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INTRODUCTION

Almost a century ago, the discovery of heterothallism in
fungi brought to light the existence of what was later termed
mating types. In 1904, Blakeslee (13) demonstrated that in
some members of the Mucorinae (zygomycetes), fertile pair-
ings were only possible between two different single-spore
strains. The cultures could be divided into two sexually com-
patible groups, indistinguishable morphologically, defining two
signs, 1 and 2. Following this observation, heterothallism was
discovered in other fungi, in particular in filamentous ascomy-
cetes (32), and the determinants of mating type were subjected
to genetic analysis. It was first demonstrated in Ascobolus mag-
nificus and Ascobolus carbonarius (28) and then in several
Neurospora species (89) that mating type corresponded to two
allelic forms of a single locus and, accordingly, that the het-
erothallism was bipolar (105). The initial confusion between
sign and sex (male and female) was alleviated when it was
shown that heterothallism was independent of sexual differen-
tiation. In fact, strains of each mating type produced receptor
and donor elements, that is to say female organs and fertilizing
elements, but the two strains contributing a compatible pair of
organs were always of opposite mating types (51). A compat-
ible interaction initiated the development of fruiting bodies
that produced ascospores. The point in the multistep sexual
process at which the mating type alleles function was deter-
mined in the following decades. As early as 1952, Zickler (111)
reported that in Bombardia lunata, donor cells produced a
substance that was able to specifically attract the receptor cells
of opposite mating type. This observation was the first indirect
evidence that the mating types control a hormonal mechanism
mediating the fusion of sexually compatible cells. Additional
physiological experiments carried out with Ascobolus sterco-
rarius (12) suggested that the mating types might have another
function at a subsequent stage of the sexual process, during the
development of the fruiting bodies. This dual role of the mat-
ing types, suspected very early, has been confirmed by molec-
ular approaches. Molecular analyses of mating types in fila-
mentous ascomycetes began only in 1988 with the cloning of A
and a mating types from Neurospora crassa (46), several years
after the complete DNA sequence of the a and a mating types
of Saccharomyces cerevisiae had been determined (4). Mean-
while, the mating systems of S. cerevisiae and Schizosaccharo-
myces pombe had been extensively analyzed and regulatory
models had already been proposed (reviewed in references 34,
54, and 77). In the two yeasts, each of the mating-type loci
encodes transcriptional factors controlling the expression of
cell-type-specific genes. In particular, they mediate conjuga-
tion by controlling the production of mating pheromones and
their receptors. They also control entry into meiosis. In spite of
these basic similarities, the number and nature of the transcrip-
tion factors and the wiring of the regulatory circuits vary strik-
ingly between the two yeast mating systems. The discovery of
new regulatory pathways was expected with the extension of
the analysis to the mating systems of the filamentous ascomy-
cetes, where the sexual process is more elaborate than that of
the single-cell yeasts. In these multicellular organisms, sexual

reproduction requires differentiation of reproductive struc-
tures and a complex developmental process.

The purpose of this review is to summarize what we know
about the mating types and their role in the sexual develop-
ment of the filamentous ascomycetes. A considerable amount
of data about numerous species has accumulated during half a
century of genetic and physiological investigation. The advent
of molecular biology resulted in an explanation, in molecular
terms, of what was often already known in physiological terms
and has taken the analysis one step further. We refer readers
to previous reviews devoted to the subject for an overview of
the advances in our knowledge in the last 6 years (42, 44, 69,
71). In the few mating systems which have been subjected to
molecular analysis to date, there are common features but also
variations in the number of genes involved, their nature, and
their functional role. Bipolar heterothallism is only one of the
reproductive strategies found in filamentous ascomycetes.
Many species are homothallic: homokaryotic haploid strains
are self-fertile and complete the sexual cycle without seeking a
mate. In the two yeasts which are basically heterothallic, a
homothallic breeding system is achieved through a mating-type
switching. Information for both mating types is present in silent
loci, and a transposition event moves one of the silent copies
into the active mating-type locus, allowing its expression. Mo-
lecular data have indicated that the switching model of yeast is
inappropriate to explain homothallism in filamentous ascomy-
cetes. Studies to determine how sexual reproduction is con-
trolled in species with no genetically definable mating types are
under way. In contrast to the mating types of the well-studied
filamentous ascomycetes, which are extremely stable, unstable
mating types have been found in several species. Future inves-
tigations of the mating systems in some of these species will
probably reveal a new organization of mating-type informa-
tion. Finally, many species related to the filamentous ascomy-
cetes reproduce only vegetatively and appear to have aban-
doned sexual reproduction. It is of great interest to determine
the cause of this failure to mate in asexual species. These are
the principal points that will be developed in the present re-
view. First, we will outline the sexual cycle of filamentous
ascomycetes and underline its specificities. The review will
then follow in chronological order with a presentation of the
state of knowledge before and after the advent of the molec-
ular approach. We will attempt to point out some of the ex-
citing prospects that this still recent field of investigation holds
for future studies. In conclusion, parallels will be presented
with the mating systems of yeasts and basidiomycetes to em-
phasize the diversity of the responses used to solve the same
fascinating biological problem: how to distinguish self from
nonself and yield sexual progeny.

