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Ten heterokaryons of Agaricus bisporus (= Agaricus brunnescens) were shown to carry four different
mitochondrial (mt) genotypes by analysis of mt restriction fragment length polymorphisms (RFLPs). Fifteen
homokaryons derived from these strains were used to investigate mt inheritance in A. bisporus. One hundred
eighty-nine pairings were performed in 25 different combinations. Pairings in 15 different combinations
produced heterokaryons on the basis of nuclear RFLP analyses and/or fruiting trials. The mt genotype of each
new intraspecies hybrid was examined by using mt RFLPs as genetic markers. Our results suggest the
following. (i) Recombination between the mt genomes was not a common event. (ii) From most individual
pairings, all heterokaryons carried the same mt genotype. (iii) Heterokaryons carrying either of the two
possible mt genotypes were observed in certain crosses after modification of the pairing procedure. A
biparental transmission pattern was demonstrated for some crosses, but there appears to be a preference for
one of the mt genotypes to predominate in any specific pairing.

Although the economically important edible fungus Agar-
icus bisporus Lange (Imbach) (= Agaricus brunnescens
Peck) has been cultivated for three centuries, genetic im-
provement has been extremely difficult to achieve. This has
been mainly due to the unusual secondarily homothallic life
cycle (9, 27). Most basidia ofA. bisporus are bisporic, with
each basidiospore receiving two of the four meiotic nuclei.
The mycelium originating from these spores is self-fertile,
heterokaryotic, and able to fruit, carrying the life cycle into
the next generation. Although a minority of basidia (0 to
20%) are tri- or tetrasporic (8, 20), the recovery of
homokaryons through micromanipulation of spores from
these basidia is extremely time consuming and difficult.
Therefore, an easily recoverable, uninucleate, haploid
propagule, which is a prerequisite for controlled breeding, is
absent in the A. bisporus life cycle (15, 16). In many other
basidiomycetes, the presence of clamp connections may
indicate sexually compatible mating interactions. Clamp
connections are absent in A. bisporus, making the verifica-
tion of heterokaryon formation problematic (15, 16).
A simple, unambiguous breeding approach, which uses

protoplast formation and regeneration for the isolation of
self-sterile homokaryons from self-fertile heterokaryons, has
been developed (5, 6). Nuclear restriction fragment length
polymorphisms (RFLPs) have been successfully used as the
genetic markers to identify the two unique nuclear types in a
heterokaryon (6). The somatically produced homokaryons
isolated in this way can be used in matings on petri plates or
in compost. The formation of new heterokaryons can be
identified with nuclear RFLPs (6, 15, 16). In the present
study, we have utilized homokaryons from protoplast regen-
erates and from single-spore isolates to examine the mito-
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chondrial (mt) inheritance in the commercially important
button mushroom.
mt inheritance has been investigated in a number of

basidiomycetes. Biparental transmission of mt genomes has
been demonstrated in laboratory matings for Coprinus ci-
nereus (2, 23) and in Armillaria bulbosa (30). Biparental mt
inheritance was also observed inAgaricus bitorquis, the field
mushroom with a heterothallic life cycle (11). However, the
transmission was generally biased in favor of one or the
other mt genomes (12).
The major objective of this study was to investigate the mt

transmission pattern of A. bisporus in laboratory matings.
Previously, it was established that a number of mt genetic
polymorphisms existed in wild populations of A. bisporus,
whereas fewer polymorphisms were observed in commercial
strains (12-14, 18). In this study, we have utilized 15
homokaryons from commercial and wild-collected strains of
A. bisporus, which carry four different mt genotypes for the
mating experiments. Data from the Mushroom Research
Group in the Centre for Plant Biotechnology at the Univer-
sity of Toronto, Ontario, Canada, were pooled with data
from the Dutch Mushroom Experimental Station at Horst,
The Netherlands. Our results suggest that mt inheritance can
be biparental but with a bias in many crosses showing the
inheritance of only one of the two possible mt genotypes.

