a n d  d i p l o i d  r a t h e r  t h a n
dikaryotic (Korhonen & Hintikka, 1974; Guillaumin et
al., 1991). Armillaria does retain the ability, however, for
diploid mycelia to mate with compatible haploid mycelia
to produce new diploid cells (Korhonen, 1978; Anderson
& Ul l r ich ,  1982 ;  Gui l l aumin ,  1986 ;  Gui l l aumin e t  a l . ,
1991 ;  R izzo & Harr ington ,  1992) .  The  genet ic  con-
sequences of diploid-haploid matings in Armillaria are
not well understood.

The secondary, diploid mycelium of Armillaria does not
possess clamp connections. Therefore, demonstration of
successful diploid-haploid matings with Armillaria has
re l i ed  on d i f fe rences  in  co lony  morphology  between
diploid cultures (flat, crustose mycelium with sparse aerial
mycelium) and haploid cultures (white with fluffy aerial
mycelium) (Hintikka, 1973; Korhonen, 1978). Changes in
a haploid thallus from a fluffy to flat colony morphology
following mating with a diploid strain suggest nuclear
migra t ion  and convers ion  of  the  hap lo id  tha l lus  to  a
diploid. In a recent study, the use of isozyme markers
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confirmed a genetic basis for the formation of a diploid in
diploid-haploid matings with Armillaria ostoyae (Rizzo &
Harrington, 1992).

Two hypotheses  have  been  sugges ted  for  the  genet i c
o u t c o m e  o f  d i p l o i d - h a p l o i d  m a t i n g s  i n  A r m i l l a r i a .
Diploids of Armilaria are considered to be very stable
(Anderson & Ullrich, 1982), leading several authors to
propose that the diploid nucleus migrates into the haploid
mycelium and eventually displaces the haploid nucleus
(Anderson & Ullrich, 1982; Guillaumin, 1986; Ullrich &
A n d e r s o n ,  1 9 8 8 ;  G u i l l a u m i n  e t  a l . ,  1 9 9 1 ;  R i z z o  &
Harrington, 1992). Alternatively, chromosomes of the
diploid and haploid nuclei might reassort during veg-
etative stages of mating and produce new diploid nuclear
genotypes (Guillaumin, 1986). The breakdown of diploid
nuc le i  in to  hap lo id  complements  has  been observed
during basidiome (mushroom) formation in Armillaria
( T o m m e r u p  &  B r o a d b e n t ,  1 9 7 5 ;  K o r h o n e n ,  1 9 8 0 ;
Guillaumin, 1986), leading to speculation that such events
may also occur in vegetative mycelia.

To d i f fe rent i a te  be tween these  two poss ib le  genet ic
o u t c o m e s  i n  A .  o s t o y a e , we used  molecu la r  markers
(nuc lear  and mtDNA) to  fo l low genet i c  exchange  in
diploid-haploid matings. Mitochondria do not migrate
with nuclei following hyphal fusion in basidiomycetes
(Casselton & Economou, 1985; Hintz et al., 1988; May &
Taylor, 1988), allowing us to use mtDNA to distinguish
between migration by the diploid nucleus and invasive
g r o w t h  b y  d i p l o i d  h y p h a e  i n t o  t h e  h a p l o i d  t h a l l u s .
N u c l e a r  m a r k e r s  w e r e  u s e d  t o  d e t e r m i n e  i f  g e n e t i c
r e a s s o r t m e n t  w a s  t a k i n g  p l a c e  b e t w e e n  d i p l o i d  a n d
hap lo id  nuc le i .  In  add i t ion ,  somat ic  and  sexua l  com-
patibility were used as a confirmation of nuclear condition.
The results of these experiments support the hypothesis
that the diploid nucleus migrates into the haploid thallus
and eventually replaces the haploid nucleus.

METHODS

Strains. A number of diploid and haploid strains of A. ostoye
were screened for characters such as distinctive culture mor-
phology, mating competence and presence of DNA poly-
morphisms. Two diploid and two haploid strains were chosen
for the mating experiments. For the experiments we used
naturally derived strains of A. ostoyae. Diploid strains B635 (DIP
1) and B684 (DIP 2) were isolated from mycelia found on Acer
pensylvanicum and Picea rubens, respectively. Haploid strains B280
(HAP 1) and B430 (HAP 2) were single-spore strains obtained
from spore showers of basidiomes. Strain numbers refer to the
culture collection of T. C. Harrington, Iowa State University,
Ames, USA.

Diploid-haploid matings

The two diploid strains were paired individually with each of
the haploid strains. The matings were conducted on 1% (w/v)
malt extract agar (MEA; 10 g Difco malt extract, 15 g Difco
agar per litre water) by plating inocula from one-week-old
colonies 5 mm apart and incubating at room temperature
(20 25°C) with laboratory lighting. Each mating was replicated
five times. At 20, 30 and 40 d subcultures were taken from the
side of the haploid strain (HAP 1 or HAP 2). From each
replicate plate, 3 mm diam plugs were taken 2, 10 and 15 25 mm
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(the advancing margin) from the confrontation zone between
the paired strains. As a control, one subculture plug was taken
2 mm from the confrontation zone on the diploid strain side.
Subculture plugs were transferred to MEA and incubated under
laboratory conditions for 7 10 d. Subcultures were evaluated
for colony morphology: fluffy (putatively haploid), f lat
(putatively diploid), or with fluffy and flat sectors.