SEXUAL CYCLE OF FILAMENTOUS ASCOMYCETES

Only the principal events of the sexual cycle will be de-
scribed. We will stress the characteristics that distinguish the
sexual cycle of filamentous ascomycetes from that of yeasts and
basidiomycetes. We refer readers who wish to learn more
about the cytology of sexual development to the reviews by
Raju (83, 85). During their vegetative phase, the filamentous
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ascomycetes form a network of partially septate hyphae con-
taining haploid nuclei. The life cycle of Podospora anserina is
presented as an example in Fig. 1. The sexual cycle begins with
the differentiation of female reproductive structures, the as-
cogonia, under appropriate environmental conditions, includ-
ing light and starvation for specific nutrients. Ascogonia arise
as lateral coiled hyphae with, in many species, an apical recep-
tive hyphal element, the trichogyne. Ascogonia can be naked
or quickly enclosed by nearby hyphae, forming a protoperithe-
cium. In heterothallic species, the trichogyne fuses with a male
element of the opposite mating type. The donor cells may be
microconidia, macroconidia, or hyphae. Fertilization consists
of entry of the fertilizing nucleus into the primary ascogonium
cell. This fertilization event initiates the development of the
fruiting body in which asci are formed through a complex
developmental process. Traditional classification of the fila-
mentous ascomycetes based on fruiting-body structure has
been largely supported by the molecular phylogenetic studies,
except for the loculoascomycetes (96). Depending on their
morphology, fruiting bodies are called perithecia (pyrenomy-
cetes), apothecia (discomycetes), cleistothecia (plectomyce-
tes), or pseudothecia (loculoascomycetes). What happens in
the fruiting bodies, whatever their morphology, is very similar
in all the filamentous ascomycetes.

After fertilization, the male and female nuclei do not fuse.
Karyogamy is postponed. Each nucleus proliferates, populat-
ing the growing fruiting bodies with numerous multinucleate
cells. Then pairs of parental nuclei of opposite mating type
migrate into specialized cells, the ascogenous hyphae, which
give rise to croziers. In the crozier, the two parental nuclei
undergo a coordinate mitosis which yields, after septum for-
mation, uninucleate basal and lateral cells and a binucleate cell

which can differentiate into an ascus mother cell, in which
karyogamy takes place. The binucleate cell is the only diploid
cell in the entire life cycle. The diploid nucleus proceeds di-
rectly into meiosis followed by one (or several) postmeiotic
mitoses depending on the species and finally by the formation
of ascospores. The basal and lateral cell can fuse and divide
again, leading to a new crozier. Several asci are thus produced
from each initial dikaryotic cell.

Some well-studied species like P. anserina, Neurospora tet-
rasperma, and Gelasinospora tetrasperma are pseudohomothal-
lic. Their asci contain four spores in which two nuclei of op-
posite mating types are regularly enclosed. As a consequence,
cultures from single ascospores are self-fertile heterokaryons.
Nevertheless, in contrast to the true homothallic species, each
haploid nucleus contains one of the two alternative mating
types. A comparative cytological study of the diverse programs
found in four pseudohomothallic species has been done re-
cently (84) and shows that pseudohomothallic and heterothal-
lic species differ in the program of ascus development. It is
noteworthy that in pseudohomothallic species, homokaryotic
cultures of each mating type can be easily obtained. They are
issued from the low percentage of five-spored asci in which two
small uninucleate ascospores of each mating type are substi-
tuted for one large binucleate ascospore (Fig. 1).

