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ABSTRACT

The study of fruiting in the basidiomycete Agrocybe aegerita has shown that some haploid homokar-
yotic strains can spontaneously switch their mating specificities at the two unlinked A and B mating
type factors. This event causes the dikaryotisation of primary homokaryons without plasmogamy and
leads to the differentiation of sporulating fruit-bodies (pseudo-homokaryotic fruiting). For each mating
type factor, the genetic analyses have revealed that: (1) parental and switched mating types segregate
meiotically as Mendelian markers, (2) a total of six switched mating type factors (two parental and
four nonparental) were obtained from a wild strain, (3) most of the nonparental factors have
specificities differing from those of a large series of wild factors, (4) strains with the same expressed
mating type can generate different specificities, (5) switching is always restricted to the same mating
type in a homokaryon, (6) nonparental types can switch again, and (7) meiosis fixes the specificities to
which switching can occur. This suggests, for the first time in filamentous fungi, the existence of a
mechanism analogous to the mating type switching in yeasts. We hypothese that both A and B mating
type regions in A. aegerita are constituted of three loci, one specialized in expression and two other
carrying silent information. Mating type switching in homokaryotic strains would occur by copy
transposition of silent A and B information into the expression loci. Moreover, we propose that during

meiosis the silent loci are substituted by copies of the expressed loci.

HE life cycle of Agrocybe aegerita is controlled by
the tetrapolar mechanism of homogenic incom-
patibility which involves the two unlinked factors A
and B (MEINHARDT and LESLIE 1982). The dikaryon,
which contains two haploid nuclear types, is obtained
by the anastomosis (plasmogamy) of two homokaryons
heteroallelic for both the A and B mating type factors.
When subjected to favorable conditions, the dikaryon
can differentiate fruit-bodies (basidiocarps) in which
karyogamy and meiosis occur, whose four haploid
products enter basidiospores.
The mating type (or incompatibility) factors A and
B are known to regulate a series of morphogenetic
events implied in the establishment and the mainte-
nance of the dikaryotic state (reviewed in RAPER 1966;
CASSELTON 1978). They could also play a role in the
developmental program of higher fungi, as suggested
by the DNA-binding property of the homeodomain-
related motif found in the constant regions of four 4
alleles of Ustilago maydis (SCHULZ et al. 1990). Al-
though several models have been proposed, the mo-
lecular mechanism by which the A and B factors
determine the mating competence between two hap-
loid homokaryons has not been resolved thus far
(METZENBERG 1990; ScHULZ et al. 1990; MAy, LE
CHEVANTON and PUKKILA 1991).
The complexity of interactions between two alleles
is increased by the large genetic polymorphism of
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mating type factors in basidiomycetes (RAPER 1966).
This multiallelism was partially explained in some
basidiomycetes, such as Schizophyllum commune
(RAPER, BAXTER and MIDDLETON 1958; RAPER, Bax-
TER and ELLINGBOE 1960) and Coprinus cinereus (DAY
1963), by the fact that the A and B factors are both
composed of two linked genes (Aa, AB and Ba, Bf).
Each gene is multiallelic and the combination of one
a and one § allele gives a unique specificity for the A
or the B factor (RAPER 1966; KOLTIN, STAMBERG and
LEMKE 1972). However, the two-gene model, based
on genetic analyses, is now challenged by the molec-
ular cloning of the mating type A factor in C. cinereus,
from which it appears that the A factor encompass at
least three loci, each of them being functional in the
expression of the A regulated pathway (MAy, LE
CHEVANTON and PUkKILA 1991).

The multiallelism of each subunit composing the A
and B factor poses questions about the origin and the
evolution of the mating type alleles. Many attempts to
recover new alleles from preexistent ones by mutation
have failed, because all primary mutations selected for
change in specificity resulted in a loss of self-recogni-
tion and in the constitutive expression of the mutated
factor (reviewed in KOLTIN, STAMBERG and LEMKE
1972; KOLTIN et al. 1979), which could be the conse-
quence of large deletions (MAY, LE CHEVANTON and
PUKKILA 1991). Furthermore, a great molecular di-
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vergence has been reported between different mating
type alleles of S. commune (GIASSON et al. 1989), C.
cinereus (MUTASA et al. 1990) and U. maydis (SCHULZ
et al. 1990; FROELIGER and LEONG 1991). Lastly, the
fact that the Ax gene of §. commune is encoded by a
single locus (GIASSON et al. 1989) excludes silent copies
of multiple A« alleles, and is consistent with the fact
that a mating type switching such as in yeasts (Nas-
MYTH and TATCHELL 1980; BEAcH 1983) has not
been observed in this species (METZENBERG 1990).

Mating type factors of A. aegerita seem to behave
differently. The failure to recover evidence of intra-
factorial recombination in the A and B factors leads
one to consider A and B as single genetic units, which
could correlate with the restricted allelic series ex-
pected for the entire population of A. aegerita com-
pared to other tetrapolar species (MEINHARDT, Epp
and Esser 1980; NoiL, Ho HUYNH and LABARERE
1991). Moreover, we provide here genetic evidence
of a mating type switching to new functional factors
in some homokaryotic strains of A. aegerita.

This study was carried out on the homokaryotic
progeny from three wild dikaryotic strains, that pre-
sented the well-known phenomenon of homokaryotic
fruiting (MEINHARDT and EsSer 1981, 1990). We
distinguished three phenotypes in homokaryotic fruit-
ing; one of them, called pseudo-homokaryotic fruiting
(PHF), was discerned after the spontaneous dikaryoti-
zation of primary homokaryons. This dikaryotization
was shown to be the corollary of the emergence of
switched mating types at both the A and B loci. The
switched mating types were compared with specifici-
ties identified from wild strains collected in distinct
geographic regions. With the goal of understanding
the mechanism of switching, we studied the changes
in specificities in different subcultures of the same
homokaryon, and over two generations obtained from
PHF and resulting from successive switch events. Fur-
ther characterization of the mechanism was provided
by analysing how mating type change occurred in the
progeny from controlled crosses between homokar-
yons resulting from two successive mating type switch-
ings. These data allow us to propose a model that
shares properties with mating type switching in yeasts,
and which takes into account intra- and intergenomic
transposition events,

MATERIALS AND METHODS

Strains and nomenclature: Thirteen wild dikaryotic
strains, collected in nature from different geographic areas
(Table 1), were used to derive haploid homokaryotic mating
type tester strains carrying the wild factors Al to A18 and
B] to B16 (NokL, Ho HUYNH and LABARERE 1991). Hom-
okaryotic fruiting and mating type change was studied in
the homokaryotic progeny derived from the randomly cho-
sen dikaryotic strains WT-1, WT-2 and WT-3, and in the
progeny of WT-4 kindly provided by F. MEINHARDT. Hom-
okaryons are designated with a letter (G for WT-1, R for

WT-2, L for WT-3 and M for WT-4) and a number to
distinguish sib-homokaryons. Auxotrophic homokaryotic
Ura™ and Leu~ strains possess a UV-induced single-gene
recessive mutation unlinked to the mating type genes (un-
published results). Homokaryotic mutant strains GM18 A3
B3 ura-1, GM27 A3 B3 ura-1 and GM33 A2 B3 ura-1 were
derived from a cross between G30 A3 B3 and M358 A2 B2
ura-1, the last strain provided by F. MEINHARDT. Homokar-
yotic strains GG3 A3 B4 leu-1 and GG12 A4 B3 leu-1 were
obtained from a cross between G6 A4 B3 and G2 A3 B4 leu-
1. Figure 1 shows the successive generations analysed and
the symbols or acronyms used to designate the different
progeny and fruiting events. To avoid confusion, a distinc-
tion was made between the homokaryotic progeny obtained
from the wild dikaryotic strain and those deriving from
pseudo-homokaryotic fruiting, that were called PHF prog-
eny. PHF, homokaryons are designated by the name of the
homokaryon from which they are derived, followed by the
letter h (symbolizing pseudo-homokaryotic fruiting) and a
number to distinguish sib-homokaryons. PHF,; homokar-
yons are designated by the name of the PHF, homokaryon
from which they are derived and by an additional number
to distinguish sib-homokaryons. For the designation of mat-
ing types, the term parental makes reference to the types
expressed in the original wild dikaryotic strain, and the term
nonparental to the types not expressed in the wild strain.