First vegetative generation progeny (Fig. 1). Subculturing resulted
in the mass transfer of hyphae from the original pairing plates.
To accurately assess nuclear migration into the haploid thallus
and avoid sampling a mixture of hyphae from the diploid and
haploid parents, single hyphal tip cells were removed from
subcultures and used to initiate colonies. Using × 40 magni-
fication, hyphal tips were excised from each of the subcultures
listed above. Hyphal tips were removed without regard to
subculture morphology. However, hyphal tips were selected on
the basis of ease of excision, which could result in a bias for
fast-growing hyphal tips. Transfer plates were examined
microscopically to confirm that only one hyphal tip had been
transferred. A minimum of 25 hyphal tips were taken for each
sampling time and sampling distance. Hyphal tips were trans-
ferred to MEA, incubated as above for 14-16 d and scored for
colony morphology. Hyphal tip progeny were stored on MEA
at 4°C .

Second vegetative generation progeny (Fig. 1). Progeny were
subcultured at three month intervals by taking plugs of hyphae
from the advancing margin and transferring to MEA plates.
After six months (two transfers), a subset of progeny with flat

Fig. 1. Flow chart summary of experimental design and results
of diploid-haploid matings. A/B and C represent diploid and
haploid nuclei, respectively. M1 and M2 represent different
mitochondrial haplotypes.
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morphology were chosen (see Results) and hyphal tips trans-
ferred again to yield a second generation of progeny.

Haploid-haploid matings. A. ostoyae has a heterothall ic,
bifactoral mating system (Hintikka, 1973). To detect possible
recombination of mating factors, fluffy hyphal tip progeny
(putatively haploid) were paired with the haploid parents, HAP
1 and HAP 2. HAP 1 and HAP 2 were also paired with each
other to confirm sexual compatibility. Matings were made and
scored as described in Harrington et al. (1992).

Somatic incompatibility pairings. Pairings were made between
all progeny with a flat colony morphology (putatively diploid)
and parents DIP 1 and DIP 2 to determine if somatic
incompatibility was a useful indicator of nuclear and mito-
chondrial condition. Pairings were made as in Harrington et al.
(1992). Mycelia that gew together to form a single homogeneous
colony with no dark lines, sparse zones or other barrage zones
were considered to be somatically compatible (Harrington et al.,
1992) (see Fig. 4).

DNA extraction. Fluffy and flat progeny from matings DIP
1 × HAP 2 (34 progeny) and DIP 2 × HAP 1 (34 progeny) were
grown in liquid medium for DNA extraction. Plugs of mycelium
from MEA plates were inoculated into 25–30 ml liquid malt
yeast extract medium (MYE; 20 g malt extract, 2 g yeast extract
per litre water) in 90 mm plastic Petri dishes and incubated in
still culture at 20–25°C for 3-4 weeks. Mycelia were vacuum-
filtered, frozen in liquid nitrogen, lyophilized and stored at
- 80°C until needed.

DNA was extracted from lyophilized tissue using a modification
of the miniprep procedure of Davis et al. (1980) (P. T. Gieser,
personal communication). Approximately 100 mg finely
ground, lyophilized mycelia was added to a microfuge tube and
500 µl extraction buffer added. Extraction buffer was prepared
by mixing 50 mM EDTA (pH 8·0), 500 mM NaCl, 100 mM
Tris (pH 8·0), 1·25% (w/v) SDS, and 10 mM b-mercapto-
ethanol. Following incubation in a 65°C water bath for 15 min,
200 µl 5 M acetate (pH 5·2) was added to each tube and the tubes
were placed on ice for 20 min. The tubes were centrifuged for
15 min at 14000 r.p.m. and the supernatant was then transferred
to new tubes. 2-Propanol (0·5-0·6 vol.) was added to each tube
and the tubes centrifuged for 15 min. Following centrifugation,
the supernatant was discarded and the pellet resuspended in
50 mM Tris/10 mM EDTA. This mixture was incubated at
37 °C for 60 min with 1 µl RNase (Sigma, 5 µg ml-1). Insoluble
debris was removed by centrifugation at 10000 r.p.m. for 3 min
and the supernatant transferred to new tubes. DNA was
precipitated in 600 µl cold absolute ethanol and 100 µl 3 M
sodium acetate. After centrifugation at 14000 r.p.m. for 10 min,
the supernatant was discarded, and the pellet was washed with
cold 70% (v/v) ethanol and dried for 5 min in a speed vac
(Savant Instruments). DNA was resuspended in 100 µl TE
(10 mM Tris/l mM EDTA) and stored at -20°C.

Restriction fragment length polymorphism (RFLP) analysis.
Samples of miniprep DNA were digested with the restriction
enzymes Hi ndIII, Ba mHI or Ps tI. Digests were for 8 -12 h at
37°C according to the manufacturer’s instructions, except that
spermidine was added to each reaction to a final concentration
of 5 mM. Electrophoresis was carried out in 0·8%, agarose gels
run at 1·5 V cm-1 for 16 h in 1 × TAE buffer (40 mM
Tris/acetate, 1 mM EDTA). DNA fragments were transferred
to nylon membranes (Hybond-N, Amersham) by standard
methods (Sambrook et al., 1989).