The life cycle of filamentous ascomycetes is geared to pro-
duce hundreds of asci from a single fertilization event. Simul-
taneously, it raises a crucial biological problem: the haploid
male and female nuclei of different mating types must “find
each other” within a common cytoplasm before differentiation
of ascogenous hyphae occurs. One of the main contributions of
the molecular analysis of the mating types has been the dem-
onstration of their involvement in recognition between the

FIG. 1. Life cycle of P. anserina.
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nuclei at this step of sexual development. Surprisingly, the
cytological picture for crozier and ascus initiation is identical in
homothallic species, although the female and male nuclei do
not display genetically different mating types. One of the ex-
citing prospects of the studies presently under way in ho-
mothallic species is to understand how the pairing of the two
parental nuclei is achieved.

ROLES OF THE MATING TYPES: WHAT WAS KNOWN
BEFORE THE MOLECULAR APPROACH?

Control of a Hormonal Mechanism

The main role of the mating types, common to all studied
ascomycetes, is to control the recognition mechanism leading
to fertilization. The first evidence of the existence of a phero-
mone receptor mechanism came from direct examination of
fertilization. Zickler (111) observed that the growing tricho-
gyne of B. lunata changed its direction in the vicinity of a
spermatium and grew toward this fertilizing element. Filtrates
of spermatial suspensions had the same attracting effect only if
they were from the opposite mating type. Similar observations
were carried out by Bistis, first in A. stercorarius (8) and then in
N. crassa (10). In A. stercorarius, the trichogyne was seen to
grow toward the oidium and to change its direction when the
oidium was relocated. The fertilizing element thus produced a
substance which controlled both the growth and direction of
growth of the trichogyne. In N. crassa, the behavior of individ-
ual protoperithecia was observed after adding drops of a
macro- or microconidial suspension from a donor of the op-
posite mating type to an adjacent agar block. Within 2.5 h, the
trichogyne began to grow toward the conidia and fusion took
place in approximately an additional 2 h. When both macro-
and microconidia competed, no preference was observed in the
orientation of the trichogyne. The substance secreted by the
fertilizing elements was trapped in blocks of activated charcoal
placed onto a donor mycelial culture (11). The blocks were
then placed on test mycelia that were examined under a mi-
croscope. The trichogynes responded by growing to and
around the blocks only in inter-mating-type combinations. This
result demonstrated the presence of a pheromone-like sub-
stance that was able to attract the trichogynes. The observation
that the a mating-type mutants isolated by Griffiths and De-
Lange (49) failed to display interactions with A mating-type
testers (10) was the first evidence that the attraction is con-
trolled by the mating types in N. crassa.

Chemical factors other than sex pheromones have also been
shown to function in the sexual cycle of some filamentous
ascomycetes. They promote morphogenetic changes associated
with sexual reproduction. A morphogen was identified in eth-
anol extracts of sexually fertile paired cultures of the pathogen
Pyrenopeziza brassicae. The extracts were found to trigger the
development of sterile apothecia and to simultaneously inhibit
asexual sporulation (57). When added to mated cultures, they
induced an increase in the number of mature apothecia pro-
duced and in their speed of maturation (90). The biologically
active sexual factor present in the extracts is a mixture of lipid
compounds. Its effect is not specific, since it can influence the
sexual development of other fungi, both ascomycetes and ba-
sidiomycetes (91). Attempts to characterize chemical factors
capable of triggering the development of perithecia without
mating in Nectria haematococca have failed. Nevertheless, lipid
extracts from 10-day-mated cultures, as well as linoleic acid
and other related unsaturated fatty acids, were found to en-
hance the production of fertile perithecia in crosses (30). Dif-
ferentiation of barren fruiting bodies in homokaryotic cultures