Media, culture and fruiting conditions: Vegetative my-
celial cultures, and single basidiospore isolation and germi-
nation were performed on agar solidified CYM medium
(RAPER and HOFFMAN 1974). Minimal medium MM (RAPER
and HOFFMAN 1974) and MM supplemented with either 100
pg/ml uracil or 100 pg/ml leucine were used for the char-
acterization of auxotrophic phenotypes. For screening
pseudo-homokaryotic fruiting, homokaryotic strains were
precultured in CYM-containing Petri dishes (30 mm) for 10
days, at 25°, in darkness and then inoculated into Erlen-
meyer flasks containing chopped wheat straw enriched with
liquid CYM (50% v/w). For fruiting auxotrophic strains,
CYM was supplemented with 200 pug/ml uraci] or leucine
requirement. Incubation was continued at 25° in darkness
until the mycelium had grown all over the medium (15-21
days). Flasks were then transferred to 22° with a 12-hr
photoperiod for fruiting. Fruit-bodies were obtained under
sterile conditions until sporulation in 30 to 90 days depend-
ing upon the strain used. In some cases, fruiting was ob-
tamned in Petri dishes with CYM agar as substrate. Before
each inoculation for fruiting, the homokaryotic state of each
strain was checked by appropriate mating type tests, and by
examination of mycelia under the microscope (absence of
clamp connections).

Isolation and germination of basidiospores: To collect
basidiospores, mature basidiocarps were placed above sterile
tracing paper under a glass cover. After sporulation, a piece
of tracing paper supporting basidiospores was applied on
the surface of solid CYM. Single basidiospores were isolated
one by one using a thin glass rod with a flame-rounded tip
using a stereo-magnifier (40 X). The spores were deposited
on new CYM and incubated at 25° for germination. Mycelia
derived from germination constituted the haploid strains,
whose homokaryotic state was verified before mating type
determination.

Mating type determination: Mating type tests were car-
ried out as previously described (NokrL, Ho HuynH and
LABARERE 1991). Results of pairings were examined under
the microscope (630 X): the presence of clamp connections
on hyphae resulting from mating meant that a dikaryon was
formed and therefore that the two mycelia tested had dif-
ferent specificities for the A and B loci (A#, B#); when
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TABLE 1

Mating type, geographic origin and source of the wild dikaryotic strains used to derive homokaryotic progeny (from NokL, Ho
HuyNH and LABARERE (1991)

Collection

No.? Strains® Genotype Geographic origin Zone® Source
51 WT-1 A3, A4 B3, B4 France, southwest A Laboratory collection
48 WT-2 A5, A6 B5, B6 France, southwest A Laboratory collection
47 WT-3 A7, A8 B4, B7 France, southwest A Laboratory collection
350 WT-4 Al, A2 Bl, B2 Czechoslovakia, central E F. MEINHARDT
871027 WT-5 A9, Al0 B5, B7 Spain, eastern D Laboratory collection
871012 WT-6 All, Al12 B8, B9 France, southwest A Laboratory collection
871102 WT-7 Al3,Al14 B2, B10 France, southeast B D. MousaIN
871103 WT-8 Al4,Al13 B2, BI0 France, southeast B D. MoOUSAIN
871021 WT-9 Al0,Al5B11,BI12 Spain, eastern D Laboratory collection
750905 WT-10 A9, Al6 BY, B13 France, southwest A Laboratory collection
751002 WT-11 Al3,Al BI10, B14 France, southwest A Laboratory collection
750904 WT-12 Al, A9 Bl, B5 France, southwest A Laboratory collection
750901 WT-13 Al7,A18 Bl5,B16 France, northwest (o] Laboratory collection

@ The collection number corresponds to the collection nomenclature of the laboratory.
b Basidiocarps were obtained from each dikaryon, and the homokaryotic progeny recovered from single spore isolation were used for the

determination of mating type alleles.
¢ The five geographic zones are located at least 500 km apart.

Wild dikaryotic strain n+n
WT-1 (=G)
2n
/ \ Meiosis
Homokaryons n
G1....G2...:G3...
Mating type switching ‘ n+n
Pseudo-homokaryotic 2n
fruiting (PHF) / \ Meiosis
PHF; homokaryons n
G2h1...G2h2...G2h3...
Mating type switching ‘ n+n
PHF 2n
’/ \ Meiosis
PHF , homokaryons n

G2h2-1...G2h2-2...G2h2-3...

FIGURE 1.—Symbols and acronyms used to designate the gener-
ations of this study.

unfused clamp connections were observed, the two mycelia
had different A and common B specificities (A#, B=); when
no clamp connections could be seen, the two mycelia had
common A and different B (A=, B#) or common A and
common B specificities (A=, B=).

Dedikaryotization: The separation of the two nuclear
components of a dikaryotic mycelium was carried out by the
isolation and the regeneration of protoplasts. For protoplast
isolation, strains were grown in liquid CYM in Roux flasks
at 25° for 72 hr. The young mycelium obtained was har-
vested on sterile gauze, abundantly washed with sterile
distilled water and then with the incubation buffer consisting
of 0.5 M sucrose, 0.01 m MgCls, 0.1 mMm EDTA, 0.05 M
maleic acid, pH 6.5. About one gram of wet weight myce-
lium was incubated for 3 hr at 25° with 10 ml of incubation
buffer containing 2.5 mg/ml Novozym 234 (Novo Industri
A/S). After incubation, mycelial debris was removed from
the lytic mixture by filtration through sterile gauze. Proto-
plasts harvested in the filtrate were concentrated by centrif-
ugation (10,000 X g, 15 min, 20°) and washed twice with
20 ml of incubation buffer. They were finally layered on
top of a 1 M sucrose cushion and centrifuged (300 X g, 15

min, 20°). For regeneration, 1-ml aliquots of diluted pro-
toplasts (about 10” protoplasts/ml) were mixed with 7 ml
CYM containing 1% (w/v) Sea Plaque agarose (FMC Corp.)
kept at 40°, and overlayered on CYM-sucrose agar plates.
About 50 mycelial colonies were picked out randomly and
subcultured on CYM. The homokaryotic or dikaryotic state
of mycelial colonies was determined under the microscope
by checking the presence of clamp connections. Homokar-
yotic mycelia were then used for mating type determination.
From 60% to 90% of homokaryotic isolates were recovered
by this method.

RESULTS

Types of fruit-bodies differentiated by homokar-
yotic strains: A. aegerita is well known for homokar-
yotic fruiting (MEINHARDT and ESSEr 1981, 1990), a
developmental stage which bypasses the plasmogamy,
generally a prerequisite for the completion of differ-
entiation of fruit-bodies. We found that homokaryons
derived from four wild strains (WT-1, WT-2, WT-3
and WT-4) could differentiate three types of fruit-
bodies: fruit-bodies which never open or sporulate
(Abortive Homokaryotic Fruiting, AHF), well-devel-
oped fruit-bodies with a reduced frequency of sporu-
lation containing only two-spored basidia (True Hom-
okaryotic Fruiting, THF) and well-developed fruit-
bodies with abundant four-spored basidia (Pseudo-
Homokaryotic Fruiting, PHF). AHF and THF ex-
plants gave rise to mycelia without clamp connection
while PHF explants yielded mycelia bearing clamp
connections.

