APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Dec. 1994, p. 4456-4460

0099-2240/94/$04.00+0
Copyright © 1994, American Society for Microbiology

Vol. 60, No. 12

Uniparental Mitochondrial Transmission in the Cultivated
Button Mushroom, Agaricus bisporus

TIANRU JIN anp PAUL A. HORGEN*

Centre for Plant Biotechnology, Department of Botany, University of Toronto,
Erindale Campus, Mississauga, Ontario LSL 1C6, Canada

Received 20 July 1994/Accepted 24 September 1994

A uniparental mitochondrial (mt) transmission pattern has been previously observed in laboratory matings
of the cultivated mushroom Agaricus bisporus on petri dishes. In this study, four sets of specific matings were
further examined by taking mycelial plugs from the confluent zone of mated homokaryons and inoculating
these plugs into rye grain for laboratory fruiting and for fruiting under industrial conditions. Examination of
the mt genotype of each individual fruit body for mt-specific restriction fragment length polymorphisms further
confirmed that the mt genome was inherited uniparentally. The vegetative radial growth and the fruiting
activity of two pairs of intraspecific heterokaryons, each pair carrying the same combination of nuclear
genomes but different mt genotypes, were compared. Our results suggested that the mt genotype did not
appreciably affect radial growth or fruiting activity. The failure to recover both heterokaryons, each carrying
either parental mt genotype in any given cross, therefore clearly indicated that in matings of A. bisporus, the
mt genome from one of the parental homokaryons is either selectively excluded in the newly formed
heterokaryon or selectively eliminated in the immediate heterokaryotic mitotic progeny of the newly formed

heterokaryon.

The patterns of organelle (mitochondria [mt] and chloro-
plast) transmission are quite variable among eukaryotes (3, 4,
9, 18, 28, 35). In fungi, uniparental inheritance of mt genomes
from maternal or protoperitheciating parents has been ob-
served in Neurospora, Aspergillus, and Podospora spp. (2, 20, 21,
24). In interspecific crosses of the aquatic fungus Allomyces
spp., Borkhardt and Olson (5) provided evidence for the
paternal inheritance of mitochondria. In members of the class
Homobasidiomycetes, mating is usually carried out by anasto-
mosis between mycelia of two compatible homokaryotic cul-
tures. mt inheritance has been examined in laboratory matings
for a number of members of the Homobasidiomycetes, includ-
ing Coprinus cinereus (22), Agaricus bitorquis (11), Armillaria
bulbosa (31), and Schizophyllum commune (32). In these
organisms, it was always possible, in a given pairing, to recover
two types of heterokaryons (each carrying the mt genotype
from either of the parental homokaryons).

We have recently initiated studies on the mt transmission in
another basidiomycete, Agaricus bisporus (15). Using 15 ho-
mokaryons derived from 10 heterokaryons possessing 4 differ-
ent mt genotypes, we examined the mt transmission of A.
bisporus in laboratory matings performed in petri dishes. Our
observations suggested that the resultant heterokaryons from
any given pairing always carried the mt genotype from one of
the parental homokaryons. In most crosses, the mt genotype
from the faster-growing homokaryon was transmitted. Some
slower-growing homokaryons could transmit their mt genotype
when they were allowed to grow on the mating plate for a
number of days prior to the inoculation of the faster-growing
parental homokaryon. In the crosses in which the slower-
growing homokaryon transmitted its mt genome, heterokary-
ons carrying the mt genome of the faster-growing homokaryon
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were not recovered (15). Our observations suggested that
uniparental mt inheritance was related to but not determined
by the radial growth of the homokaryons used for the matings
(15).

To further examine the uniparental mt inheritance in A.
bisporus, we compared the growth and the fruiting ability of
two pairs of intraspecific heterokaryons (each pair carrying the
same combination of nuclear genomes but different mt ge-
nomes). Four sets of matings, which had previously exhibited
uniparental mt transmission (15), were reexamined by a mod-
ified procedure for recovering heterokaryons. The results from
this study further confirmed that uniparental mt transmission
exists in A. bisporus.