MATERIALS AND METHODS
Materials. Unless specified, all the chemicals 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 (Mis-
sissauga, Ontario, Canada) or Life Technologies, Bethesda
Research Laboratories (Bethesda, Md.).
Mushroom strains. The homokaryotic and heterokaryotic
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TABLE 1. Canadian A. bisporus strains used in this study and verification of their nuclear and mt status

mt Nuclear status of plasmid probeb Fruiting body Source or
genotypes p33nlO p4n6 p33n6 production reference

Ag2 (heterokaryon, white commercial) II 6.7, 6.3, 1.4 8.1, 5.8 6.3 Yes ATCC 24558
Agl-1 (homokaryon)c II 6.3, 1.4 5.8 6.3 No ATCC 24662
Ag2-20 (homokaryon of Ag2) II 6.3, 1.4 8.1 6.3 No 6
Ag2-23 (homokaryon of Ag2) II 6.7, 1.4 5.8 6.3 No 6
Ag89 (heterokaryon, wild collected) I 6.7, 1.7/1.4 8.1, 6.9 6.3 Yes 21
Ag89-59 (homokaryon of Ag89) I 6.7, 1.4 6.9 6.3 No 6
Ag89-65 (homokaryon of Ag89) I 6.7, 1.4 6.9 6.3 No 6
Ag9O-30 (homokaryon of Ag9O) I 6.7, 1.4 8.1 6.3 Yes 6
Ag85 (heterokaryon, wild collected) IV 6.3, 1.7 6.9 8.4, 6.3 No 19
Ag85-51 (homokaryon of Ag85) IV 6.3, 1.7 6.9 6.3 No This study
AgS0 (heterokaryon U3 derived) I 6.3, 1.7, 1.4 8.1, 6.9 6.3 Yes This study
AgSOHA (homokaryon of Ag5O) I 6.3, 1.4 8.1 6.3 No This study
Ag50HB (homokaryon of Ag50) I 6.3, 1.7 6.9 6.3 No This study

a The homokaryons derived from any given heterokaryon carry the mt genotype of the heterokaryon.
b Values refer to the sizes in kilobases of EcoRI fragments hybridized to probes described in Castle et al. (5).
c Agl-l is a homokaryotic single-spore isolate of Ag2.

strains ofA. bispomus used in this study are listed in Tables cultures were performed in dried and preincubated petri
1 and 2. dishes containing CYM agar as described by Castle et al. (6).

(i) Canadian strains. All stock cultures are maintained (ii) Dutch. Matings were done on MPP agar or in compost at
under liquid N2. The working cultures were grown on 24°C. Before the compost was inoculated withA. bisporus, it
complete yeast medium (CYM) agar at 23°C (33). The was first sterilized and then inoculated with the thermophilic
nuclear DNA RFLPs of these strains, illustrated by three fungus Scytalidium thernophyllum. After 3 days of incuba-
nucleus-specific probes, are listed in Table 1. tion at 45°C, S. thernophyllum was inactivated by heating to
Dutch strains. Cultures (Table 2) were maintained on MPP 100°C (34). This pretreatment stimulates the colonization of

agar media (1% malt extract, 0.5% mycological peptone, 10 the compost byA. bisponus.
mM 3-[N-morpholino]propanesulfonic acid [pH 7.0], 1.5% Protoplast formation and regeneration. The techniques
agar). used for protoplast formation and regeneration were those

Plasmids. (i) Canadian. Plasmids p33n1O, p33n6, p4n6, and reported previously by Castle et al. (5), with the modification
p33n25 (5, 6) were used individually as the probes to described by Royer et al. (28) or by Sonnenberg et al. (32).
investigate the nuclear status of the culture. Plasmids Homokaryon isolation. Protoplasts were obtained from
p5Oml, p5Om4b, p5Om6, and p5Om7, generated by Hintz et heterokaryotic cultures ofA. bisporus, and the regenerated
al. (12), were mixed at equal concentrations and used as the protoplasts were examined to establish whether a regenerate
mt probe to investigate the mt RFLPs of the isolates. possessed only one or both nuclear types (6). RFLPs were

(ii) Dutch. For verification of nuclear types, the plasmids used as the genetic markers to verify homokaryon or hetero-
p33n1O and p33n25, first described by Castle et al. (5, 6), karyon status (6).
were used. For determination of mt genotype, mtDNA was DNA isolation. Total DNAs were isolated from 14- to
isolated from CsCl-bisbenzimide gradients (12) and digested 21-day-old mycelium. The mycelium was harvested onto
with CfoI. The identification of mt genotype after mating was cheesecloth, washed with distilled water, frozen in liquid
done by probing total DNA with p5Om2 (12). nitrogen, and freeze-dried, or it was lifted on cellophane

Matings. (i) Canadian. Pairings between the homokaryotic sheets from solid-agar plates, removed from the cellophane,

TABLE 2. Dutch A. bisporus strains used in this study and verification of their nuclear and mt status