Each strain produced multiple but restricted classes
of fruiting phenotypes (Table 2). There was no pref-
erential appearance order when both AHF and THF
were produced by the same homokaryotic culture. In
contrast, AHF always appeared before PHF, and it
did not further differentiate. The differentiation of
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TABLE 2

Fruiting phenotypes in homokaryotic progeny from four wild

TABLE 3
Mating interactions and genotypes of PHF, progeny

strains differentiated from G39 A3B3
No. of progen Fruiting No. of progeny in each Incompatibilit : .
Wild strain tested Y phenotypes® phegotipicyc]ass groupspin PHF); Matmgﬁtﬁz}: {f/‘ilt"c;ll. strains
progeny
WT-1 37 AHF 9 Deduced
PHF 2 Group I 11 III IV A3B3 A4B4 A3B4 A4B3 genotype
AHF + PHF 9
I - + - ucc - + — ucc A3B3
WT-2 15 AHF 11 - ucc - + + + +  A*B*
111 - + - + - + A3B*
PHF 1
AHF + PHF 1 v -  ucc + + ucc  A*B3
Homokaryon G39 belongs to the progeny of the wild strain WT-
WT-3 19 AHF 10 1. Symbols used are: (+) compatible mating (A7, B#); (ucc) incom-
PHF 0 patible mating with presence of unfused clamp connections (A%,
AHF + PHF 9 B=); (—) incompatible matings (A=, B# or A=, B=). Siblings pairing
(left part of the table) revealed compatibility (dikaryon formation)
WT-4 " AHF 1 only between strains of groups I and II, and between strains of
FHF 3 groups III and IV. All other combinations were incompatible. The
AHF + THF 5 breakdown of strains within groups III and IV was determined in

¢ AHF, abortive homokaryotic fruiting; PHF, pseudo-homokar-
yotic fruiting; THF, true homokaryotic fruiting. Some homokar-
yons could differentiate two types of fruit-bodies sequentially from
the same culture (AHF + PHF or AHF + THF).

PHF occurred primarily in association with the AHF
phenotype (19 times over the 22 PHF observed).
Further characterization of THF and PHF showed
that no segregation of the mating type factors oc-
curred in THF progeny (data not shown), while an
unexpected Mendelian segregation was observed in
PHF progeny. Presented here are the results of ge-
netic analyses of PHF class.

Recovery of changed mating types from PHF,
progeny: The segregation of the mating type factors
was studied in PHF, homokaryotic progeny obtained
from five homokaryons of WT-1, two of WT-2 and
nine of WT-3. Determination of mating types in each
progeny was done in two steps. First, sib-homokaryons
were themselves paired in all possible combinations
and classified into incompatibility mating interaction
groups. Second, homokaryons from each group were
paired with homokaryons of the wild strain WT-1,
WT-2 or WT-3. This series of matings made it possi-
ble to place each of the progeny obtained from PHF
into four incompatibility groups (see example in Table
3), typical of the Mendelian segregation of two alleles
at each of two loci. The mating types originally ex-
pressed by the homokaryons prior to PHF, and
changed mating types, designated A* B*, were iden-
tified in the progeny. Thus, the G39 PHF, line is of
A3, A* and B3, B* constitution. The changed mating
types at both loci A and B were always compatible with
the types expressed by the fruiting homokaryon and
self-incompatible, indicating that they carried an al-
ternate but functional recognition specificity.

Characterization and segregation pattern of the
changed mating types in PHF, progeny: Among the
changed mating type factors recovered in the PHF,

relation to groups I and II by searching the presence of unfused
clamp connections. The changed mating type factors are provision-
ally designated A* and B*.

progeny from 16 homokaryons (Table 4), 14 A and
14 B were nonparental, that is to say not expressed
in the respective wild dikaryotic strains. As the same
nonparental type could emerge in different progeny,
10 different specificities (designated by small letters)
for both the changed A and B factors were identified.
Surprisingly, for three homokaryons (G30 A3 B3 from
WT-1, L13 A7 B7 and L1 A7 B4 from WT-3), the
mating types changed at either factor were parental
forms expressed in the original wild dikaryotic strains
(B4 in G30, A8 in L13 and A8 B7 in L1). In each
PHF, progeny, the segregation pattern of the four
mating types reflect the premeiotic change of the
mating specificities.

No correlation could be found between the incom-
patibility genotype of a homokaryon and the mating
type newly expressed. For instance, B7 from WT-3 in
five different homokaryons gave rise to four non-
parental types (Be, Bf, Bg, Bh). Furthermore, the two
different mating type factors of sib-homokaryons
could give rise to the same factor (e.g., both A3 and
A4 from WT-1 can yield Ab). On the other hand, the
nonparental factors generated from the progeny of a
wild strain appear to be specific to this strain. Of
particular interest is B4 which can generate Bb from
WT-1, and Be (twice), Bf, B7, but not Bb from WT-3.
Thus, there is some relationship between the genotype
of a wild dikaryotic strain and the specificities of the
mating types changed in descendants. The frequency
of repeats for some newly changed mating types in
the progeny of WT-3 (A8, Af, Bf and Bg are repeated
twice, Ae and Be three times) suggest that the possibil-
ities to switch are limited: considering our data, no
more than six specificities (two parental and four
nonparental) for each of the A and B factor can be
obtained from a particular wild strain.
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TABLE 4

Identification and segregation of the mating types in 16 PHF, progeny

Genotypes in PHF, progeny of incompatibility groups®

Parental wild Fruting
dikaryotic homokaryons
strains derivative I 111 v Segregation
WT-1 G39 A3B3 A3B3 Aa*Ba* A3Ba* Aa*B3 12:14:11:11
A3, A4 B3, B4 G30 A3B3 A3B3 Ab*B4* A3B4* Ab*B3 9:9:4:4
G31 A4B4 A4B4 Ab*Bb* A4Bb* Ab*B4 6:9:3:5
G23 A4B3 A4B3 Ac*Bc* A4Bc* Ac*B3 5:8;10:10
G6 A4B3 A4B3 Ad*Bd* A4Bd* Ad*B3 6:6:9:5
WT-3 L9 A7B7 A7B7 Ae*Be* A7Be* Ae*B7 12:10:10:14
A7, A8 B7, B4 L13 A7B7 A7B7 A8*Bf* A7Bf* A8*B7 5:6:4:10
L14 A7B7 A7B7 Af*Bg* A7Bg* Af*B7 4:12:8:12
12 A8B4 A8B4 Ae*Be* A8Be* Ae*B4 5:5:9:5
L15 A8B7 A8B7 Af*Bg* A8Bg* Af*B7 7:5:4:7
L19 A8B7 A8B7 Ag*Bh* A8Bh* Ag*B7 9:8:4:8
L1 A7B4 A7B4 A8*B7* A7B7* A8%*B4 3:1:4:7
18 A7B4 A7B4 Ae*Be* A7Be* Ae*B4 6:4:10:8
117 A7B4 A7B4 Ah*Bf* A7Bf* Ah*B4 8:4:4:8
WT-2 R16 A5B5 A5B5 Ai*Bi* A5Bi* Ai*B5 6:7:4:7
A5, A6 B5, B6 R34 A6B6 A6B6 Aj*Bj* A6Bj* Aj*B6 16:9:14:12

@ Changed mating type factors recovered in groups I, III and IV are marked with an asterisk. When their mating specificities were
different from the parental types of the relevant dikaryotic strain, they were designated by a small letter (a to j). When nonparental factors
from different PHF, progeny were found to be identical, they were designated by the same letter.

Comparison of the nonparental mating types with
wild specificities isolated from nature: The non-
parental factors derived from change in homokaryons
from WT-1, WT-2 and WT-3 were compared to 18
different A and 16 different B wild factors previously
identified from 13 wild strains (NokL, Ho HuyNH and
LABARERE 1991). One tester strain carrying one or
two non-parental factor representative of groups II,
ITI and IV (from Table 4) were selected in each PHF,
progeny (except that of L1), and paired with tester
strains representative of the four mating type groups
from each wild strain. The results of the 2,340 mating
tests thus performed are summarized in Table 5.