of filamentous ascomycetes was observed not only in the pres-
ence of morphogens but also in mutants. One such mutant,
called sfp1-1, was described in Magnaporthe grisea (97), and two
mutants, vacua (35) and modE (29), were described in P. an-
serina. The modE mutation, selected as a functional suppressor
of vegetative incompatibility, was found to alter a gene encod-
ing a heat shock protein (66a). In the presence of some mu-
tations or by adding morphogens, it is thus possible to un-
couple mating and fruiting, which thus appear to be two
independent processes. Nevertheless, under natural conditions
when the sexual process is initiated by fertilization, develop-
ment of the female organs and differentiation of the inner
fertile tissues are concomitant. It can be assumed that synthesis
of a morphogen that stimulates fruiting, which is inoperative or
repressed during vegetative phase, may be induced after mat-
ing has occurred. A lipid factor stimulating fruiting was also
characterized in the homothallic fungus Aspergillus nidulans. It
acts as a precocious sexual inducer and is therefore called psi
(15). In a culture initiated from asexual spores, mycelial growth
occurs first, asexual spores differentiate next, and fruiting bod-
ies appear afterward. When the psi factor is added to the
culture medium, fruiting bodies appear prematurely and asex-
ual sporulation is inhibited.

In N. crassa a morphogen (probably peptidic) competent to
induce the formation of perithecia in single-mating-type cul-
tures was also identified in extracts from mated cultures (102).
Interestingly, in spite of the absence of fertilization, a few asci
which carried genetic markers from the parent were produced.
This unexplained observation is now gaining renewed signifi-
cance, with the functional model recently proposed for the
mating-type genes of P. anserina (see below).

Control of Sexual Differentiation and Sexual Development

Fertilization requires the fusion of a male element that can
donate a nucleus with a cell of the female organ which can
accept this nucleus (for example, the trichogenous extension of
an ascogonium). In species like P. anserina or N. crassa, the
mating-type alleles are not the factors directly responsible for
the morphogenesis of sexual structures, at least until fertiliza-
tion. The N. crassa mating-type mutants isolated still produce
viable conidia and ascogonia with trichogynes (10). The ability
to differentiate sexual structures in the absence of mating type
was confirmed later in P. anserina by deleting the mating-type
sequences (22). In contrast, in other species, such as Ascobolus
species, no ascogonia differentiate until competent vegetative
cells of the opposite mating type are allowed to interact. Bistis
(8) observed the sequence of developmental stages of an as-
cogonium in A. stercorarius after transferring an oidium or a
hyphal fragment (male element) to the vicinity of a mycelium
of the opposite mating type. The male element undergoes a
physiological change termed sexual activation (9). This activa-
tion is completed 2 to 4 h after the first contact with a myce-
lium of the opposite mating type. Subsequently, some of the
mycelial hyphae are induced to differentiate ascogonia. Illegit-
imate fusion between trichogynes and oidia of like mating
types was performed (12). An oidium controlling the growth of
a trichogyne of the opposite mating type was replaced by an
oidium of the same mating type as the female organ. This
oidium had been previously sexually activated in a compatible
confrontation. Illegitimate fusion occurred in both a 3 a and
A 3 A confrontations. This resulted in the formation of fruit-
ing bodies which began to enlarge but did not produce asci.
Cytological examinations indicated that “their development
apparently ceases sometime during the development of the
ascogenous hyphae.” Therefore, as early as 1963, Bistis and
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Raper concluded that “some conditions. . .had prevented the
fruiting bodies from developing to maturity” and thus gave the
first experimental evidence of involvement of the mating types
after initiation of mating (12).

Vegetative Functions Linked to Mating Types
Incompatibility. It has long been known that the mating-

type locus of N. crassa is bifunctional: it controls not only
mating (the A 3 a cross is fertile) but also vegetative incom-
patibility (A 1 a heterokaryons are inhibited in growth). The
two phenotypes have never been separated by genetic recom-
bination (74) but have been separated by mutations. First, the
mutation tolerant or tol was found to suppress heterokaryon
incompatibility of the mating-type alleles without affecting
their ability to cross (73). Second, by using the incompatibility
function, mutations affecting either the a or the A mating-type
locus were selected (48, 49). The incompatibility and fertility
functions were inactivated simultaneously by the mutation
event(s) in all but one of the mutants, am33. This mutant lost its
incompatibility function but retained the ability to produce
fertile perithecia in crosses. In fact, the question of whether
fertility and incompatibility are determined by two very closely
linked genes or a single gene with two functions remained
unanswered until the advent of molecular analysis.