MATERIALS AND METHODS

Materials. Unless specified, the chemicals used in this study
were of reagent grade. The nutrient components of the media
were purchased from Difco Laboratories, Detroit, Mich. Re-
striction endonucleases were the products of Bio/Can, Missis-
sauga, Canada, or Life Technologies, Bethesda Research
Laboratories, Bethesda, Md.

Strains. Five homokaryons carrying three different mt types
were used in matings (Table 1). Two pairs of heterokaryons
generated in the previous study (15), each member of the pair
carrying the same combination of nuclear genomes but differ-
ent mt types, were compared on the basis of radial growth and
fruiting ability.

Matings. The mating procedure was described previously
(8). In this study, we modified the method for recovering
heterokaryons. After two homokaryons had formed a 3-cm
confluent zone on a mating plate, a mycelial plug from the
confluent zone (about 1.5 cm from each side) was excised and
inoculated into 100 g of rye grain in a 500-ml flask for
laboratory fruiting. Each individual fruit body was considered
an intraspecific heterokaryon. One of the matings, Agl-1, X
Ag 89-65(;, (I and II refer to the mt genotype [15]), was also
performed directly in rye grain. Homokaryons Ag 1-1;, and



VoL. 60, 1994

MITOCHONDRIAL TRANSMISSION IN THE BUTTON MUSHROOM 4457

TABLE 1. mt genotypes of the mushrooms generated by laboratory fruiting

Pairings® (trial)® Time (days) for

No. of fruit bodies

No. of fruit bodies

first break® produced/container? examined mt genotype

Agl-1(IT) x Ag89-65(I) (T1) 30.5 35 6 All I
Agl-1(IT) X Ag89-65(I) (T2) 33.0 4.0 8 All Il
Agl-1(II) X Ag89-65(1)° 32.0 4.0 8 All 11
Ag2-20(II) X Ag89-65(1) (T1) 20.0 >16 10 All II
Ag2-20(II) X Ag89-65(I) (T2) 22.0 >16 25 All IT
Ag2-20(II) X Ag50HB(I) (T1) 235 6 5 Alll
Ag2-20(II) X AgSO0HB(I) (T2) 26.0 55

Ag2-20(IT) X Ag85-51(IV) (T1) 17.5 55 5 All Il
Ag2-20(IT) X Ag85-51(1V) (T2) 21.0 35 5 Al Il

“ Ag2-20 and Agl-1 (both fast growing) were derived from Ag2,;y (ATCC 24558), an old commercial heterokaryon; Ag89-65 (slow growing) was from a wild isolate
?lg78)9(,, (8); AgSOHB (fast growing) was from a commercial heterokaryon, Ag50;,(U3); Ag85-51 (slow growing) was derived from a field-collected isolate, Ag85v,

5T1, trial 1; T2, trial 2.

< After casing.

4 Plastic cup (hold approximately 60 g [dry weight] of rye grain).
€ Matings performed directly in rye grain.

Ag 89-65.;, were grown on individual potato dextrose agar
plates for 14 days. An agar block measuring about 9 cm? was
excised from each homokaryotic culture, sliced into small
pieces, and inoculated directly into 100 g of sterile rye grain.
Fruiting trials were either done by the cased-grain method of
San Antonio (29) in our laboratory or fruited under industrial
conditions by L. F. Lambert Spawn Company Inc., Coatsville,
Pa.

DNA extraction. The DNA extraction procedure used in this
study has been described previously (10).