RFLP probes used in this study were kindly provided by M. L.
Smith and J. B. Anderson (Erindale College, University of
Toronto, Mississauga, Ontario, Canada). Mitochondrial haplo-

types were determined by hybridization with purified A. ostoyae
mtDNA (Smith & Anderson, 1989). Two RFLP probes were
used to follow nuclear migration. Probe pJA-1 was a pUC9
plasmid with a rDNA fragment from A. ostoyae containing the
26S rRNA gene (Anderson et al., 1989). Probe SpVII p-8 was a
cloned copy of a dispersed repetitive sequence from Armillaria
gallica (Smith et al., 1992). Probes were random prime labelled
and hybridized to the blots for 2 h using QuickHyb hybridi-
zation solution following the manufacturer’s instructions
(Stratagene Cloning Systems). Blots were exposed on X-ray film
for 2 h-6 d.

Fig. 3 represents examples of mitochondrial and nuclear
haplotypes for mating DIP 1 × HAP 2. The mtDNA probe
hybridized to 13-15 Hi ndIII restriction fragments between
3 and 14 kb (Fig. 3a). Each parent strain had a unique mito-
chondrial haplotype. Three polymorphisms allowed us to
distinguish between DIP 1 and HAP 2 mitochondrial haplotypes
(Fig. 3a), and two polymorphisms were detected between DIP
2 and HAP 1. Nuclear haplotypes were based on the banding
patterns obtained with two RFLP probes and three RAPD
primers. rDNA probe pJA-1 hybridized to two fragments
(approx. 4·5 and 5 kb) in the diploid parents and one fragment
in each of the haploid parents (HAP 1, 4·5 kb and HAP 2,
4·8 kb) on the Hi ndIII blots (Fig. 3b). The dispersed repetitive
probe SpVII p-8 hybridized to 10 or 11 Hi ndIII restriction
fragments, with three or four polymorphisms distinguishing
the different strains (Fig. 3c). pJA-1 and SpVII p-8 were also
hybridized to Ps tI and Ba mHI digested DNA, respectively, and
these confirmed the results of the Hi ndIII hybridizations.

Random amplified polymorphic DNA (RAPD) analysis. RAPD
amplification conditions were modified from the protocol of
Williams et al. (1990). A cocktail was prepared with 1 × RAPD
buffer (100 mM Tris, pH 8·0/500 mM KCl), 2 mM MgCl2,
0·5 % Tween, 0·4 mM spermidine, 1 µM dNTPs, 15 ng primer
(Kit M, Operon Technologies), 2–5 ng template DNA and
0·75 U Taq polymerase (Promega) per reaction. RAPD products
were amplified in a Perkin-Elmer thermocycler programmed for
one cycle of 5 min at 94°C, 45 cycles of 1 min at 94°C, 1 min at
36°C and 2 min at 72°C, and one cycle of 10 min at 72°C with
the fastest possible transition times between temperatures.
Amplification products were electrophoresed in 1·4% (w/v)
agarose gels in 1 × TAE and stained with ethidium bromide.

Twenty primers from Operon Kit M were screened for
polymorphisms. Three primers (M1, M4 and M5) had unique
bands for both the diploid and haploid parents (Fig. 3) and were
consistently reproducible. Because RAPD bands behave as
dominant markers (Williams et al., 1990), we scored bands
uniquely represented in the diploid or haploid parents as present
or absent in the progeny. Fig. 3(d) is an example of banding
patterns obtained with primer M5 for mating DIP 1 × HAP 2.
Bands unique to the haploid parents were excellent markers for
the presence of the haploid parent nucleus in the progeny. We
did not confirm whether bands unique to the diploid parents
were heterozygous or homozygous. We assumed only that the
absence or presence of a single unique band from a diploid
parent in the progeny indicated migration of that marker locus
but not of the entire diploid nucleus. By taking into account all
of the RFLP and RAPD data, we are confident of our ability to
detect nuclear migration.

Nuclear staining. The number of nuclei per cell in the parent
strains and twelve progeny was confirmed by staining with
D A P I  ( 4',6-diamidino-2-phenylindole). Mycelia from one-
week-old cultures (grown on MEA) was directly stained with
DAPI without fixation (Heath, 1987). Observation of nuclei
was made with a Zeiss epifluorescence microscope.
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RESULTS

A f low char t  summary  of  exper iments  and  resu l t s  i s
p r e s e n t e d  i n  F i g .  1 .  M o r p h o l o g i c a l  o b s e r v a t i o n s  o f
subcultures and first generation hyphal tip progeny from
diploid-haploid pairings were made following the orig-
ina l  pa i r ings .  The  in i t i a l  examinat ions  of  molecu lar
markers and somatic incompatibil ity pairings using first
generation progeny were done simultaneously and in-
dependently.