Cellular death. A historic observation that the P. anserina
mat1 wild-type strain exhibited a longer life span than the
mat2 strain suggested that the mating types might be involved
in senescence (86). It was recently found that the increased life
span of mat1 strains was independent of the mating-type in-
formation, since an increased life span was maintained when
the mat1 information was deleted (22). A gene closely linked
to the mating-type locus is thus responsible for the longevity
phenotype. Another phenomenon of cellular death, premature
death syndrome, was also assumed to be under mating-type
control (7). This syndrome was specifically observed when the
AS1-4 mutation, which affects a gene encoding a cytosolic
ribosomal protein (27), was associated with the mat2 haplo-
type. A widespread search for recombination events permitted
the dissociation of the gene responsible for premature death,
named rmp, from the mat2 mating type (21).

Others. A difference in ascospore size in two organisms,
Sclerotinia trifolorium (100) and Chromocrea spinulosa (68),
was found to be associated with a specific mating behavior.
Genetic analysis demonstrated that the same genetic locus was
responsible for both spore size dimorphism and mating type.
Whether there is one single gene with two functions or two
linked genes at this locus has not been determined. The genetic
instability of this locus, its most interesting property, is dis-
cussed in the next section.

Unconventional Mating Types
In the well-studied heterothallic filamentous ascomycetes

like N. crassa, no novel mating type has ever been found in
nature or has arisen in the laboratory: heterothallism is thus
considered to be strictly biallelic (74). A recent investigation of
the mating system of Glomerella cingulata (the sexual form of
Colletotrichum gloeosporioides) has revealed an exception to
this rule. Crosses were carried out between five heterothallic
isolates in all possible combinations. Mating tests performed
on single ascospore progeny from each successful cross have
indicated that mating is controlled by a locus with multiple
alleles (19a). To date, this situation is unique in filamentous
ascomycetes.

The mating types are also extremely stable. An interconver-
sion between one mating type and its alternative allele has

never been reported in any of the best-analyzed species. Uni-
directional reversal of mating type was nevertheless observed
in several species which are basically heterothallic: Chromocrea
spinulosa (68) (Pyrenomycetes), Sclerotinia trifolorium (100,
101) (Discomycetes), and Botrytinia fuckeliana, the sexual form
of Botrytis cinerea (36) (Discomycetes). Perkins has already
pointed out the original feature of these unstable mating types
(79). As an illustration, we will present the experimental data
that gave evidence for the mating-type change in two organ-
isms.

Sclerotinia trifolorium. As reported above, in S. trifolorium, as
in C. spinulosa, ascospore size dimorphism is associated with
the mating type (100). Ordered tetrad analysis demonstrated a
4:4 segregation of large and small ascospores. Strains derived
from small spores are self-sterile, whereas strains derived from
large spores are self-fertile. Asci issued from self fertilization
of large spores again contain four small spores (self-sterile)
and four large spores (self-fertile). When mycelia obtained
from the small spores are spermatized with microconidia of the
large-spore strains, fertile apothecia are produced with the
same 4 large:4 small type of asci. However, when small-spore
strains are spermatized between themselves, no apothecia are
recovered. The segregation of one pair of alleles responsible
for both mating type and spore size, designated L/S, may ac-
count for these data (101). Thus, S. trifolorium can be consid-
ered a bipolar heterothallic fungus. The self-fertility of the
strains issued from L spores may be due to the occurrence of
the S mating type in the L cultures: there is a change from L
to S. The stability of the S allele excludes the possibility of the
reciprocal change from S to L. The change from the L to the
S mating type might occur randomly. Then some sterile L
mycelium would be expected, either because the mating-type
change has occurred in early mycelium development, resulting
in the whole mycelium of S mating type, or because no change
has yet occurred. An interesting possibility is that the change
from the L to the S mating type takes place specifically in the
apothecia, ensuring that mycelium from L ascospores will be
always self-fertile.