Examination of the mt genotypes of mushrooms. Plasmids
p50m1, p50m4b, p5S0m6, and p5S0m7 (10), mixed at equal
concentrations, have been previously used as mt probes to
examine the mt restriction fragment length polymorphisms of
intraspecific heterokaryons (15). In this study, in addition to
this probe, a recombinant plasmid, pS0m1B1E1 (14), was used
to examine the mt genotype of mushrooms. p50ml1B1E1
contains a 2.7-kb fragment of the large inverted repeat of the
Ag50 mt genome. DNA homology and size variation of the
EcoRI fragments within the large inverted repeat (IR) has
been observed in three mt genotypes used in this study (14)
(Fig. 1).

Growth measurement. Three different solid media were
used to measure the radial growth of heterokaryons. The
formula for complete yeast medium (CYM) was that of
Stevens (33). Potato dextrose agar was purchased from Difco.
The composition of malt extract agar was the same as that of
CYM, except that yeast extract was replaced by 1% malt
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FIG. 1. Determination of mt genotype of A. bisporus. (A) Three mt
genotypes were identified by hybridizing pSOm1B1E1 (15) to EcoRI-
digested mycelial DNA of Ag2 ), Ag50y, and Ag85 yy,. (B) The mt
genotype of mushrooms recovered from a pairing of homokaryons
Agl-1;, and Ag89-65;,. EcoRI-digested mushroom DNA hybridized
to pSOm1B1E1. Lanes: 1, Ag89-65; 2, Agl-1yy); 3 to 8, six mush-
rooms recovered from a cross of Agl-1 X Ag89-65.

extract. A 2-mm inoculum cube was placed in a freshly
prepared solid agar plate. Radial growth was determined every
7 days by measuring the distance from the center of the petri
dish (marked on the underside when the inoculation was
made) to the colony margins (26). For each plate, the average
of at least three measurements from different angles were
taken. Each isolate was examined in three separate cultures
containing the same medium. Mean values from triplicate
plates were compared.

RESULTS

Uniparental mt transmission. Pairings were performed in
duplicate for four different matings (Table 1). The pairing
between Agl-1,y) and Ag89-65;, was also performed directly
in rye grain. mt genotypes of 5 to %5 fruit bodies were examined
for each pairing. As shown in Table 1, for each specific pairing
the fruit bodies examined all carried the same mt genotype.
Figure 1A shows the hybridization of p5S0m1B1E1 (14) to
EcoRI-digested mycelial DNA of Ag50 (type 1), Ag2 (type II),
and Ag85 (type IV). This probe clearly differentiates the three
mt genotypes used in this study. Figure 1B shows the hybrid-
ization of p5S0m1B1E1 to EcoRI-digested mycelial DNA of
homokaryon Agl-1.;, and Ag89-65(;, and six fruit bodies of
Agl-1,4p, X Ag89-65;,. These mushrooms all carried the mt
genotype of Agl-1 .

Radial growth measurement. In a previous study (15),
heterokaryons carrying either the Ag2q;, or Ag89,, mt ge-
nome were obtained in separate pairings between Ag2-23
(slow growing) and Ag89-65, (slow growing [34]). Crosses
between Agl-1, (fast growing [34]) and Ag89-65;, were all
found to produce heterokaryons carrying the mt genome of
Agl-1,;). However, in three separate crosses, Ag89-65., was
allowed to grow on the mating plate for 7 days prior to the
inoculation of Agl-1,;. These three pairings all generated
heterokaryons carrying the Ag89-65;, mt genome (15).

Four heterokaryons of Agl-1 X Ag89-65 (two carrying the
type II mt genome, and two carrying the type I mt genome) and
four heterokaryons of Ag2-23 X Ag89-65 (two carrying the
type II mt genome, and two carrying the type I mt genome)
were compared with respect to radial growth (Fig. 2). The
results suggested that (i) the heterokaryons of Agl-1 X
Ag89-65 exhibited faster radial growth than the heterokaryons
of Ag2-23 X Ag89-65 did, (ii) malt extract agar was the most
effective nutrient source used in this study and gave the fastest
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FIG. 2. Radial extension of selected intraspecific heterokaryons.
Each point represents the average of measurements taken from three
petri dishes. Variations for each point were very small. Standard
deviations for all measurements were less than 15%. (A) Heterokary-
ons obtained from the Agl-1 X Ag89-65 crosses, i.e., 165RU y;y and
165J41 ). (B) Heterokaryons obtained from the Ag2-23 X Ag89-65
crosses, i.e., 2365-2Ay, and 2365-50B ;).