Nuclear status of
Mushroom strain mt plasmid probe" Fruiting body Sourcegenotypea production

p33n1O p33n25

Somycel 53 (S53; heterokaryon) II Yes Somycel
53-59 (homokaryon S53) II 3.3,3.2 0.8 No MESc
Somycel 9.2 (S9.2; heterokaryon) I Yes Somycel
9.2-97 (homokaryon S9.2) I 3.7,3.2 0.7 No MES
Sinden A4 (A4; heterokaryon) I Yes Penn State Collection
A4-337 (homokaryon A4) I 3.7,3.2 0.7 No MES
Horst-U3 (U3; heterokaxyon) I Yes MES
U3-PF52/108 (homokaryon U3) I 3.3,3.2 0.7 No This study
H33-Cl (heterokaryon) III Yes Japan
H33-C1-418 (homokaryon H33-C1) III 3.3,3.2 0.8 No MES

a The homokaryons derived from any given heterokaryon carry the mt genotype of the heterokaryon.
b Values refer to the sizes in kilobases of CfoI fragments hybridized to probes described by Castle et al. (5).
c MES, collection of Mushroom Experiment Station, Horst.
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FIG. 1. (A) EcoRI-digested DNAs of A. bisporus hybridized to
the mt-specific probes (the combination of four BamHI fragments of
AgSO mtDNA cloned into pUC18, namely, Bi, B4b, B6, and B7 [12])
differentiated three distinct mt genotypes (type I, Ag89; type II, Ag
2; type IV, Ag85). (B) mtDNAs were digested by CfoI and separated
into 1% agarose gels (mt genotypes I, II, and III are illustrated).

and freeze-dried. Total mycelial DNA was extracted by the
method of Murray and Thompson (25), with the modification
described by Zolan and Pukkila (35), or by the method of
Raeder and Broda (26). Bacterial plasmid DNA was isolated
by alkaline lysis and CsCl centrifugation (22).

Nick translation and Southern hybridization. Radiolabel-
ling the DNA and hybridization were either by the methods
described by Castle et al. (6) or by the PhotoGene Nucleic
Acid Detection system (Life Technologies).

Fruiting trials. Fruiting trials were done by the cased-grain
method of San Antonio (29), with the modification described
by Castle et al. (6), or were performed by Sylvan Spawn Co.
(Cabot, Pa.).

RESULTS

Identification of mt genotypes. mt genotypes were identi-
fied by two different approaches. One approach involved the
use of a combination of four recombinant pUC18 plasmids
carrying BamHI fragments from the Ag5O mt genome
(p5Oml, p5Om4b, p50m6, and p50m7 [12]). This combination
was used as a hybridization probe in the survey for mt
genomic polymorphism (Fig. 1A). Three mt genotypes were
identified among the Canadian strains examined. Mushroom
strains Ag5O, Ag89, and Ag9O all possess a common mt

genotype comparable to the Ag5O (U3) type mapped by
Hintz et al. (12), which we arbitrarily call type I. Strains Ag2
and Ag85 were observed to have distinct mt genotypes
differing from each other and from Ag5O (Fig. 1A). These are
designated type II and type IV, respectively (Tables 1 and 2).

In some sets of experiments, mt types were identified by
digestion of mtDNAs with restriction endonuclease CfoI
followed by separation in 1% agarose gels. Three mt geno-
types were found in the strains used by the Dutch group. The
banding patterns are shown in Fig. 1B. The strains Somycel
9.2, Sinden A4, and Horst U3 all possess a common mt
genotype. This mt genotype was designated type I because
comparison of EcoRI and BamHI restriction fragments
showed that this mt genotype was equivalent to the mt
genotype found in strain Ag5O. Strain Somycel 53 possesses
the mt genotype II equivalent to the genotype found in Ag2.
The mt genotype found in the Japanese isolate H33-C1 was
designated type III.

Isolation of homokaryons. The source of the homokaryons
of Ag5O, Ag89, Ag9O, and Ag2 are described in Table 1.
Homokaryons of the wild-collected strain Ag85 were isolated
by protoplast formation and regeneration (6). Seventy-one
regenerated protoplasts were examined with nucleus-specific
probe p33n6. Six isolates were found to be homokaryotic,
carrying the same nuclear genome. Homokaryons which
carried the other nuclear genome were not obtained in these
experiments. The homokaryotic isolate Ag85-51 was chosen
as one of the parental homokaryons for our mating experi-
ments (Table 1). Strains 53-59, 9.2-97, A4-337, and H33-C1-
418 are infertile single-spore isolates from the fertile heter-
okaryons described in Tables 1 and 2. Strain U3-PF52/108 is
an infertile protoplast regenerate produced from heter-
okaryon U3 (Table 2).