Botrytinia fuckeliana. The instability of the mating type has
recently been more clearly demonstrated in B. fuckeliana,
which is responsible for the “grey mould” disease. Mating
experiments performed previously with field and monoascos-
pore isolates classified the strains into two compatibility groups
(36). Consequently, B. fuckeliana appears to be a bipolar het-
erothallic fungus, and the two mating-type alleles have been
named MAT1-1 and MAT1-2. Accordingly, a Mendelian seg-
regation of MAT1-1:MAT1-2 was observed in random ascos-
pore progeny. Nevertheless, strains sexually compatible with both
the MAT1-1 and MAT1-2 testers, i.e., homothallic and self-
fertile, were also recovered and were designated MAT1-1/2.
This phenotype was not due to inclusion of two nuclei of
opposite mating types within an ascospore. Analysis of ordered
eight-ascospore tetrads confirmed the normal 4 MAT1-1:4
MAT1-2 segregation in most asci examined and the appear-
ance of the homothallic MAT1-1/2 phenotype in about 6% of
the asci (37). This phenotype always replaced the MAT1-2
allele. It might be due to the occurrence of the MAT1-1 mating
type in the ascospore which should carry the MAT1-2 allele.
The change is thus apparently unidirectional.

Comments. As already discussed by Perkins, the number of
eight-spored species with unstable mating types may have been
underestimated (79). The presence of self-fertile cultures de-
rived from single ascospores may be interpreted as true ho-
mothallism if tetrad analysis has not been performed. The
occurrence of [minus] variants in [plus] single-ascospore cul-
tures of Glomerella (isolated from Ipomoea [19]) has subse-
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quently been explained by a reversal of mating type (79). How-
ever, an alternative interpretation can be proposed. Although
it was demonstrated that the [minus] and [plus] phenotypes
were determined by a pair of alleles called B/b, these probably
do not correspond to different mating types. The Glomerella
isolate studied was homothallic, as suggested by the ability of
the single-ascospore cultures to produce fertile perithecia. The
[plus] and [minus] phenotypes were defined on the basis of
macroscopic mating characteristics: [plus] cultures produced
fertile perithecia in large glomerate masses, whereas [minus]
cultures produced scattered, poorly fertile perithecia. Accord-
ingly, the B/b pair of alleles may not determine a mating spec-
ificity but a more general sexual character, “the arrangement of
perithecia” (18). The gene concerned may be involved in the
initiation and/or the development of perithecia. Nevertheless,
the constant occurrence of [minus] variants in the ascospore
progenies of some [plus] cultures remains a particularly inter-
esting problem related to sexual reproduction. The genotypic
instability was shown to depend on a “mutator gene” segregat-
ing as a Mendelian character in its active and inactive forms
(104). Molecular investigation would help to determine the
nature of this mutator and to elucidate the mechanism of the
plus-to-minus change. Molecular analysis also appears neces-
sary to understand the unstable mating systems. They are fun-
damentally different from the classical heterothallic and ho-
mothallic systems and might correspond to a very particular
organization of the mating-type genes in these species. Mating-
type instability in filamentous ascomycetes is reminiscent of the
mating-type switching described in yeast (54). Similarly, it
might involve the transposition of information from a silent
cassette to an active site. However, the fact that switching is
unidirectional and irreversible suggests that only one mating
type would be present as a silent copy: the S mating type in S.
sclerotinium and the MAT1-1 mating type in B. fuckeliana.

MOLECULAR APPROACH

The Mating-Type Loci of Filamentous Ascomycetes Consist
of Unrelated and Unique Sequences

The dissimilarity of the two mating-type alleles was the first
observation identified by their molecular analysis. The MATa
and MATa loci of Saccharomyces cerevisiae were found to
contain a unique sequence of several hundreds of nucleotide
pairs (4). In Schizosaccharomyces pombe, the extent of dissim-
ilarity is more than 1 kb (61). It is even more pronounced in
filamentous ascomycetes and can be up to several kilobases.
Four different strategies were used to isolate the mating-type
loci from four different filamentous ascomycetes.

N. crassa. The mating types were first cloned in N. crassa
(46). The A locus was present on a cosmid found to comple-
ment the thermosensitive un-3 mutation, a locus closely linked
genetically to the mating-type locus. The presence of a func-
tional A allele on this cosmid was assessed by its ability to
confer A mating behavior by DNA-mediated transformation of
an am sterile mutant. The sequence with A specificity was
unique to A cells. It was flanked by sequences common to a
and A strains, which were used to isolate the homologous
region from a genomic library of an a strain. Subsequent DNA
sequencing determined more precisely the amount of heterol-
ogy: there is 5.1 kb of A-specific sequence (40) and 3.2 kb of
a-specific sequence (94).