Culture morphology

Nuclear migration and conversion of the haploid thallus
to  a  d ip lo id  s ta te  a re  marked  by  changes  in  co lony
morphology of haploid mycelia from fluffy to flat. After
pairing for 20, 30 or 40 d with DIP 1 or DIP 2, subcultures
taken from the thallus of HAP 1 or HAP 2 were either

fluffy, flat, or fluffy with flat sectors (Fig. 2). The number
of flat subcultures remained constant over 20, 30 and 40 d,
ind ica t ing  tha t  20  d  was  suf f i c i ent  t ime to  a l low for
nuclear migration.

In all of the matings, most of the subcultures taken 2 mm
and 10 mm from the confrontation zone resulted in flat or
sectored colonies (Fig. 2).  The majority of subcultures

2118



Nuclear replacement in Armillaria

t aken  a t  the  advanc ing  marg in  (15-25  mm from the
confrontation zone) of the haploid thallus had a fluffy
colony morphology (Fig. 2). Samples from the advancing
margin yielded 10-20% sectored colonies from three of
the crosses, but no completely flat subcultures. All 60
control subcultures taken at 2 mm from the confrontation
z o n e  o n  t h e  d i p l o i d  p a r e n t  s i d e  h a d  a  f l a t  c o l o n y
morphology .

Hyphal tips excised from HAP 1 subcultures resulted in
mostly fluffy colonies regardless of whether the hyphal
tips were from fluffy or flat subcultures, or flat sectors of
predominantly fluffy subcultures (Fig. 2a, c). Hyphal tips
exc i sed  f rom HAP 2  subcu l tures  t aken  a t  2  mm and
10 mm yielded mostly flat colonies (Fig. 2b, d). All hyphal
tips taken from subcultures at 15-25 mm resulted in fluffy
colonies, except in mating DIP 2 × HAP 1 (Fig. 2c).
In  th i s  mat ing ,  s ix  f l a t  hypha l  t ip  progeny  were  re -
covered from 15-25 mm subcultures. A small percentage
(< 10%) of hyphal t ips did not grow. All hyphal t ips
excised from control subcultures resulted in flat colonies.
Sectoring was not observed in hyphal tip progeny.

At three and six months, all progeny were transferred to
fresh MEA plates. A second generation of progeny was
obtained by excising 15 hyphal tips from each of 23 flat
first generation progeny which had given intermediate
reac t ions  in  the  somat ic  incompat ib i l i t y  pa i r ings  ( see
below). Approximately 40% of the 345 hyphal t ips did
not grow when transferred, but 88-98% of the hyphal
tips that did grow had a flat colony morphology (Table 1).
Fluffy morphology was observed in some of the second
generation progeny from each of the four matings (Table

1).

Haploid-haploid matings

All matings between fluffy progeny (first and second
generation) and related haploid parents, HAP 1 or HAP 2
[e.g. (DIP 1 × HAP 2) fluffy progeny × HAP 2], resulted
in fluffy subcultures (data not shown). This result would
be expected if the progeny and the haploid parents were
identical at the two mating factors. Matings made between
progeny and the non-related haploid parent resulted in
subcultures with a flat morphology indicating successful
mating. Haploid parents HAP 1 and HAP 2 were sexually
compatible.

Inheritance of molecular markers

All fluffy first generation progeny had mitochondrial and
nuclear haplotypes identical to their haploid parent (HAP
1 or HAP 2) (Table 2). The majority of flat progeny (33 of
41 total) had mitochondrial haplotypes identical to their
hap lo id  parent  (Tab le  2 ) .  No recombinant  or  mixed
mitochondrial haplotypes were observed. Eight flat first
generation progeny had mitochondrial and nuclear haplo-
types identical to their diploid parent (DIP 1 and DIP 2).
These hyphal tip progeny were excised from subcultures
taken 2 mm from the confrontation zone and probably
represented samples of invasive growth of diploid hyphae
into the haploid thallus, rather than nuclear migration.

Fig. 3. Examples of mitochondrial and nuclear haplotypes from
mating A. ostoyae strains DIP 1 × HAP 2. Lanes 1 and 2 are the
diploid (D) and haploid (H) parents and lanes 3-5 are hyphal
t ip progeny represent ing haplo id,  d ip lo id and mixed
diploid/haploid (D/H) genotypes. Hindlll-digested genomic DNA
was probed with (a) mtDNA, (b) rDNA, and (c) a dispersed
repetitive clone. (d) DNA amplified by RAPD primer M5. Arrows
indicate polymorphisms used to distinguish haplotypes. Images
from autoradiographs (a, b and c) or ethidium bromide stained
gels (d) were digitized using a standard CCD camera (UVP). The
figure was prepared using the computer program PHOTOSHOP
2.5 (Adobe Systems). The image of (d) was reversed to allow
background continuity with the remainder of the figure.

Flat progeny with mitochondrial haplotypes identical to
the i r  hap lo id  parent  exh ib i ted  two c lasses  of  nuc lear
haplotypes (Fig. 3).  The first class, putatively 2N+N,
demonstrated the presence of al l  of the bands of the
haploid parent and all of the bands of the diploid parent.
The second class had al l  of the markers of the diploid
parent, but none of the haploid markers. In either class, no
new combinations of bands were observed for the RFLP
or RAPD markers (Fig. 3). In the DIP 1 × HAP 2 mating,
17 flat progeny had the mitochondrial haplotype of HAP
2; of these, ten had nuclear haplotypes identical to DIP 1
and seven had mixed nuclear haplotypes (Table 2). In the
DIP 2 × HAP 1 mating, al l  16 progeny with the mito-
chondrial haplotype of HAP 1 had mixed nuclear haplo-
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types with all markers of both DIP 2 and HAP 1 (Table 2).
Control progeny (taken from diploid parents rather than
haploid parents in original matings) had mitochondrial
and nuclear haplotypes identical to the diploid parents
(Table 2).