Among the 10 nonparental A and 10 nonparental
B factors, eight A and six B exhibited specificities
different from that of the 18 A and 16 B wild factors
tested. Identity with wild factors was found for six
changed specificities: Ag (=A2) and Ak (=A5) from
WT-3, for Ba (=B15) and Bd (=B1) from WT-1 and
for Bg (=B5) and Bh (=B2) from WT-3. These speci-
ficities, which have emerged from mating type change
in strains from the geographic zone A, display in the
wild sample different geographic origins and repeat
frequencies: A2, A5 and B15 were identified once in
geographic zones E, A and C, respectively; Bl was
repeated twice in zones E and A; B5 and B2 were
repeated three times in zones A and D, and E and B,
respectively (Table 1). Overall, this demonstrates that
some of the nonparental mating type factors are sim-
ilar or identical to the wild factors of strains derived
from various geographic regions.

Segregation of auxotrophic markers during PHF:
To verify that the newly expressed mating type factors
actually were derived from mating type changes in
homokaryotic strains, the segregation of auxotrophic
markers, unlinked to the mating type genes, was ana-
lysed during PHF. Five progeny obtained from PHF
of three Ura™ (GM18, GM27 and GM33) and two
Leu™ (GG3 and GG12) auxotrophic homokaryons
were studied. In each of the five PHF progeny, four
mating types were recovered, and all the descendants
exhibited the same auxotrophy as the parental fruiting
homokaryon (data not shown). Thus the change of
mating type had occurred in the original strains used
and was not due to contamination of the culture.

Repeatability of mating type change: To address
the question whether one homokaryon can repeatedly
change its mating type factors, and towards how many
different specificities, four separate subcultures of the
homokaryon G39 A3 B3, three of G30 A3 B3 and two
of each auxotroph GM18 A3 B3 ura-1, GM27 A3 B3
ura-1, GM33 A2 B3 ura-1, were fruited in independ-
ent conditions and at different time intervals from the
first inoculation for fruiting (from two to 31 month
according to the strains, data not shown). The mating
type factors A3 and B3 of G39 always changed to the
same specificities Aa and Ba, and A3 and B3 of G380
to Ab and B4. Likewise, change always occurred to-
wards Ax Bx in GM18, Ay By in GM27 and Az Bz in
GM33 (denomination %, y and z is used because these
specificities have not been compared with each other,
nor with the nonparental ones characterized in Table
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TABLE 5

Results of pairings between the changed nonparental mating types and the wild mating type specificities Al to A18 and B1 to B16

Nonparental mating type factors from PHF, homokaryons

Locus A Aa Ab Ac Ad Ae Af Ag Ah Ai Aj
Origin® WT-1 WT-1 WT-1 WT-1 WT-3 WT-3 WT-3 WT-3 WT-2 WT-2
Speciﬁcilyb New New New New New New A2 A5 New New
Found in — — — — — — WT-4 WT-2 — —_
Geographic zone® = — — — — — E A — —

Locus B Ba Bb Be Bd Be Bf Bg Bh Bi Bj
Origin® WT-1 WT-1 WT-1 WT-1 WT-3 WT-3 WT-3 WT-3 WT-2 WT-2
Specificity? B15 New New Bl New New B5 B2 New New
Found in WT-13 S — WT-4 — — WT-2 WT-4 _ —

WT-12 WT-5 WT-7
WT-12 WT-8
Geographic zone® C — .- E, A — — A, D E, B — —

@ Wild strains WT-1 A3, A4 B3, B4, WT-2 A5, A6 B5, B6 and WT-3 A7, A8 B4, B7 were collected in the geographic zone A.
b The term new was used to designate the specificities of the nonparental factors that did not show identity with those of the wild factors

tested.
¢ Geographic zones A, B, C, D, E are defined in Table 1.

4). This clearly shows that each homokaryon is re-
stricted to change to only one mating type.
Hypothesis for mating type change: Specific
changes of the mating types can be selected when
homokaryons are subjected to fruiting conditions
through the PHF differentiation. The Mendelian seg-
regation of changed mating types in PHF progeny is
thus the consequence of premeiotic changes in mating
type specificities. What is the mechanism for change?
A puzzling contradiction arises between the number
of different factors potentially expressible in the whole
progeny of a wild dikaryotic strain (six for each A and
B), and the appearance of a unique form from multi-
ple independent switch events in a specific homokar-
yon (example G39). This suggests the existence of
several potentially expressible A and B factors stored
as silent copies in the genome. The following model
can be proposed (Figure 2): considering that collec-
tively six specificities (two parental and four non-
parental) for each of the A and B genes are present
within the progeny of a wild strain, the existence of
three loci for each mating type factor per haploid
genome can be inferred, one specialized in expression
(locus shaded) and the two others carrying silent in-
formation (Figure 2A). During meiosis in the wild
strain, any diploid nucleus should carry originally two
different expressed forms at the expression loci and
four different nonexpressed forms at the silent loci.
In some homokaryons of the progeny, the possible
switching between the two factors originally expressed
in the dikaryotic strain (B4 from B3 of G30, A8 from
A7 of L1 and L13, and B7 from B4 of L1, Table 4)
requires the existence of these two factors in the same
haploid nucleus but in a cryptic state (Figure 2B).
Therefore, with respect to the three-locus structure,
we must assume that during meiosis of a dikaryotic

(A) Meiosis

Aa A3 Ac

T

Ab A4 Ad

:

(B) Progeny
Aa A3 A4
and
Ab A4 A3

s

(C) G39 G31
Aa A3 A4 Ab A4 A3
e Switching - O -
(D)
Aa Aa A4 Ab Ab A3
Y Dikaryon +
Aa A3 A4 Ab A4 A3

FIGURE 2.—The three-locus structure hypothesis for mating type
in A. aegerita (example for the A factor). (A) Diploid nucleus A3/A4
of WT-1 during meiosis: intergenomic exchanges of copies of the
loci expressed (A3 and A4) and their storage in silent loci (Ad and
Ac). (B) Two haploid nuclei (A3 and A4) obtained after meiosis. (C)
Mating type switching in descendants G39 and G31 by copy trans-
position of the silent loci Aa and Ab into the expression locus. (D)
Genotypes of the dikaryons resulting from mating type switching.
The loci expressed are represented by shaded boxes; transposition
events are indicated by arrows.
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(A) Cassette associations (meiosis)
1 2 3 4
Aa A3 Ac Aa 44 Ad Aa A3 Ad Aa A4 Ac
Ab A4 Ad Ab A3 Ac Ab A4 Ac Ab A3 Ad
(B) Intergenomic transpositions (meiosis)
Replacement of Aa and Ab
ll 2! 3' 4!

A4 A3 Ac A3 A4 Ad Ad A3 Ad A3 A4 Ac
A3 A4 Ad Ad A3 Ac A3 A4 Ac A4 A3 Ad
Replacement of Ac and Ad
T 2 3 4"

Aa A3 A4 Aa A4 A3 Aa A3 A4 Aa A4 A3
Ab A4 A3 Ab A3 A4 Ab A4 A3 Ab A3 A4

©) Genotypes of progeny analysed

G39 Aa A3 A4  [Cassette association 1 or 3; Replacement 1" or 3"]
G30 Ab A3 A4 [Cassette association 2 or 4; Replacement 2" or 4"]
G31 Ab A4 A3  [Cassette association 1 or 3; Replacement 1" or 3"]
623 A3 44 Ac  [Cassette association 3 or 4; Replacement 3' or 4]
G6 A3 A4 Ad [Cassette association 1 or 2; Replacement 1' or 2]

FIGURE 3.—Cassette structures for the A factor obtained during
meiosis and in the progeny of WT-1. (A) The reciprocal cassette
associations obtained from recombination. (B) All possible geno-
types expected in the progeny according to the intergenomic trans-
position events during meiosis. (C) Genotypes of progeny of WT-1
analyzed in this study, with the original cassette associations and the
transposition event from which they could be derived.

strain, each locus expressed in one haploid genome
may be copied and stored in a silent locus of the other
genome (Figure 2A), a transposition event which also
results in the elimination of the sequence carried by
the silent receptor locus. In homokaryons, mating
type switching would occur by the copy transposition
of a silent information into the expression locus (Fig-
ure 2C), which results in the formation of dikaryotic
mycelia (Figure 2D).