P. anserina. Since P. anserina and N. crassa belong to the
same family, the Sordariaceae, their mating types were ex-
pected to display some homology. In fact, probing of the
genomic DNA of P. anserina with the A sequence of N. crassa

at low stringency gave a signal specific for the mat2 strain. By
using heterologous hybridization, we isolated three overlap-
ping cosmids which were found to confer both dual-mating and
self-mating phenotypes when introduced into a mat1 recipi-
ent. The homologous mat1 locus was identified in a mat1
cosmid library (82). The amount of dissimilarity between mat1
and mat2 regions can only be estimated, since the mat1 locus
has not been totally sequenced: mat1 corresponds to 3.8 6 0.2
kb, and mat2 corresponds to 4.7 6 0.2 kb (25).

C. heterostrophus. The mating-type locus of Cochliobolus het-
erostrophus was cloned by functional complementation (99).
The selection was based on the assumption, subsequently con-
firmed, that introduction of the MAT-1 information into a
MAT-2 recipient would lead to self-mating. Of the 250 tested
transformants obtained upon transformation with a cosmid
library, 1 displayed this phenotype. In C. heterostrophus,
MAT-1 and MAT-2 contain 1,297 and 1,171 bp of dissimilar
DNA, respectively.

M. grisea. Since nonhomology was observed between the
opposite mating types of ascomycetes, a genomic substraction
method was used to isolate the mating-type genes of Magna-
porthe grisea (60). DNA segments specific to the MAT1-1 locus
were cloned. A subfragment of one clone that hybridized spe-
cifically to DNA from all MAT1-1 strains allowed the isolation
of overlapping cosmid clones. One cosmid introduced into a
MAT1-2 recipient yielded transformants able to self-mate.
Subsequent cloning of the cosmid carrying MAT1-2 and cross-
hybridization experiments indicated that MAT1-1 and MAT1-2
are approximately 2.5 and 3.5 kb, respectively.

Comments. The lack of sequence similarity between the two
alternate mating types is a common property in the four fila-
mentous ascomycetes studied so far. The term “idiomorph”
was proposed to denote sequences unrelated in structure al-
though present at the same homologous locus (69). The two
mating types can still be referred to as alleles in their initial
definition as characters mutually exclusive in meiosis. The
more general term “haplotype” can also be used.

The lack of additional copies of mating-type sequences out-
side the mating-type locus is a characteristic that distinguishes
these filamentous ascomycetes from the yeasts. Each haploid
strain contains unique sequences specific to either mating type.
The absence of a silent copy prevents a mechanism of mating-
type switching and explains the great stability of the mating
types. However, the unstable mating types described above
may exhibit a different physical organization.

The Mating-Type Loci of P. anserina, N. crassa, and
C. heterostrophus Contain One or Several Genes

with Multiple Functions

In 1978, in their paper describing mutations of the a mating
type (49), Griffiths and DeLange posed a crucial question:
“Although successful mating requires heterozygosity for the
mating types alleles, the extent of their involvement in the
mating process and subsequent events is not known. Do these
genes simply generate a signal for the initiation of mating or is
there continuing involvement at later stages of mating and
even meiosis?” As mentioned in a previous section, the in-
volvement of mating type after fertilization was already sus-
pected by Bistis and Raper in 1963 (12). A definite answer to
this question was provided by the functional analysis of the
cloned mating-type genes. The organization of the mating-type
loci of N. crassa, P. anserina, and C. heterostrophus is presented
in Fig. 2.

P. anserina. The two genes responsible for mating specificity,
FPR1 and FMR1 (fertilization plus and minus regulators) in P.
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anserina were identified first (25). Then a combination of mo-
lecular and genetic data allowed the characterization of the
other genes present in the remaining region and required after
fertilization. The construction of mutants with the mating-type
locus deleted (Dmat) by gene replacement facilitated func-
tional analyses (22). In this manner, the mating function of a
transforming DNA could be determined without interference
with the resident mating type. The functions of mating types
carrying different mutations in the putative open reading
frames (ORFs) were tested, and two additional genes, SMR1
and SMR2 (Fig. 2), were thus identified unambiguously in the
mat2 idiomorph (24). While FMR1 is sufficient to induce fer-
tilization, both SMR1 and SMR2, together with FMR1, are
necessary to promote the development of perithecia to matu-
rity. In contrast, FMR1 is the only gene present in the mat1
idiomorph: a fragment encompassing FPR1 but lacking the
1.5-kb adjacent idiomorphic sequences restored the fertility of
the Dmat strain. Such an analysis was feasible in P. anserina
because the mating-type genes are fully functional at ectopic
positions (22).