Pairings. In an examination of the homokaryons of Ag2,
we observed that Ag2-20 grew much more vigorously on
CYM than Ag2-23 did. It also grew faster than the hetero-
karyon Ag2 itself on a number of solid media (data not
shown). The ATCC homokaryotic strain Agl-1, which
shared one nuclear allele (p33nlO) with Ag2-20 and another
nuclear allele (p4n6) with Ag2-23, showed a radial growth
similar to that of Ag2-20. We designate Ag2-20 and Agl-1 as
fast-growing homokaryons and Ag2-23 as a slow-growing
homokaryon. Similar observations have been made on two
homokaryons of Ag5O. Ag5OHB has been determined to be
the fast-growing homokaryon, and Ag5OHA has been deter-
mined to be the slow-growing homokaryon. All of the other
four homokaryons (Ag89-59, Ag89-65, Ag9O-30, and Ag85-
51) were considered slow-growing homokaryons. They all
grow less vigorously on CYM media than their respective
parental heterokaryons.
These nine homokaryons described carrying three differ-

ent mt genotypes were used in the laboratory matings.
Nineteen combinations were designed for homokaryons
carrying different mt genotypes. For each combination, 2 to
10 pairings were performed. With each pairing, 3 to 12
isolates were examined for heterokaryotic status with nu-
clear RFLPs (Table 3).
The new heterokaryons were generated from 10 different

combinations of pairings (Table 3). No heterokaryons were
confirmed in the other nine combinations (Table 3).

In most of the pairings, the formation of heterokaryons
can be verified by using p33n1O and/or p4n6 as probes of
EcoRI-digested genomic DNA (Tables 1 and 2). However,
for the isolates from the pairings of Ag2-20(ii) (subscript
numeral = mt genotype) with Ag5OHA(1), these probes were
not informative (Table 1). In these cases, another plasmid,
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TABLE 3. mt transmission in selected pairings of
A. bisporus homokaryons

Homokaryon No. of Successful mt
designation pairings crosses (yv5)a genotype

Canadian
1-1 x 89-65 6 35/42 II
1-1 x 89-65 2" 8/8 II
1-1 x 89-65 2b 5/7 I
1-1 x 89-59 2 15/24 II
2-20 x 89-59 2 15/19 II
2-20 x 89-65 10c 58/68 II
1-1 x 90-30 4 13/36 II
2-20 x 90-30 4 0/20
2-23 x 90-30 4 0/20
1-1 x 85-51 4 9/24 II
2-20 x 85-51 3 0/20
2-23 x 85-51 4 0/20
89-59 x 85-51 3 0/18
89-65 x 85-51 3 0/18
90-30 x 85-51 3 6/18 IV
2-20 x 50HA 4 0/20
2-20 x 50HB 4 13/20 I
2-23 x 50HA 4 0/20
2-23 x SOHB 4 0/20
2-23 x 89-59 2 0/14
2-23 x 89-65 1 3/6 I
2-23 x 89-65 1 2/4 II

Dutch
53-39 x 9.2-97 24d 16/24 II

8/24 I
53-39 x 9.2-97 20e 9/20 II

11/20 I
53-39 x A4-337 20d 3/20 I

1/20 II
53-39 x A4-337 18e 18/18 II

20e 20/20 II
H33-C1-418 x U3-PF52/108 ille 11/11 III
a y, number of isolates investigated; x, number of isolates to be confirmed

by nuclear RFLPs as new heterokaryons.
bIn these pairings, the slow-growing parental homokaryon (Ag89-65) was

allowed to grow for 7 days before being paired with the faster-growing
homokaryon (Agl-1).

c In six crosses, the slow-growing homokaryon Ag89-65 was allowed to
grow for 7 days before being paired with Ag2-20. All 28 heterokaryons
recovered in this cross carried the type II mt genotype.
dPairings were done in petri dishes with MMP agar.
e Pairings were done in petri dishes on compost.

p33n25 (5), was utilized. Twenty isolates from four pairings
between Ag2-20(11) and Ag5OHA(1) were examined, and none
was found to be heterokaryotic.