radial extension for all the strains examined, and (iii) there
were no appreciable differences in radial extension between
the heterokaryons with the same nuclear background but with
the different mt genotypes used for this study (Fig. 2).
Fruiting activity. The fruiting activity of selected heterokary-
ons was examined and is presented in Table 2. Two hetero-
karyons of Agl-1,y X Ag 89-65y), 165-J41;y and 165-RU yy,
were demonstrated to have comparable fruiting activity. We
were unable to produce fruit bodies from the recovered
heterokaryons of Ag2-23;, X Ag89-65(, in three separate
fruiting trials. However, in the successful fruiting trials, no
appreciable difference in fruiting was observed between 2365-
2B ;) and 2365-50A 4, (Table 2). The radial growth on potato
dextrose agar, CYM and compost extract agar and the fruiting
ability of 2365-2B,y;, and 2365-50A 4, have been independently

TABLE 2. Effect of mt genotype on fruiting of selected
intraspecific heterokaryons

4 mt Time (days) for No. of fruit Yield
Heterokaryon genotype first break bodies/container  (Ib/ft?)
165-RU II 23% 11.0
165-J41 I 25% 13.0
2365-2B II 33%, 28.4° 25 0.87°
2365-50A I 352, 27.1° 3.0 0.91°¢

“ The intraspecific heterokaryons were generated in the previous study (15).
Each pair possesses an identical nuclear background.

b Performed in plastic cups for laboratory fruiting.

¢ Performed by H. Fox, L. F. Lambert Spawn Co. The Systéme International
d’Unités equivalents for 2365-2B and 2365-50A are 0.42 and 0.45 g/cm?
respectively.
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examined by L. F. Lambert Spawn Company Inc. Their results
were consistent with our observation, which suggests that these
two strains showed similar growth characteristics and gave
similar yields of mushrooms (Table 2).

DISCUSSION

A. bisporus has a secondarily homothallic life cycle (27). The
basidiospores are binucleate and more than 90% self fertile
(12, 17). Sexual mating is therefore not necessarily part of the
life cycle. Our group has used protoplast production, proto-
plast regeneration, and restriction fragment length polymor-
phism analysis to generate sexual haplotypes to break down
this breeding barrier (7, 8, 12). This ability to somatically
generate homokaryons has allowed us to examine the mito-
chondrial transmission patterns in A. bisporus (15). Hetero-
karyons generated from laboratory matings with regenerated
homokaryotic protoplasts are not always able to generate fruit
bodies, especially under laboratory conditions (8). We chose
four compatible pairs for use in this study. When they were
mated, the resultant heterokaryons could be fruited under
laboratory conditions (8, 15).

Unlike higher plants and animals, which generally possess
specialized sexual structures, members of the Homobasidiomy-
cetes rely on vegetative mycelial fusions for sexual reproduc-
tion. Since plasmogamy involves numerous hyphal fusions
between parental colonies, mitochondrial mixing and recom-
bination between mt genotypes may occur (22, 31). However,
laboratory studies with members of the Basidiomycetes indi-
cated that mt recombination was not a common event (1, 11,
15, 22, 31). In this study, mt restriction fragment length
polymorphisms of 35 fruit bodies from the matings of Ag2-
201y X Ag89-65y, were examined by a mixture of the recom-
binant plasmids, representing approximately 30% of Ag50,
mt genome (10, 14). No detectable mt mixing or mt recombi-
nation was observed.