To test the stabil ity of nuclear haplotypes over time,
second generation hyphal tip progeny were obtained from
first generation progeny with mixed nuclear haplotypes.
The molecular markers were assayed again. Mitochondrial
haplotypes were stable in all second generation progeny.
In mating DIP 1 × HAP 2, ten second generation progeny
with flat morphology were screened; two of them had
lost all of the nuclear markers of HAP 2. Three second
generation progeny with fluffy morphology from mating
DIP 1 × HAP 2 retained the HAP 2 nuclear haplotype
and no d ip lo id  markers  were  de tec ted .  In  the  mat ing
DIP 2 × HAP 1, al l  eight second generation progeny
maintained the mixed nuclear haplotype observed above.

Number of nuclei per cell

The number of nuclei per cell in the four parent strains
and twelve progeny was observed by staining with DAPI.
Only one nucleus per cell was observed in the diploid and
haploid parents. Two progeny with the nuclear haplotype
of DIP 1 (from DIP 1 × HAP 2) were also monokaryotic.
Ten progeny with mixed nuclear haplotypes (two from
DIP 1 × HAP 2 and eight from DIP 2 × HAP 1) were
found to be binucleate (i .e. two nuclei per cell) .  This
observation supports the hypothesis that mycelia with
mixed nuclear haplotypes have a nuclear state of 2N + N.

Somatic incompatibility pairings

The molecular and cytological data suggested two classes
of hyphal tip progeny with the flat morphology charac-
teristic of diploidy: putatively 2N + N binucleate cells and
2N diploid cells. To test this hypothesis further, we paired
flat f irst and second generation progeny with diploid
parents ,  DIP 1  or  DIP 2 ,  and  we  pa i red  these  same
progeny  wi th  each  other  in  a l l  combinat ions .  I f  no
chromosomal reassortment had occurred in the original
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matings, we expected that the 2N class of progeny would
be somatically compatible with their parent diploid. We
expected that the 2N + N class would not be compatible
w i t h  t h e  p a r e n t  d i p l o i d  d u e  t o  t h e  p r e s e n c e  o f  t h e
additional haploid nucleus. Further, without reassort-
ment, the 2N + N progeny from one mating should not
exhibit somatic incompatibil ity when paired with each
other. The pairings were conducted with progeny from
all four matings. The two classes of flat progeny were
verified by somatic incompatibil ity tests as presented
below.

A total of 126 first generation progeny were paired with
the diploid parents, DIP 1 or DIP 2 (Table 3). Pairings
were scored as compatible if paired mycelia grew together
and formed a single colony with no obvious confrontation
zones (Fig. 4a).  Incompatible pairings, such as between
DIP 1 and DIP 2, resulted in the formation of a distinct
sparse zone at the confrontation of the colonies (Fig. 4c).
Often a dark line formed within the agar (seen from below
the  p la te )  between incompat ib le  myce l i a .  A reac t ion
intermediate to the compatible and incompatible reactions
was  observed  in  many  of  the  pa i r ings  (F ig .  4b) .  No
extensive sparse zones or dark lines were formed in the
intermediate reaction; however, the paired mycelia did
not grow completely together to form a single colony.

The majority of progeny from matings DIP 1 × HAP 1
and DIP 2 × HAP 1 had an intermediate reaction when
pa i red  wi th  the i r  d ip lo id  parent  (DIP 1  and DIP 2 ,
respectively) (Table 3). Approximately half of the progeny
from DIP 1 × HAP 2 had intermediate reactions with DIP
1 (Table 3). These pairings were difficult to read because
several of the previously flat progeny sectored into small
areas of fluffy aerial mycelium indicating breakdown to a
haploid state.  Most of the progeny from mating DIP
2 × HAP 2 were compatible with DIP 2 (Table 3). All first
genera t ion  progeny  gave  incompat ib le  reac t ions  when
paired with the diploid strain that was not its parent.

For the crosses DIP 1 × HAP 1 and DIP 2 × HAP 2 where
m o l e c u l a r  m a r k e r s  w e r e  n o t  s c o r e d ,  t w o  c l a s s e s  o f
progeny with flat morphology were apparent as described
above. These progeny either gave an intermediate reaction
or were compatible with the parent diploid. Within the
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Fig. 4. Diploid-diploid pairings with A. ostoyae demonstrating different levels of somatic incompatibility. (a) Completely
compatible interaction, (b) intermediate reaction, (c) incompatible reaction showing sparse zone and pigment formation.

p r o g e n y  f r o m  o n e  m a t i n g ,  t h o s e  p r o g e n y  g i v i n g  a n
intermediate reaction with the parent diploid were paired
with each other and they were all somatically compatible.
Those progeny that were compatible with the diploid
parent were also somatically compatible with each other.