Under this simplified form, the model suggests that,
whatever the silent loci replaced from transposition at
meiosis, at most two nonparental factors can only
emerge from the switching of one parental factor (Aa
or Ac from A3 and Ab or Ad from A4). Accordingly,
recombination and transposition at meiosis should
result in different silent cassette associations in the
progeny, that makes it possible for one parental factor
to switch towards four nonparental types in different
descendants (see example of B7 which gives Be, Bf,
Bg, Bh in different progeny of WT-2, Table 4). Figure
3 shows the four cassette associations obtained from

recombination and the possible transposition events
during meiosis in WT-1, The four cassette associations
and two possibilities for transposition are both requi-
site to deduce the genotypes of the five homokaryons
from WT-1 analyzed in this study.

Mating type switching in these progeny should yield
either one specific nonparental factor or the alternate
parental factor. The mating types recovered in PHF,
progeny (Table 4) revealed that switching at both A
and B occurred preferentially to the nonparental fac-
tors (28 times over a total of 32 A and B changes),
and to only 4 parental factors in three homokaryons
(B3 to B4 in G30, A7 to A8 in L13 and L1, and B4 to
B7 in L1). This suggests that transposition for switch-
ing mobilizes in most cases the locus that has not
received a copy during meiosis.

Subsequent mating type switching in PHF, hom-
okaryons: The model predicts that, if subsequent
switching occurs in PHF; homokaryons, only the two
parental factors and the nonparental factor specific to
each homokaryotic lineage should be observed in the
progeny. To test this, 11 PHF, progeny from 11 PHF,
homokaryons of WT-1 were obtained and analyzed
(Table 6). Subsequent switching occurred mainly to
the expressed mating type factors of the original wild
dikaryotic strain WT-1 A3, A4 B3, B4. In one case
only, A3 of G39h9 switched to the nonparental con-
figuration Aa, specific to the G39 homokaryotic line-
age. Switching thus occurs as expected from the
model: additional unknown nonparental forms do not
appear during the second PHF cycle. As in the first
PHF cycle, switching in homokaryons having the same
incompatibility genotype can give rise to different
factors (G39h7, G39h8 and G39h9 which are A3 Ba
yield Aa or A4 and B3 or B4), as well as to the same
mating type factors (for example G23h4 and G23h6
which are both A4 B¢ lead to A3 and B3). On the
other hand, homokaryons having different genotypes
can generate the same factors (for example, G39h7
and G31h3 which are A3 Ba and Ab Bb, respectively,
give A4 B3). Thus, there is apparently no correlation
between the mating type expressed in one PHF, hom-
okaryon and the mating specificities that emerge from
a second mating type switching.

The successive switchings occurring from the pa-
rental mating type factors of the progeny of WT-1
are summarized in Figure 4. The sequences observed
for changes in mating specificities may be generalized
as follows: a first mating type switching in homokar-
yons derived from the wild strain WT-1 leads in most
cases to the emergence of factors different from the
forms expressed in the parental wild strain (Table 4);
the second mating type switching taking place in PHF,
homokaryons allows mainly the recovery of either of
the two parental factors of WT-1. Thus, for both A
and B, the two parental factors of WT-1 and only one
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TABLE 6

Identification and segregation of the mating types in PHF. progeny

Genotypes in PHF; progeny of incompatibility groups®

Original fruiting PHF, fruiting
homokaryons homokaryons I 11 111 v Segregation
G39 A3B3 G39h4 AaBa AaBa A4*B4* AaB4* A4*Ba 6:5:7:9
G39h7 A3Ba A3Ba A4%B3* A3B3* A4*Ba 13:4:6:2
G39h8 A3Ba A3Ba A4*B4* A3B4* A4*Ba 5:8:9:7
G39h9 A3Ba A3Ba Aa*B3* A3B3* Aa*Ba 11:11:6:6
G39h12 AaB3 AaB3 A4*B4* AaB4* A4*B3 7:9:6:8
G31 A4B4 G31h3 AbBb AbBb A4*B3* AbB3* A4*Bb 13:2:4:5
G31h9 AbB4 AbB4 A3*B3* AbB3* A3*B4 6:2:4:8
G23 A4B3 G23h4 A4Bc A4Bc A3*B3* A4B3* A3*Bc 3:3:9:9
G23 A4B3 G23h6 A4Bc A4Bc A3*B3* A4B3* A3*Be 5:2:5:6
G23h7 AcB3 AcB3 A3*B4* AcB4* A3*B3 13:9:6:10
G6 A4B3 G6h3 A4Bd A4Bd A3*B4* A4B4* A3*Bd 5:6:5:5
¢ Mating type factors switched on in PHF; progeny are marked with an asterisk (groups II, 111, IV).
Factor A A3 A3 A4 A4 Ad
Homokaryons

PHF,
L | S J
G3%h7 G39h8  G39h9  G3I%hd4  G3ohI2

ANNNNN

PHF7 A3 A4* A3 A4* A3 Aa* Aa A4* Aa A4*

* A3 Ab*

A4 . . A4 Ad+

| - I L ] 1 | L J
G31h3 G31h9 G234  G23h6  G23h7 G6h3

ANNNNANNNA

Ab Ad* Ab A3* A4 A3* A4 A3* Ac A3* A4 A3

Factor B B3 83 B4 BJ B3

Homokaryons G39

PHF B3 Ba* B4+ Bb* Bd*
L 1 1 I_I L1 L J L | L
G3%12 G394  G3%h7  G39h8  G39h9 G31h9  G31h3 G23h7  G23b4  G23hé6 G6h3

PHFy B3 B4* Ba B4*Ba B3* Ba B4* Ba B3* B4 B3*Bb B3* B3 B4*Bc B3*Bc B3*

FIGURE 4.—Lineages from sib-homokaryons of WT-1 A3, A4 B3, B4 showing the successive factors segregating after meiosis of PHFl and
PHF, strains. Factors arising from switching are indicated in bold and marked with an asterisk.

nonparental are generated by multiple cycles of
switching from a single homokaryon. In other words,
only three forms for each of the A and B mating type
factors are present in any homokaryotic strain, which
is fully consistent with the model represented in Fig-
ure 2.

Figure 5 shows the successive genotype modifica-
tions for the A factor of the homokaryons G39 and
G31. Consider G39 (Figure 5A): the initial genotype
of this homokaryon is Ae A3 A4. Mating type switching

in G39 results in the formation and the selection of
the dikaryon Aa A3 A4 + Aa Aa A4. The two nuclei
will undergo karyogamy and meiosis, during which
one copy of the expressed loci will be exchanged.
Because the silent loci are homoallelic, meiotic recom-
bination does not change the cassette constitution. As
in the wild dikaryotic strain, there are two possibilities
for transposition: transposition 1 replaces the silent
nonparental forms, and transposition 2 the silent pa-
rental forms. However, when analysing similarly all of
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(A) (B)

G39 G31
Aa A3 A4 First switch Ab A4 A3
A A
Aa Aa A4 Aa Aa A4 PHF 1 (meiosis) Ab Ab A3 Ab Ab A3
Transposition
Aa A3 A4 Aa A3 A4 Ab A4 A3 Ab A4 A3
TR1 TR2 TR1 TR2
l I 1 l
] 1
] ]
' ]
v \j
A3 Aa A4 Aa Ag A3 A4 Ab A3 Ab Ab A4
PHF 1 progeny
Aa A3 A4 Aa A3 Aa Ab A4 A3 Ab A4 Ab
G39h4 G31h9
A3 Aa A4 Second switch A4 Ab A3
>/ *_/
A3 A4 A4 A3 A4 A4 PHF 3 (meiosis) A4 A3 A3 A4 A3 A3
Transposition
A3 Aa A4 A3 Aa A4 A4 Ab A3, A4 Ab A3
TR 1 TR 2 TR 1 TR2
] 1
1 ]
] t
1 1
v 1 v 1
Aa A4 A4 A3 A4 Aa Ab A3 A3 A4 A3 Ab
- - PHF 3 progeny
A4 Aa A4 l_AjﬂzM A3 Ab A3 A4 Ab A3
G39h4-5 G39h4-15 G31h9-23