Pairings were done initially on MMP agar for the crosses
of 53-39 X 9.2-97 I) 53-39(II) x A4-337(I), and H33-C1(III)
x U3-PPR2/1080),. Aeterokaryon formation was verified by
using p33n10 and p33n25 as probes for CfoI-digested ge-
nomic DNA (Table 2). Only for the crosses of 53-39(,I) x
9.2-97(I) were heterokaryons readily obtained on MMP agar.
In previous experiments, it was shown that heterokaryon
formation more easily occurred (Table 3) when pairings were
done on compost. Therefore, we repeated the pairings on
compost.
mt inheritance. No evidence for a mixture of mt genotypes

in any of the initial heterokaryons examined was observed.
No detectable recombination between the mt genomes of
two donor homokaryons was observed by utilizing mt
RFLPs. When the fast-growing homokaryons of Ag2 [i.e.,
Agl-l(1) and Ag2-20(11)] were mated with the slow-growing
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FIG. 2. mt inheritance in a cross of Ag2-20 x Ag89-65. (A)
Verification of heterokaryon status by nuclear RFLP analysis
(p33N10). The two homokaryon lanes show the homoallelic signal
for this nuclear probe. Lanes a to k are putative heterokaryons. All
but lanes d and k were shown to heterokaryons. (B) Verification of
mt genotype utilizing RFLP analysis. The two homokaryon lanes
show the RFLP profiles of two mt genotypes monitored in this cross
(see panel A). Lanes a to k all show the type II mt genotype.

homokaryons Ag89-59(,) and Ag89-65(,), the heterokaryons
recovered all were found to carry the type II mt genotype
(Table 3). This uniparental transmission was observed in 15
heterokaryons recovered from 2 pairings of Agl-l(g1) and
Ag89-59(1), for 15 heterokaryons recovered from 2 pairings of
Ag2-20(j1) and Ag89-59(1,1for 43 heterokaryons recovered
from 8 pairings of Ag -l(,I) and Ag89-65(0), and for 58
heterokaryons from 10 pairings of Ag2-20(11) and Ag89-65(1)
(Table 3).

Since the homokaryons Agl-l(, and Ag2-20(,1) exhibited
very-vigorous aerial growth on CYM plates when compared
with the slower nonaerial growth of Ag89-59(1) and Ag89-
65(I), we were concerned that these differences in radial
growth and morphology could bias our results. In an attempt
to minimize this bias, we did the following. (i) In one cross
between Ag2-20(11) and Ag89-65(0), five samples were taken
from the region where the paired mycelia contacted one
another but slightly toward the Ag89-65(1) parent. Analysis of
these samples revealed either the type II mt genotype in
heterokaryons or unmated type I. (ii) The slow-growing
homokaryon Ag89-65(1) was inoculated and allowed to grow
for 7 days before pairing with either Ag2-20(11) or Agl-l(I).
This resulted in recovery of heterokaryons carrying the mt
genotype of Ag89-65(0) (Table 3). However, in six pairings of
the fast-growing homokaryon Ag2-20(11) and the slow-grow-
ing homokaryon Ag89-65(i) by using the procedure described
in (ii) above, all 28 heterokaryons recovered were also found
to carry the type II mt genotype (Table 3).

Figure 2 shows a representative Southern blot used in the
analysis of the data shown in Tables 1 to 3. The analysis of
nuclear RFLPs is illustrated in Fig. 2A for a cross between
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Ag2-20(11) and Ag89-65(i). Of the 11 isolates examined from
the pairing, 2 (lanes d and k) were shown to be unmated
Ag2-20(1I) and carried the RFLP genotype of only Ag2-20(i)
parent; the other 9 isolates carried the RFLP allele for both
nuclear types and were confirmed as new intraspecies het-
erokaryons (Fig. 2A). All of the confirmed new heterokary-
ons were found to carry the type II mt genotype (Fig. 2B).
Four putative heterokaryons from the RFLP-confirmed

crosses between Agl-l(ii) and Ag89-65(,) were examined for
their ability to produce fruiting bodies. Three cultures of
Agl-1(1 x Ag89-65(1), and all nine cultures of Ag2-20( 1) x
Ag89-65(1) from fruiting trials, produced mushrooms. Total
DNA was isolated from the fruiting bodies, and RFLP
genetic markers were utilized to determine nuclear and mt
genotypes. The data produced from the fruiting body analy-
ses confirmed the results obtained from mycelial analyses,
specifically that heterokaryon formation had indeed oc-
curred.

Agl-l(i) was also successfully mated with Ag9O-30(1). The
newly produced heterokaryons were all found to carry the
type II mt genotype (Table 3).
When the slow-growing homokaryon Ag85-5l(IV) was

mated with Agl-l(11), all nine heterokaryons recovered were
found to carry the type II mt genotype. However, all of the
heterokaryons generated in the crosses between Ag85-51(IV)
and the slow-growing homokaryon Ag90-30(U) carried the
type IV mt genome (Table 3).