When pairing two homokaryons carrying different nuclear
genotypes (A and B) and different mitochondrial genotypes (a
and b), it would be possible to generate heterokaryons desig-
nated as ABa, ABb, ABab, and ABa/b. ABab, which carries the
mt genomes from both parental homokaryons, is classified as a
heteroplasmon. There is no direct evidence which shows the
formation of a stable heteroplasmon in any member of the
Homobasidiomycetes. ABa/b would carry the mt genome which
is generated by recombination between the mt genomes of the
two parental homokaryons. In members of the Basidiomycetes,
ABa/b was observed in matings between the homokaryons of
Coprinus cinereus, which carried antibiotic resistance and auxo-
trophic mutations (1, 6). In a number of members of the
Basidiomycetes examined (i.e., C. cinereus, A. bitorquis, Armil-
laria bulbosa, and Schizophyllum commune), it was always
possible to recover both ABa and ABb in a given cross (11, 22,
31, 32). It has been demonstrated that the generation of both
ABa and ABD in a given pairing in C. cinereus and Armillaria
bulbosa would be the result of reciprocal nuclear migration and
the formation of a heterokaryotic mosaic (1, 22, 31). In a
recent study involving the heterobasidiomycete Ustilago vio-
laea, depending on the mating type of the haploid offspring,
either biparental inheritance or heavily biased (94%) unipa-
rental inheritance was shown (36). The dikaryon formed after
a mating remains a heteroplasmon until haploid formation is
induced (36).

The formation of the heterokaryotic mosaic of two mt
genotypes by reciprocal nuclear migration has been described
as uniparental inheritance by Baptista-Ferreira et al. (1),
Casselton and Economou (6), and Specht et al. (32). However,
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this phenomenon has been interpreted as biparental inheri-
tance by others (11, 31). In this study, we interpret uniparental
inheritance to be the mt transmission, from a given mating, in
which all the progeny generated have the same mt genotype
(derived from only one of the parents).

In an earlier study, many heterokaryons produced on petri
plates would inherit the mitochondrial genome froia the
faster-growing homokaryon (15). There were, however, some
exceptions. In one pairing, we were successful in reversing the
mitochondrial transmission pattern by first allowing the slower-
growing homokaryon (Ag89-65) to establish itself on the
medium before mating it with the faster-growing homokaryon
(Agl-1) (15). Therefore, we had two different heterokaryons,
each of which carried the same combination of nuclear geno-
types but possessed a different mitochondrial genome (i.e.,
165-RU type II and 165-J41 type I). When we used the same
strategy in the pairings of Ag2-20 (faster growing) and Ag89-65
(slower growing), we were unable to generate heterokaryons
carrying the Ag89-65 mt genotype (15). When two slow-
growing homokaryons (Ag89-65 and Ag2-23) were mated,
heterokaryons carrying either parental mt genotype were gen-
erated (i.e., 2365-2A and 2365-50B used in this study). These
two heterokaryons were never recovered from any single
mating. Our working hypothesis is that the radial growth of the
paired homokaryons is related to mitochondrial transmission
but is not the determining factor.

In our previous study, after mating, heterokaryons were
isolated by subculturing mycelial blocks taken from the con-
fluent zone (15). It could be argued that heterokaryons carry-
ing either of the mt genomes were generated in a given mating
but that one of the heterokaryons would overgrow the other. In
this study we have shown that two heterokaryons carrying the
same combination of nuclear genomes but unique mt geno-
types exhibited similar radial growth on three different solid
media (including CYM [15] and potato dextrose agar). If
heterokaryons carrying either of the two mt genotypes were
generated, we would predict that we should be able to recover
both heterokaryons with one or the other of the mt genotype.
This was not observed.