FIGURE 5.—Genetic modifications of the A factor from the hom-
okaryons G39 (A) and G31 (B) during two successive switch events.
Among the two possible transposition events during meiosis (called
TR 1 and TR 2), bold arrows indicate the more probable according
to the experimental results. This scheme allows to deduce the
genotypes of the three PHF; homokaryons further used in crosses
(G39h4-5, G39h4-15 and G31h9-23). The loci expressed are
underlined; transposition events are indicated by arrows.

the mating types switched on in the 11 PHF; progeny
(Table 6), it appears that, among the 22 A and B
switched factors, 17 can only survive from transposi-
tion 1, and five either from transposition 1 or 2 (Aa
from A3 of G39h9, B3 from Ba of G39h7 and G39h9,
B3 from Bc of G23h4 and G23h6). Furthermore, to
be expressed in the respective progeny, these five
factors (and also A4 from Ab of G31h3, deriving from
transposition 1) should be mobilized from the locus
that has just received a copy during meiosis. These
are examples where the receptor locus at meiosis is
then transposed for switching, like in G30, L1 and
L13 (Table 4). Overall, these observations suggest
that transposition during meiosis of the dikaryotized
homokaryon is preferentially directed to the silent
locus that has been previously transposed for mating
type switching. In the case of G39, this is thus probably

315

the silent loci carrying Ae that are replaced by the
copies of the expressed loci (A3 and Aa, Figure 5A).
The genotypes of the resulting PHF, progeny can be
A3 Aa A4 (example: homokaryon G39h4, Table 6)
and Aa A3 A4.

Mating type switching in G39h4 A3 Aa A4, which
leads to the A4 specificity, results in the dikaryon A3
Aa A4 + A3 A4 A4 (Figure 5). As in most cases the
locus transposed in the homokaryotic strain then re-
ceives a copy during meiosis, A4 is probably eliminated
(transposition 2) and replaced during meiosis by a
copy of the expressed loci in each haploid genome (4a
and A4), yielding for example the progeny G39h4-15
A3 A4 Aa and G39h4-5 A3 Aa A4 that were further
used in cross. On the same principle, one may deduce
the genotype of the homokaryon G31h9-23 A4 A3
Ab (Figure 5B) that was crossed with G39h4-15 (see
below and Table 7). However, there is no way to
demonstrate that transposition 1 does not occur dur-
ing PHF2. G39h4-5 is A3 Aa A4 because a third
switching cycle makes it express A3 (data not shown).
In the lack of such information for G39h4-15 and
G31h9-23, we must consider for each strain the two
possible genotypes that give the specificities A4 and
A3, respectively.

Mating type switching in progeny derived from
crosses between PHF; homokaryons: In an attempt
to verify that silent copies are replaced by copies of
expressed loci during meiosis, two crosses were per-
formed between PHF; homokaryons (G39h4-5 X
G39h4-15 and G39h4-15 X G31h9-23) derived
from two successive mating type switching (see Figure
5 for their lineages and genotypes for the A factor).
The first cross involved A4 B4 and A3 B3 strains of
different homokaryotic lineage: G39h4-15 A3 A4 Aa
(or Aa A4 A4) X G31h9-23 A4 A3 Ab (or Ab A3 A3).
The second cross concerned A4 B4 and Aa Ba strains
of the same homokaryotic lineage: G39h4-15 A3 A4
Aa (or Aa A4 A4) X G39h4-5 A3 Aa A4. In the
progeny from these crosses, the factors expressed by
the homokaryons segregated 1:1 at both A and B
expressed loci as expected.

The homokaryotic progeny obtained from the two
crosses were then placed under fruiting conditions for
screening of subsequent switch events. Thirteen PHF
progeny were derived and were subjected to genetic
analysis (Table 7). In the 10 homokaryons derived
from the cross A4 B4 X A3 B3, mating type switching
isrestricted to A3 and A4, and to B3 and B4. Switching
in homokaryons obtained from the cross Aa Ba X A4
B4 was restricted to the forms Aa, A4 and Ba, B4.
These results show that descendants of a cross be-
tween PHF; homokaryons switch only to the ex-
pressed mating type factors of the strains that have
been crossed. Accordingly, this suggests that silent
copies (for example Aa and Ab in the first cross) are
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TABLE 7

Identification and segregation of the mating types in PHF progeny derived from descendants of PHF; crosses

Genotypes in PHF progeny of incompatibility groups®

Origin of homokaryons Genotypes of fruiting

(cross) homokaryons I 11 111 v Segregation
G39h4-15 A4B4 A3B3 A3B3 A4*B4* A3B4* A4*B3 7:4:7:6
X A3B3 A3B3 A4*B4* A3B4* A4*B3 10:8:4:4
G31h9-23 A3B3 A3B3 A3B3 A4*B4* A3B4* A4*B3 11:9:4:8
A3B3 A3B3 A4*B4* A3B4* A4*B3 5:3:2:10
A3B3 A3B3 A4*B4* A3B4* A4*B3 6:6:9:5
A4B4 A4B4 A3*B3* A4B3* A3*B4 8:12:5:9
A4B4 A4B4 A3*B3* A4B3* A3*B4 12:5:8:5
A4B4 A4B4 A3*B3* A4B3* A3*B4 6:10:7:7
A3B4 A3B4 A4*B3* A3B3* A4*B4 4:6:11:9
A4B3 A4B3 A3*B4* A4B4* A3*B3 5:7:13:3
G39h4-15 A4B4 A4B4 A4B4 Aa*Ba* A4Ba* Aa*B4 4:4:4:3
X AaBa AaBa A4*B4* AaB4* A4*Ba 9:8:5:6
G39h4-5 AaBa AaBa AaBa A4*B4* AaB4* A4*Ba 4:6:5:2

¢ Mating type factors switched on in PHF progeny are marked with an asterisk (groups II, II1, IV).

TABLE 8

Genotype determination of individual nuclei of four mycelia subcultured from PHF: basidiocarp explants

Dikaryotised Genotypes before Genotypes of the Genotypes of individual
strains dikaryotization dikaryotic strains nuclei
G31h3 AbBb Ab, A4* Bb, B3* AbBb (14) A4*B3* (1)
G31h9 AbB4 Ab, A3* B4, B3* AbB4 (2) A3*B3* (13)
G23h4 A4Bc A4, A3* Bc, B3* A4Bc (1) A3*B3* (14)
G6h3 A4Bd A4, A3* Bd, B4* A4Bd (2) A3*B4* (13)

Mating type factors switched on in the original PHF, homokaryons are marked with an asterisk. The number of mycelial colonies obtained

for each genotype is given in parentheses.

replaced during meiosis by copies of the expressed
loci (A3 and A4, respectively).

Mating types of the nuclear components in the
dikaryotized strains: It was interesting to determine
whether the newly switched factors at both loci could
appear within the same nucleus or in separate nuclei.
For instance, when a homokaryotic strain A3 B3
switches to Aa Ba, the expressed mating types in the
resulting dikaryon can be constituted by A3 B3 + Aa
Ba or by A3 Ba + Aa B3. Four dikaryotic strains,
obtained by subculturing PHF basidiocarp explants
differentiated from G31h3 Ab Bb, G31h9 Ab B4,
G23h4 A4 Bc and G6h3 A4 Bd, were converted hom-
okaryotic by isolation and regeneration of protoplasts.
Homokaryotic mycelial colonies regenerated from
protoplasts were analysed genetically. The results
(Table 8) show that both switched factors are present
in a single nucleus.