In our attempts to mate Ag5OHAM, a slow-growing
homokaryon of Ag5O, with Ag2-20(ii) and Ag2-23(II), no
heterokaryons were recovered (Table 3). If, however, the
fast-growing homokaryon Ag50HB(U) was paired with Ag2-
20(ii), 13 new heterokaryons were recovered which all car-
ried the type I mt genotype (Table 3).
The slow-growing homokaryon Ag2-23(11) has been suc-

cessfully mated with Ag89-65(1). In one successful cross
between Ag2-23(11) and Ag89-65(1), three recovered hetero-
karyons carried the type I mt genotype, while in another
successful cross, two heterokaryons were recovered that
carried the type II mt genotype. In summary, 182 new
heterokaryons were obtained in 41 successful matings per-
formed on CYM plates (Table 3) by the Canadian group. In
all of these matings, a biased mt transmission was observed.

In another set of experiments, pairings were done initially
on MMP agar for crosses 53-39(11) x 9.2-97(I), 53-39(II) x
A4-337(1), and H33-C1-418(III) x U3-PF52/108(I). The forma-
tion of new heterokaryons was verified by using p33n10 and
p33n25 as probes of CfoI-digested DNA (Table 2). mt
genotypes were determined by probing CfoI digests with the
mt clone p50m2. From previous experiments in a breeding
program, it was known that the homokaryons in these
combinations were compatible and that the formation of a
heterokaryon becomes visible as a fast-growing sector of
fluffy mycelium. However, on MMP agar, only for the
pairings for the cross 53-93(II) x 9.2-97(I) were heterokaryons
readily obtained, visible as fast-growing sectors. Twenty-
four heterokaryons were obtained from the cross between
53-39(II) x 9.2-97(I), 16 heterokaryons carrying mt genotype
II and 8 heterokaryons carrying mt genotype I (Table 3). For
the cross 53-39(II) x A4-337(1), only four heterokaryons were
obtained, three heterokaryons carrying mt genotype I and
one homokaryon carrying mt genotype II. From the matings
between H33-C1-418(iii) and 9.2-97(I), no heterokaryons
were obtained on MMP agar.

Results from repeated pairings in the breeding programs at
Horst suggested that heterokaryon formation more easily
occurred when pairings were done on compost. We there-

fore repeated the above crosses on compost. For all pairings,
fast-growing sectors were observed after 2 to 6 days of
contact between the colonies of the paired homokaryons.
For matings between homokaryons 53-93(II) and 9.2-97(I), 20
heterokaryons were obtained, 9 heterokaryons carrying mt
genotype II and 11 heterokaryons carrying mt genotype I.
This biparental inheritance of mt was also observed on MMP
agar. In two pairings between 53-93(II) and A4-337(I), 38
intraspecies heterokaryons were obtained, all carrying mt
genotype II. From matings between H33-C1-418(Iim) and
9.2-97(I) carrying mt, 11 heterokaryons were obtained, all
carrying mt genotype III (Table 3).

DISCUSSION

To effectively study the mt transmission in A. bisporus, it
was necessary to develop a methodology that allowed for the
identification and differentiation of the mt genomes in paren-
tal stains and in the resultant new heterokaryons. We
utilized a combination of four large BamHI fragments (B1,
B4b, B6, and B7) of the Ag5O mt genome (12) as the
differentiating probes in this study. These four fragments
constituted about 30% of the Ag5O mt genome (12) and gave
informative RFLPs (Fig. 1A). In addition to determining mt
genotype by using these specific cloned DNAs, it was also
possible to distinguish mt genotypes with purified mtDNAs
digested with CfoI (Fig. 1B).
Our initial observation suggested that there was only one

mt genotype in commercial strains (11). This genotype,
designated type I in this study, is associated with a large
number of commercial strains derived from the Dutch U3
strain. The type I genome was also found in the wild-
collected strain Ag89 (21) and in the fungicide-resistant
strain Ag9O, a U3 derivative (7). The Dutch Ul hybrid and
derivatives from this strain, as well as the older commercial
strain Ag2, carried the mt type II genome. The Japanese
strain H33C1 and the field-collected Ag85 (18, 19) each
carried a distinct mt genotype (type III and type IV, respec-
tively).