Heterokaryons carrying the same combination of nuclear
genomes but with two different mt genomes (ABa and ABb)
exhibited similar fruiting activity (Table 2). Therefore, if two
unique heterokaryons were generated, both heterokaryotic
types (ABa or ABb) would have a similar chance of producing
mushrooms. In this study, 5 to 25 mushrooms were examined
for each pairing. In every case, all the fruit bodies examined
carried the same mt genotype (Table 1). The uniparental mt
transmission pattern observed in this study was consistent with
our previous observations (15). These observations clearly
indicate that in A. bisporus, when two homokaryons fuse,
heterokaryons carrying one of the two possible mt genotypes
were not (or rarely) generated.

In a number of experiments on fruiting, we attempted to
inoculate the slower-growing Ag89-65 into the rye grain 7 days
before we inoculated the faster-growing Agl-1. We were
unable to produce any mushrooms in these attempts.

The uniparental (usually maternal) inheritance of mt ge-
nomes in higher plants and animals is mediated by a number of
physical exclusion processes (3, 4, 25). We agree with Cassel-
ton and Economou (6) that physical exclusion may also occur
in higher fungi. Uniparental mt inheritance in the genera
Neurospora, Podospora, and Aspergillus (20, 21, 24) is believed
to be controlled mainly by the substantially unequal contribu-
tion of cytoplasm from one of the parents. In a recent report,
Lee and Taylor (19) show that if somatic fusions of N.
tetrasperma are generated, followed by mutually exclusive
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nuclear migration, 3 days after the hyphal fusions, acceptor
mtDNA completely replaces donor mtDNA. In members of
the Basidiomycetes, nuclear migration may also be considered
a physical exclusion process. Reciprocal nuclear migration,
which occurs in a number of members of the Basidiomycetes,
prevents the organelle genomes of both parents from being
present in a single newly formed heterokaryon (1).

In A. bisporus, heterokaryons are generated by anastomosis
between the vegetative mycelia of two compatible homokary-
ons. It seems likely that each parental homokaryon involved in
the anastomosis would possess a defined amount of mtDNA.
Therefore, the failure to recover mushrooms carrying one or
the other type of mt genome in any given mating may indicate
that one of the parental mt genomes was either physically
excluded during the formation of the heterokaryon or selec-
tively eliminated in the immediate mitotic progeny of the newly
formed heteroplasmon. The elimination of one of the parental
organelle genomes is a common feature in a number of
isogamous organisms (16, 23, 18, 28, 30).

In an attempt to design experiments to distinguish whether
physical exclusion or selective elimination was involved in the
uniparental mt transmission in the button mushroom, we
attempted the following. We sampled mycelial plugs at differ-
ent distances from the confluent zone in the direction of the
slower-growing homokaryon to determine if we could recover
a heteroplasmon carrying both mt genotypes. We have tried
this strategy for the matings between Ag2-20 (faster growing)
and Ag89-65 (slower growing). Analysis of samples recovered
up to 3 mm away from Ag2-20 in the direction of the Ag89-65
homokaryon revealed either heterokaryons carrying Ag2-20 mt
genotype or unmated Ag89-65 (13). The difficulty with these
experiments was that the samples had to be subcultured twice
before enough total DNA could be extracted for restriction
fragment length polymorphism analysis to determine both
nuclear and mt status. This technical difficulty makes the
interpretation of these results problematic. The slow growth of
A. bisporus, the lack of a reliable mutational marker(s) for
homokaryons, and the multinuclear status of the mycelia limit
the approaches available to investigate this phenomenon. One
possible molecular strategy would be to use PCR to determine
the nuclear and mt status of the mycelium samples taken
initially from the mating plates, which would bypass the sub-
culturing step described above.

Our results to date suggest that A. bisporus, under a number
of different conditions of mating, possesses a strong bias to
transmit mt genomes in a uniparental fashion. We believe that
investigation of the mechanisms involved in this phenomenon
would add to our understanding of organelle inheritance,
especially in organisms in which undifferentiated sexual organs
are involved in the process of plasmogamy. -
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