DISCUSSION

Homokaryotic strains of the basidiomycete A. aeger-
ita in pure culture conditions are able to differentiate
into three distinct types of fruit-body that were called
Abortive Homokaryotic Fruiting (AHF), True Hom-

okaryotic Fruiting (THF) and Pseudo-Homokaryotic
Fruiting (PHF). AHF and THF were differentiated
from typical homokaryotic mycelium and should
therefore be related to the homokaryotic fruiting
types already described in A. aegerita (ESSER and MEIN-
HARDT 1977; MEINHARDT and Esser 1981), Pholiota
nameko (ARITA 1978), Polyporus ciliatus (STAHL and
EssER 1976) and S. commune (ESSER, SALEH and MEIN-
HARDT 1979). The new third fruiting type, PHF,
results in mycelium bearing clamp connections and
four-spored basidia, a feature similar to homokaryotic
fruiting of C. cinereus (MIYAKE, TANAKA and IsHI-
KAwA 1980; VERRINDER GIBBINS and Lu 1984). This
study has focused on the characterization of the ge-
netic events occurring during differentiation to the
PHF type.

Emergence of switched functional mating type
factors in homokaryotic strains: Genetic analysis of
mating types in progeny derived from PHF revealed
the occurrence of additional mating type specificities
at both the A and B factors. The switched and the
original wild factors showed a typical 1:1 Mendelian
segregation. The spontaneous switching in haploid
homokaryotic lines generates dikaryotic cells that are
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selected under fruiting conditions and PHF differen-
tiation. According to the wild strain, up to 50% of the
progeny are able to switch their mating type factors.
PHF is the result of two changes at two unlinked
mating type factors and should arise at a low fre-
quency which remains difficult to evaluate since the
number of nuclei screened during PHF is not known.
The existence of mating type switching was demon-
strated in the homokaryotic progeny from three of
four wild dikaryotic strains collected in nature from
distinct geographic locations. Switching appears to be
therefore a widespread phenomenon in A. aegerita.
The genetic variability inherent to the mating type
switching may be summarized in five points: (1) With
respect to the genotype of a given wild dikaryotic
strain, mating type switching of the derived homokar-
yotic progeny can give rise to either the mating type
factors of the parental wild dikaryotic strain, or to
nonparental factors. (2) Independent mating type
switch events within the same homokaryon always give
rise to the same factor. It follows that the formation
and the specificities of the newly expressed mating
types strictly depends on the genetic background of
the homokaryon. (3) In different progeny of a single
dikaryotic strain, it seems that, in addition to the
possible switching between the two regular wild mat-
ing type factors, the mating type switching does not
occur to more than four A and four B specific, non-
parental factors. (4) These four nonparental factors
can be switched on from the same wild factor but only
in different homokaryotic strains. Furthermore, the
same nonparental factor can emerge from the switch-
ing of the two different parental factors of a wild
strain. (5) Switched factors are further switchable.
The progeny derived from a cross between newly
switched factors are able to switch subsequently. The
subsequent switchings are restricted to the factors
expressed by the strains used for the cross.

A and B structure and mating type switching
model: The nonparental factors behave as known
factors in that they discriminate against self, and they
can exhibit specificities identical to wild factors iden-
tified in unrelated wild strains. Accordingly, it is very
unlikely that they derive from random mutations at
the mating type loci or in the switching process het-
erothallism to homothallism, as it was interpreted in
the case of C. cinereus (MiYAKE, TANAKA and IsHI-
KAWA 1980; MEINHARDT and ESSER 1990). We sug-
gest that stable, reversible, nonrandom changes at
both A and B loci result from the expression of factors
previously stored in silent loci. The model proposed
for A. aegerita (Figures 2, 3 and 5) presents some
analogies with mating type interconversion in the
yeast Saccharomyces cerevisiae (HICKS, STRATHERN and
HERskOwITZ 1977), whose mechanism involves the
transposition of DNA sequences (NASMYTH and

TATcHELL 1980). In both organisms, the mating type
regions would be constituted of three loci, two of
them carrying silent information which are expressed
only when moved to the expression locus. However,
yeast exhibits only two alternative alleles of MAT. The
recovery of multiple nonparental forms in A. aegerita
compels us to consider a more complex mechanism.
First, we propose that the six loci for each A and B
present in the parental wild dikaryotic strain carry
different mating specificities. Second, different new
cassette associations are obtained from recombination
during meiosis in the dikaryotic strain. Third, inter-
genomic exchanges of copies of expressed mating
types should take place at meiosis to explain the pos-
sible emergence of parental factors from the first
mating type switching. This hypothesis is strength-
ened by the fact that only one nonparental type and
the two original parental types are seen during suc-
cessive mating type switchings in one homokaryotic
lineage (Figure 4). Both meiosis and transposition
determine the genotypes of homokaryons and there-
fore their potential to switch. For optimal genotype
diversity in progeny, transposition should take place
after recombination. Otherwise, mating type switch-
ing in some homokaryotic lineages (the half in fre-
quency) would be restricted to only two forms: one
nonparental and the parental factor originally ex-
pressed in the homokaryon.

The critical role of transposition at meiosis led us
to investigate a possible genetic demonstration of its
existence. Two haploid genomes, whose possibilities
for switching had already been identified, were
crossed in order to analyze how mating type switching
occurred in the progeny, and thus to deduce the
genotype modifications at meiosis. We analyzed mat-
ing type switching in the homokaryotic progeny from
the cross G39h4-15 A3 A4 Aa (or Aa A4 A4) X
G31h9-23 A4 A3 Ab (or Ab A3 A3). Whatever the
genotypes of G39h4-15 and G31h9-23 and the cas-
sette associations obtained from recombination, if in-
tergenomic transposition does not take place during
meiosis, progeny A4 should be able to switch to A3,
Aa or Ab, and progeny A3 to A4, Aa or Ab (similar
prediction can be made for the B factor). Determina-
tion of mating types in the progeny revealed that A4
could only switch to A3, and A3 only to A4. This
suggested that the silent copies Aa and Ab were elim-
inated during meiosis and replaced by copies of the
expressed A3 and A4, respectively. Although a lesser
number of homokaryons were studied from the cross
G39h4-15 A3 A4 Aa (or Aa A4 A4) X G39h4-5 A3
Aa A4, similar results were obtained. Though these
data could confirm the médel, one cannot completely
eliminate the possibility that the copies which no
longer appear during switch events (for example Aa
and Ab) are in fact blocked from transposing.
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Regulation and timing of mating type switching:
It is hypothetized that each of the three loci constitut-
ing the A and B mating type is a potentially transpos-
able unit. According to the model, the copies carried
by the expression loci are transposable between the
two haploid genomes paired during meiosis in a di-
karyon, whereas the silent copies are transposable
within the haploid genome of a homokaryon. During
meiotic intergenomic transposition, it seems that the
replacement of a silent locus among the two possible
candidates occurs randomly. The available data indi-
cates that there is then, within each homokaryotic
lineage, an alternate choice of the donor loci for
switching as well as for changes of the receptor loci
during meiosis. From the crosses between PHF2 hom-
okaryons (for example G39h4-15 A3 A4 Aa X
G39h4-5 A3 Aa A4), the model suggests that during
meiosis, the choice of the receptor locus can result in
the loss of an optimal genetic variability and can lead
to a partial isogenisation (for example genotype Aa A4
Aa). Mating type switching in such progeny results in
a complete isogenisation (Aa Aa Aa) that would be
blocked from further mating switching unless inter-
genomic transposition takes place. This prediction
allows to consider a possible test for the model, that
could consist in analysing crosses between isogenitized
strains (for example between strains Aa Aa Aa X A4
A4 A4), whose homokaryotic descendants should
switch to the respective expressed mating types. Al-
though complex, and in spite of exceptions for alter-
nation of donor loci during switching (see for example
G30, L1 and L13 which lead directly to the wild
factors during the first switching cycle, Table 4), these
data suggest that meiotic transposition events and
mating type switching are under the control of a
regulatory system. This assumption is strengthened
by the fact that only one silent copy among the two
candidates seems to be mobilizable for transposition
in a given homokaryon (see example of independent
switchings in G39).