Correlation of molecular markers and somatic incom-
patibility. In the matings DIP 1 × HAP 2 and DIP
2 × HAP 1 in which molecular markers were analysed,
progeny with only the nuclear markers of their diploid
parents gave compatible somatic reactions when paired
with those parents. In mating DIP 1 × HAP 2, al l  ten
progeny with nuclear haplotypes identical to DIP 1 were
somatically compatible with strain DIP 1. Progeny with
mixed nuclear haplotypes (putatively 2N+N) gave in-
te rmedia te  somat ic  reac t ions  when pa i red  wi th  the i r
diploid parents.  In matings DIP 1 × HAP 2 and DIP
2 × HAP 1, all progeny (7 and 16 progeny, respectively)
with mixed nuclear haplotypes gave intermediate reactions
wi th  the  d ip lo id  parents .  Pa i red  among themse lves ,
putative 2N and putative 2N+N progeny from a single
cross gave compatible reactions with progeny of identical
nuclear haplotype. When mycelia with distinctly different
nuclear haplotypes (e.g. between progeny with different
d ip lo id  parents )  were  pa i red ,  incompat ib le  reac t ions
a l w a y s  r e s u l t e d .  T h e s e  r e s u l t s  s u g g e s t  t h a t  s o m a t i c
incompatibility is a reliable indicator of nuclear condition.
The results of these pairings further demonstrated that
only two classes of progeny with flat morphology resulted
from diploid × haploid matings.

S o m a t i c  i n c o m p a t i b i l i t y  d i d  n o t  d i s t i n g u i s h  m i t o -
chondrial condition. In mating DIP 1 × HAP 2, progeny
wi th  nuc lear  hap lotypes  ident ica l  to  DIP 1  were  so-
matically compatible with DIP 1 regardless of whether
m t D N A  f r o m  D I P  1  o r  H A P  2  w a s  p r e s e n t  i n  t h e
cytoplasm. In mating DIP 2 × HAP 1, no progeny were
identified with the nuclear haplotype of DIP 2 and the
mtDNA of HAP 1.

Stability of the 2N + N condition. Somatic incompati-
bility pairings were repeated following subculturing (mass
transfer of hyphae) of putative 2N+N first generation
progeny from all  four original matings. These progeny

originally had given intermediate reactions when paired
with their respective diploid parent. Approximately 50%
of the subcultures gave compatible reactions when paired
again with their diploid parent. The exception was mating
DIP 2 × HAP 1, in which all  progeny following sub-
cu l tur ing  mainta ined  the  in termedia te  reac t ion  wi th
DIP 2.

As noted previously, single hyphal tip cells were excised
from putative 2N+N first generation progeny to yield a
second generation of progeny. Second generation progeny
with flat morphology also exhibited either compatible or
intermediate somatic reactions when paired with their
original diploid parent, DIP 1 or DIP 2. In mating DIP
1 × HAP 1, four of ten second generation progeny were
compatible with DIP 1. In mating DIP 1 × HAP 2, 25 of
38 second generation progeny were compatible with DIP
1. In contrast,  al l  69 second generation progeny from
DIP 2  × HAP 1 gave  an  in termedia te  reac t ion  wi th
D I P  2 .  T w o  o f  s e v e n  s e c o n d  g e n e r a t i o n  p r o g e n y
from DIP 2 × HAP 2 were found to be compatible with
DIP 2 .  Pa i red  among themse lves ,  second genera t ion
progeny from a single cross were delineated into two
somatic incompatibil ity classes. Progeny that exhibited
intermediate somatic reactions with diploid parents were
compatible with each other and had intermediate reactions
with those progeny that had been compatible with the
diploid parents (data not shown). The 2N+N progeny of
some crosses were apparently more stable that 2N+N
progeny of other crosses.

Pairings were attempted between (DIP 1 × HAP 1) ×
(DIP 1 × HAP 2) and (DIP 2 ×HAP 1) × (DIP 2 ×
HAP 2)  progeny .  Us ing  f i r s t  genera t ion  progeny ,  a l l
such pairings were incompatible. Using second generation
progeny, compatible reactions were observed between
one progeny of (DIP 1 × HAP 1) and six progeny of (DIP
1 × HAP 2). In these compatible pairings, all progeny had
the nuclear haplotype of DIP 1 and the mitochondrial
hap lotype  of  the i r  hap lo id  parent .  No compat ib le  or
in termedia te  pa i r ings  were  observed  in  pa i r ing  (DIP
2 × HAP 1) × (DIP 2 × HAP 2) using second generation
progeny .
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Our data support the hypothesis that, in diploid-haploid
matings of A. ostoyae,  diploid nuclei replace the nuclei
in  the  or ig ina l  hap lo id  tha l lus  wi thout  chromosomal
reassor tment  be tween d ip lo id  and hap lo id  nuc le i  in
vegetative mycelia. This pattern of mating is different
than  has  been  found in  inves t iga t ions  of  d ikaryon-
monokaryon matings in basidiomycetes with a dikaryotic
state, such as Coprinus cinereus and Schizophyllum commune
(Swiezynsk i  & Day ,  1960 ;  El l ingboe & Raper ,  1962 ;
Nguyen & Niederpruem, 1984; May & Taylor, 1988). In
these  fung i ,  new d ikaryot ic  assoc ia t ions  a re  formed
following nuclear migration into the monokaryon.