In an earlier study, Castle et al. (6) were unsuccessful in
their attempt to isolate homokaryons from strain Ag85. In
the current study, we suggest that the RFLPs they initially
used were homoallelic for this particular strain. The nuclear
probe p33n6 gave a heteroallelic RFLP in the Ag85 hetero-
karyon and allowed us to differentiate the homokaryons of
Ag85 after protoplast regeneration (Table 1). These results
suggest that it is necessary to examine a number of different
cloned fragments to find an RFLP that differentiates between
nuclear types of heterokaryons and facilitates the isolation of
parental homokaryons.
The isolation of both pairs of parental homokaryons from

any given heterokaryon is problematic. For some heter-
okaryons, there appears to be little difficulty in recovering
both possible homokaryons; for other heterokaryons, it may
be possible to isolate only one of the two parental homokary-
ons (6). In this study, we were unable to isolate both types of
homokaryons from the heterokaryon Ag85. One possible
explanation for this phenomenon is that some nuclear types
have lost the ability to grow independently as homokaryons
under the growth conditions examined. A homokaryotic or

haploid structure is not a necessary part of the life cycle of
A. bisponus (15). It is possible that some heterokaryons
(pairs of nuclei) may have existed together in a common
cytoplasm for many generations. During this period of time,
one of the nuclear types may have experienced a mutation or

a recombinational event that affected its ability to exist as an
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independent homokaryon. Furthermore, under the condi-
tions used for this study, we observed different growth
characteristics between two pairs of isolated homokaryons.
For example, homokaryons Ag2-20(,,) and Ag50HB(I were
found to grow more vigorously than homokaryons Ag2-23(11)
and Ag5OHA(1).

In basidiomycetes, mt inheritance has been investigated in
C. cinereus (23), A. bitorquis (11), and A. bulbosa (30).
Biparental inheritance of mt in C. cinereus resulted from
bidirectional nuclear migration, an event which occurs di-
rectly after hyphal anastomosis between pairs of compatible
homokaryons (2). Donor nuclei usually migrated bilaterally
through the established hyphae of the recipient mates,
forming two discrete dikaryons having identical pairs of
nuclei but unique cytoplasms. The formation of a dikaryon
could easily be identified by the presence of clamp connec-
tions. May and Taylor (23) have investigated the mt trans-
mission in C. cinereus. In one cross, nuclear migration did
not occur, and the only dikaryons recovered from the
junction zone showed a mixed mtDNA pattern. However,
each fruiting body developed from these mixed dikaryons
carried only one of the possible mt genomes (23). Hintz et al.
(11) investigated mt transmission in A. bitorquis, an Agani-
cus species with a heterothallic life cycle. In a selected cross
between two homokaryons, unidirectional nuclear migration
was observed (1, 11). The dikaryon recovered from the
recipient mate contained only one mt type. The dikaryons
recovered from the zone of anastomosis contained both
parental mt genotypes. After a number of transfers, one of
the mt genotypes was lost by vegetative segregation (11).
Dikaryons carrying different mt genotypes but identical
nuclear genotypes were found to exhibit different growth
characteristics (11). In A. bulbosa, transmission of mt ge-
nome in the field was shown to favor one mt genotype (30).
Smith et al. (30), however, provide evidence for biparental
inheritance of mt genotypes in laboratory matings.
The results presented in this study suggest that biparental

transmission of the mt genotype only occurred in selected
crosses in A. bisporus. A number of interesting differences
were observed between mt transmission in A. bisporus and
that in the other basidiomycetes studied (11, 23, 30). Nuclear
migration has not been observed inA. bisporus (1, 27, 31). In
the 189 pairings performed in this study, no evidence of
nuclear migration was observed. Therefore, the formation of
the heterokaryon, as the result of nuclear migration into the
resident cytoplasm, is unlikely to be involved in the mt
transmission ofA. bisporus. InA. bisporus, the formation of
heterokaryons only occurred at the junction zone by hyphal
anastomosis between the parental homokaryons. The novel
heterokaryon formed may contain nuclear and mt genomes
from both parental homokaryons (heteroplasmon). Hetero-
plasmons have been considered to be formed in laboratory
matings in A. bitorquis (11), but we were unable to confirm
their formation in this study. The uniparental inheritance
observed in most crosses of this study suggests a very strong
bias toward the vegetative transmission of the mt genome
from one of the parental homokaryons. A. bisporus is
therefore distinct from other basidiomycetes examined (11,
23, 30) with respect to vegetative transmission of the mt
genome.
The mt transmission pattern in eukaryotes is generally

quite variable (3, 10). The uniparental inheritance of the mt
genome in oogamous species has been attributed either to (i)
the failure of mt to enter into the egg or (ii) the presence of
comparatively few mt in the male gamete. These mecha-
nisms, however, do not explain the uniparental, or biased,