Genetic data support the idea that mating type
switching occurs before meiosis in PHF, and is selected
during the pre-fruiting vegetative phase when myce-
lium is subjected to fruiting conditions. Nothing is
known about the simultaneity of changes at both
expression loci A and B. Our experiments have shown
that the switched A and B factors could appear within
a single nucleus. But if a single A or B switch takes
place randomly in the vegetative mycelium, there
would be little chance for two compatible nuclei to be
paired in the same cell, and to further trigger the
formation of a dikaryotic mycelium. Accordingly, sin-
gle switch events affecting either A or B cannot be
screened through the PHF procedure.

This is the first time that new mating type alleles
have been derived from preexistent ones in the multi-

allelic homogenic incompatibility system of basidiomy-
cetes. The mating type switching model emphasizes
the possible existence of a mechanism of duplication
and exchange of genetic information during meiosis,
allowing this information to be present in each of the
progeny. The underlying bases of mating type switch-
ing in A. aegerita and its regulation could be better
understood by the molecular analyses of the mating
type factor.

We thank M. BENOUN, F. MEINHARDT and K. Mayo for helpful
comments on the manuscript, and P. RocHELLE, T. D. Ho HUYNH,
D. V. Dang for excellent assistance. This work was supported by
grants from the Direction de la Recherche (Soutien de Programmes:
Génétique des Basidiomycetes), the Institut National de la Re-
cherche Agronomique and the Conseil Scientifique de I'Universite
de Bordeaux II.

LITERATURE CITED

ARITA, 1., 1978 Pholiota nameko, pp. 475-496 in The Biology and
Cultivation of Edible Mushrooms, edited by S. T. CHANG and W.
A. Hayves. Academic Press, New York.

BeacH, D. H., 1983 Cell type switching by DNA transposition in
fission yeast. Nature 305: 682-688.

CASSELTON, L. A., 1978 Dikaryon formation in higher basidiomy-
cetes, pp. 275-297 in The Filamentous Fungi, Vol. 3, edited by
J. E. SMITH and D. R. BERRY. John Wiley & Sons, New York.

DAy, P. R,, 1963 The structure of the A mating type factor in
Coprinus lagopus: wild alleles. Genet. Res. 4: 323-325.

Esser, K., and F. MEINHARDT, 1977 A common genetic control
of dikaryotic and monokaryotic fruiting in the basidiomycete
Agrocybe aegerita. Mol. Gen. Genet. 155: 113-115.

Esser, K., F. SALEH and F. MEINHARDT, 1979 Genetics of fruit
body production in higher basidiomycetes. 2. Monokaryotic
and dikaryotic fruiting in Schizophyllum commune. Curr. Genet.
1: 85-88.

FROELIGER, E. H., and S. A. LEONG, 1991 The a mating-type
alleles of Ustilago maydis are idiomorphs. Gene 100: 113-122.

G1assON, L., G. A. SPECHT, C. MILGRIM, C. P. NovoTNY and R. C.
ULLRICH, 1989 Cloning and comparison of Aa mating-type
alleles of the basidiomycete Schizophyllum commune. Mol. Gen.
Genet. 218: 72-77.

HIcks, J. B., J. N. STRATHERN and 1. HERskowITZ, 1977 The
cassette model of mating type interconversions, pp. 457-462
in DNA Insertion Elements. Plasmids and Episomes, edited by A.
I. BUkHARI, J. A. SHaPIRO and S. L. ApHya. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

KOLTIN, Y., J. STAMBERG and P. A. LEMKE, 1972 Genetic struc-
ture and evolution of the incompatibility factors in higher
fungi. Bacteriol. Rev. 36: 156-171.

KOLTIN, Y., J. STAMBERG, N. BAWNIK, A. TAMARKIN and R. WER-
CZBERGER, 1979 Mutational analysis of natural alleles in and
affecting the B incompatibility factor of Schizophyllum. Genetics
93: 383-391.

May, G., L. LE CHEVANTON and P. J. PUKKILA, 1991 Molecular
analysis of the Coprinus cinereus mating type A factor demon-
strates an unexpectedly complex structure. Genetics 128: 529—
538.

MEINHARDT, F., B. D. Epp and K. Esser, 1980 Equivalence of the
A and B mating type factors in the tetrapolar basidiomycete
Agrocybe aegerita. Curr. Genet. 1: 199-202.

MEINHARDT, F., and K. ESSER, 1981 Genetic studies of the basi-
diomycete Agrocybe aegerita. 2. Genetic control of fruit body
formation and its practical implications. Theor. Appl. Genet.
60: 265-268.



Mating Type Switching in A. aegerita 319

MEINHARDT, F., and K. ESSER, 1990 Sex determination and sexual
differentiation in filamentous fungi. Crit. Rev. Plant Sci. 9:
329-341.

MEINHARDT, F., and J. F. LESLIE, 1982 Mating types of Agrocybe
aegerita. Curr. Genet. 5: 65-68.

METZENBERG, R. L., 1990 The role of similarity and difference
in fungal mating. Genetics 125: 457-462.

Mivake, H., K. TANAKA and T. ISHIKAWA, 1980 Basidiospore
formation in monokaryotic fruiting bodies of a mutant strain
of Coprinus macrorhizus. Arch. Microbiol. 126: 207-212.

Murtasa, E. S., A. M. TymoN, B. GOTTGENS, F. M. MELLON, P. F.
R. LITTLE and L. A. CASSELTON, 1990 Molecular organiza-
tion of an A mating type factor of the basidiomycete fungus
Coprinus cinereus. Curr. Genet. 18: 223-229.

NasmyTH, K. A, and K. TATCHELL, 1980 The structure of trans-
posable yeast mating type loci. Cell 19: 753-764.

NoiL, T., T. D. Ho HuyNH and J. LABARERE, 1991 Genetic
variability of the wild incompatibility alleles of the tetrapolar
basidiomycete Agrocybe aegerita. Theor. Appl. Genet. 81: 745-
751.

RAPER, J. R., 1966 Genetics of Sexuality in Higher Fungi. Ronald
Press, New York.

RAPER, J. R., M. G. BAXTER and A. H. ELLINGBOE, 1960 The
genetic structure of the incompatibility factors of Sckizophylium
commune: the A factor. Proc. Natl. Acad. Sci. USA 46: 833~
842,

RAPER, J. R., M. G. BAXTER and R. B. MIDDLETON, 1958 The
genetic structure of the incompatibility factors in Schizophyllum
commune. Proc. Natl. Acad. Sci. USA 44: 889-900.

RAPER, J. R,, and R. M. HOFFMAN, 1974  Schizophyllum commune,
pp- 597-626 in Handbook of Genetics, edited by R. C. KING.
Plenum Press, New York.

ScHuLz, B., F. BANUETT, M. DAHL, R. SCHLESINGER, W. SCHAFER,
T. MARTIN, I. HERSKOWITZ and R. KAHMANN, 1990 The &
alleles of U. maydis, whose combinations program pathogenic
development, code for polypeptides containing a homeodo-
main-related motif. Cell 60: 295-306.

StaHL, U., and K. ESSER, 1976 Genetics of fruit body production
in higher basidiomycetes. 1. Monokaryotic fruiting and its
correlation with dikaryotic fruiting in Polyporus ciliatus. Mol.
Gen. Genet. 148: 183-197.

VERRINDER-GIBBINS, A. M., and B. C. Lu, 1984 Induction of
normal fruiting on originally monokaryotic cultures of Coprinus
cinereus. Trans. Br. Mycol. Soc. 83: 331-335.

Communicating editor: R. H. Davis