The molecular and cultural evidence (sexual and somatic
compatibility) suggest that, following nuclear migration,
the recipient thallus is a mosaic of haploid, diploid and
binucleate 2N+N cells. When hyphal tips are excised to
analyse these cells separately, fluffy (N) and flat (2N and
2 N + N )  c u l t u r e s  a r e  o b t a i n e d .  I n  a l l  o u t c o m e s ,  n o
progeny were obtained that demonstrated reassortment of
haploid and diploid markers. All fluffy progeny recovered
were identical to the haploid parents for the molecular
markers and the mating factors; no fluffy progeny with
markers unique to the diploid parents were detected. Of
the flat progeny, only two classes were evident. Recovery
of 2N cells that were apparently identical to the diploid
ind ica tes  nuc lear  rep lacement .  Recovery  of  b inuc lea te
cells indicates an association of diploid and haploid nuclei.
The hypothesis that recombination or reassortment of
diploid and haploid nuclei occurs after mating is not
supported by our data, because cells with some, but not
all, of the markers for each nucleus were never recovered,
and because somatic incompatibility tests resulted in just
two classes of progeny with flat morphology. While our
RFLP and RAPD markers were not subject to segregation
analysis, changes in nuclear haplotypes over time were
always marked by the loss of all diploid parent or haploid
parent  markers  f rom the  2N+N s ta te .  I t  wou ld  seem
unlikely that all of our nuclear markers were linked; for
example ,  the  probe  SpVIIp-8  i s  known to  represent
dispersed and repetitive DNA (Smith et al., 1992). These
results agree with those obtained by Rizzo & Harrington
(1992) for A. ostoyae in which mixed isozyme phenotypes
without recombination were recovered. It is therefore
unlikely that the original diploid parents became haploid
prior to or during mating and vegetative growth. Diploids
of Armillaria have been found to be very stable despite
attempts to induce haploidization through mutagenesis
and hypha l  t ip  t ransfers  (Anderson & Ul l r i ch ,  1982 ;
Anderson & Yacoob, 1984).

Presence  of  d ip lo id  or  mixed  d ip lo id-hap lo id  nuc lear
haplotypes along with haploid parent mtDNA in hyphal
tip progeny originating from the haploid thallus provided
definitive evidence of nuclear migration from diploid to
haploid mycelia. Mitochondria do not migrate along with
nuclei following hyphal fusion in basidiomycete matings
(Casselton & Economou, 1985; Hintz et al., 1988; May &
Taylor, 1988), and this has been previously demonstrated
in matings between monokaryons of Armillaria (Smith et

al., 1990). Invasive growth of A. ostoyae hyphae into the
haploid colony was only detected 2 mm from the con-
frontation zone in the original mating.

W e  d i d  f i n d  e v i d e n c e  o f  s t a b l e  2 N + N  d i k a r y o n s ,
conf i rmed by  DXPI s ta in ing ,  in  A. o s t o ya e .  Trans ient
binucleate (N+N) stages are known at several places in
the life cycle of A. ostoyae. At the earliest stages of haploid
mat ing ,  c l amp connect ions  a re  ev ident ,  a l though the
dikaryons are quickly converted to diploids (Korhonen &
Hintikka, 1974; Korhonen, 1983; Larsen et  al . ,  1992).
Clamp connections were not evident at any stage of the
diploid-haploid interaction in our study. Stability of the
binucleate 2N+N state in A. ostoyae may be dependent on
the genetic background of the individual strains used. For
example, the mating DIP 1 × HAP 1 resulted in a number
of  2N+N cu l tures  tha t  have  been s tab le  for  over  12
months. In contrast, matings involving DIP 1 and HAP 2
appeared to break down into their diploid and haploid
components readily. However, at least a small percentage
of stable 2N+N dikaryons were detected in each of the
matings.

Because of the persistence of the 2N+N state in some
progeny, the alternative hypothesis of reassortment be-
tween nuclei in Armillaria diploid-haploid matings can-
not be completely dismissed. During basidiome formation
in A. ostoyae,  diploid cells apparently become dikaryotic
(with clamp connections) in the basidial primordia, and
return to a diploid state prior to meiosis and basidiospore
formation (Tommerup & Broadbent, 1975; Korhonen,
1980; Guillaumin, 1986). Following a number of diploid-
h a p l o i d  m a t i n g s  w i t h  A .  o s t o y a e ,  G u i l l a u m i n  ( 1 9 8 6 )
allowed putative diploids to form basidiomes and basidio-
spores, and recovered a small number of progeny with
mating factors of both the diploid and haploid parents.
Vegetative mycelia of these strains were not tested for
genetic markers. Guil laumin may have found reassort-
ment of the mating factors because he was using a stable
2N+N strain.