biparental mt inheritance in some isogamous species (4, 17,
24). In these species, nonrandom factors may play an
important role in mt transmission. These factors, such as
extra rounds of premating synthesis of mtDNA in one of the
gametes, may affect the input ratio of the organelle genome.
Furthermore, the selection for particular organelle-nucleus
combinations may affect the output ratio. Uniparental inher-
itance of the mt genome has been observed in the acellular
slime mold Physarum polycephalum (17). In P. polyceph-
alum, fusion of two haploid amoebae with different mating
types will generate a diploid zygote which develops into a
macroscopic diploid plasmodium by repeated mitosis in the
absence of cell division. Therefore, the random partitioning
of mt by cell division does not occur. It has been suggested
that the inheritance of the mt genome in P. polycephalum is
due to preferential replication of one of the two mtDNAs
(17). Mirfakhrai et al. (24) observed that the mt genome was
inherited uniparentally (for most crosses) in the cellular
slime mold Polysphondylium pallidum. They suggested that
one mt type was selectively eliminated at a stage between
zygote formation and zygote germination.

In the yeast Saccharomyces cerevisiae, the number of
mtDNA per cell has been found to vary dramatically with
genotype, ploidy, cell volume, and, in some strains, with the
physiological state of the cell (3). It has been demonstrated
that the bias in the input ratio of organelles from the parental
homokaryons would affect the output ratio of transmission
of mtDNA to the progeny. In this study, when Ag89-65()
(slow-growing homokaryon) was mated with Ag2-23(11)
(slow-growing homokaryon), the resultant heterokaryons
carried either the type I or type II mt genome. However,
when Ag89-65(0) was paired with the fast-growing homo-
karyon Agl-l(1) or Ag2-20(,,), all of the resultant heterokary-
ons carried the type II mt genotype. These data would
suggest that the biased mt inheritance was directly related to
the radial growth of the parental homokaryons. However, if
Ag89-65(,) was allowed to grow for 7 days before it was
paired with Agl-1(11), it was possible to demonstrate trans-
mission of the mt from the slow-growing homokaryon (Table
3). When two fast-growing homokaryons, Ag2-20(11) and
Ag50HB(j), were paired, 13 heterokaryons were recovered
and all carried the type I mt genome. Although both
Ag5OHB(1) and Ag2-20(11) were considered fast-growing
homokaryons, Ag2-20(,,) grows even more vigorously than
Ag50HB(,) under the conditions used in this study. These
data, therefore, would argue that the biased mt transmission
in A. bisporus is not simply determined by the radial growth
rates of the parental homokaryons. Since absolute uniparental
inheritance patterns have been observed in a number of
crosses such as Ag2-20(1,) x Ag89-65(), Ag2011) x Ag50HB(I>,
53-39(II) X A4-337(I), and H33-C1-418I)D x U3-PF52/108(T), It
seems unlikely that the biased mt transmission observed inA.
bisporus is due simply to the unequal contribution of mtDNA
from the parental homokaryons, as observed in the yeast S.
cerevisiae (3).
Our data could suggest that a nonrandom mechanism(s)

was involved in the biased mt transmission observed forA.
bisporus. One possible mechanism is the unequal distribu-
tion of nuclei in the newly formed heterokaryons. The
positions of the paired parental nuclei relative to their
respective cytoplasms in the heteroplasmon could favor the
inheritance of one cytoplasmic type. To test this possibility,
Sonnenberg et al. (31) constructed two pairs of homo-
karyons: 39(I) and 39(1),, and 97(I) and 97(,1). Each pair of
homokaryons carried a common nuclear genome but differ-
ent mt genomes (designated I and II as in this study). The
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intraspecies heterokaryons generated from the crosses of
39(I) X 97(II) and 39(II) X 97(I) were all found to carry the type
I mt genotype (31). These data do not support the concept
that unequal distribution of nuclei occurs in A. bisporus
(31).
Another possible explanation is that during the process of

anastomosis, mtDNA from one of the parental homokaryons
is selectively stimulated or inhibited from replication or that
one of the mt genomes is selectively degraded. The selective
degradation model has been previously proposed to explain
uniparental organelle transmission in a number of protists (4,
17, 24), as discussed above.

In this study, we present for the first time data on mt
transmission in the commercially important mushroom A.
bisporus. These data will be utilized in designing and per-
forming experiments which are directed at examining the
effect of mt genotype on strain performance under commer-
cial growth conditions. It is possible to construct heterokary-
ons with a common nuclear background but with different mt
genotypes. Experiments of this type are currently under way
in our research laboratories.
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