Complete conversion of an entire haploid thallus to a new
diploid following a diploid-haploid mating may require
a long period of t ime in A. ostoyae.  Nuclear migration
through hyphae via eroded septa is very slow in Armillaria
(approximately 1 mm d - 1) (Korhonen, 1983) compared
t o  m i g r a t i o n  i n  o t h e r  b a s i d i o m y c e t e s  ( 3 - 4  m m  h - 1 )
(Aylmore & Todd, 1984). Establishment of a balanced
d i k a r y o n  i n  d i - m o n  m a t i n g s  o f  S .  c o m m u n e  r e q u i r e s
extensive nuclear migration of donor nuclei (Nguyen &
Niederpruem, 1984).

A m o n g  b a s i d i o m y c e t e  f u n g i ,  n u c l e a r  r e p l a c e m e n t
throughout an entire fungal thallus appears to be unique
to Armillaria. A type of nuclear replacement following
hyphal fusion has been observed cytologically in other
b a s i d i o m y c e t e s  ( A y l m o r e  &  T o d d ,  1 9 8 4 ;  T o d d  &
Aylmore, 1985). Replacement of nuclei is common in self-
fus ions  of  d ikaryot ic  or  monokaryot ic  hyphae  in  S .
commune and Trametes vers i co lor (Aylmore & Todd, 1984;
T o d d  &  A y l m o r e ,  1 9 8 5 ) .  I n  d i - m o n  m a t i n g s  o f  T .
versicolor, both nuclei of the dikaryon migrate into a fusion
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cell in the monokaryon and the original nucleus of the
m o n o k a r y o n  d e g e n e r a t e s  ( A y l m o r e  &  T o d d ,  1 9 8 4 ) .
Nuclear division appears normal from this fusion cell and
new d ikaryot ic  assoc ia t ions  a re  formed.  The  nuc lear
replacement reaction observed in A. ostoyae appears to be
most similar to that reported for matings between non-
outcross ing  and  outcross ing  monokaryot i c  s t ra ins  of
Stereum hirsutum (Ainsworth et al., 1990). In these crosses,
nuclei of non-outcrossing strains unilaterally migrate into
the  outcross ing s t ra in  to  form a  new heterokaryon .
Occasionally, monokaryotic sectors appear in which only
non-outcrosser nuclei are found with the mtDNA of the
outcrosser, suggesting a replacement reaction (Ainsworth
et al., 1990).

The exact mechanism of nuclear replacement in A. ostoyae
is not known. Since haploid nuclei can reside with diploid
nuclei for extended periods of time to form an apparently
stable 2N+N state, rapid degeneration of nuclei, as in the
self-fusions of T. versicolor and S. commune, seems unlikely.
Al te rnat ive ly ,  hap lo id  nuc le i  may  s top d iv id ing  mi to-
tically and eventually be lost through dilution. Nuclear
replacement in other fungi has been hypothesized as a
mechanism to avoid excessive numbers of nuclei in cells
tha t  a re  normal ly  b inuc lea te  (Ainsworth  e t  a l . ,  1990) .
Replacement reactions (as described above) apparently do
not occur in basidiomycetes with multinucleate cells, such
as S. hirsutum (Ainsworth & Rayner, 1989).

Conclusions

L a b o r a t o r y  s t u d i e s  o f  d i p l o i d - h a p l o i d  i n t e r a c t i o n s
(Guillaumin, 1986; Rizzo & Harrington, 1992; this study)
indicate several genetic processes that may be potentially
important in the biology of Armillaria. Armillaria species
are tree pathogens and saprobic wood decomposers that
ma,:  be disseminated via basidiospores or through veg-
etative growth of mycelia through soil or susceptible host
material (e.g. via root to root contact between trees).
Recent field studies indicate that Armillaria may form
large clones (up to 50 m in diameter and many hectares in
area) and that mating events appear to be very rare in
nature (Korhonen, 1978; Kile, 1983; Smith et  al . ,  1990,
1992; Rizzo & Harrington, 1993). A nuclear replacement
mechanism may serve as a means to preserve the ‘genetic
ter r i tory ’  (Rayner ,  1991)  of well-established mycelial
individuals.  Basidiospores that establish a haploid my-
celium in the vicinity of an established diploid mycelium
may be susceptible to mycelial fusion and replacement by
the diploid. Such nuclear replacements should lead to
mitochondrial mosaics and potential ly be detectable in
f ie ld  samples  by  u t i l i z ing  molecu la r  markers .  Mi to-
chondrial mosaics formed due to diploid-haploid nuclear
replacement would be difficult, however, to separate from
a normal  mat ing  event  in  which  b i l a te ra l  nuc lear  mi -
gration takes place (Smith et al., 1990).

Diploid-haploid interactions that result in a stable 2N+N
dikaryon may  be  as  eco log ica l l y  important  as  nuc lear
replacement interactions. Heterop lo idy  i s  common in
many eukaryotes, including fungi, and may be important
in variability among individuals and in cellular differenti-

ation (Tolmsoff, 1983). In addition, polyploidy may have
long term evolutionary effects, such as increases in
genome size (Tolmsoff, 1983). Stable 2N+N mycelial
individuals in natural populations of Armillaria may serve
as a source of increased variability and allow for many
potential genetic combinations during basidiome form-
ation. The effects of the 2N+N state on pathogenicity,
host range and competitive saprobic ability of A. ostoyae
are not known.
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