N. crassa. In N. crassa, mat a-1 and mat A-1 are the two genes
responsible for a and A mating specificity, respectively (40, 94).
In contrast to P. anserina, ectopic mating types are only par-
tially active in N. crassa. Mating-type information, introduced
by transformation, retains its complete activity only when it
replaces the information present at the resident locus (46).
Therefore, gene replacement of the A idiomorph by cloned a
DNA was necessary to demonstrate that the mat a-1 gene is the
sole determinant of the a mating type (16). The a idiomorph of
N. crassa contains 1.5 kb of apparently nonessential DNA, as
does the mat1 idiomorph of P. anserina. Identification of other

genes present in the A idiomorph was difficult because of the
inability to complement RIP mutations that confer sterility and
are localized outside mat A-1, with transforming DNA inte-
grated ectopically (41). Those genes were finally characterized
at the transcriptional level. Two cDNAs with opposite orien-
tation derived from the mat A-1 adjacent region were amplified
by reverse transcription-PCR, and the two corresponding tran-
scripts were found by Northern blot analysis (38). The two
genes were called mat A-2 and mat A-3 (Fig. 2).

C. heterostrophus. The mat idiomorphs of C. heterostrophus
are smaller than those of N. crassa and P. anserina (1.2 to 1.3
kb) and contain a single gene (Fig. 2). Each of these genes,
MAT-1 and MAT-2, confers mating specificity. Their probable
role after fertilization was suggested by an indirect argument.
The introduction of a mating-type transgene into a strain of
alternate mating type yields poorly fertile transformants: when
function of the transgenic mating type is required (in a cross or
a self-mating), the number of pseudothecia is normal but the
number of ascospores produced is small (99). “Inactivation” of
the transgenic mat information by the resident mating type will
be discussed below. Whatever its explanation, the phenotype of
the dual maters indicates that the mating-type function is also
necessary after mating for completion of the sexual cycle and
production of an abundant progeny.

The mat Genes May Encode Transcriptional Factors

Computer sequence analysis of the putative proteins en-
coded by the mat genes has revealed conserved regions that
correspond, or may correspond, to DNA binding motifs. The
MAT proteins are conserved in N. crassa and P. anserina,

FIG. 2. Comparison of the mating-type loci in C. heterostrophus (99), N. crassa (38, 40, 94), and P. anserina (24, 25). The sizes (in base pairs) correspond to the
unique sequences (idiomorphs) indicated by thick lines. The bordering identical sequences are indicated by thin lines. Arrows interrupted by solid boxes represent the
coding sequences of the identified genes and the introns, respectively. The database numbers are indicated under each gene. The approximate position of the sequence
encoding the putative DNA binding motifs is indicated by a box above each gene. This sequence is generally interrupted by an intron. Symbols: hatched boxes, HMG
proteins; stippled boxes, protein with a a1 domain; solid boxes, 19-aa peptide conserved in SMR1 and Mat A-2; open box, putative amphipathic helix found in SMR1.
Introns and their spliced junctions predicted on the basis of sequence data were in most cases confirmed by cDNA sequencing and/or transcript analyses. In C.
heterostrophus, the MAT-2 gene contains a unique intron (64a) instead of two, as initially suggested (99). Similarly, the FMR1 gene of P. anserina contains only one intron
(24) and not two (25). The first intron of FPR1 contains 52 nucleotides (21a) instead of 163 (25).
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which both belong to the family Sordariaceae (pyrenomyce-
tes), but their similarities to proteins of C. heterostrophus (locu-
loascomycetes) are restricted to the DNA binding motifs. The
MAT proteins can be divided into three families according to
their common motifs (Fig. 2).

HMG domain proteins. A high-mobility-group (HMG) do-
main (reviewed in reference 50) was found in five MAT pro-
teins (Fig. 3). Strikingly, in all of these, it is interrupted by an
intron at precisely the same amino acid position. The HMG
domain was initially identified in abundant nonhistone compo-
nents of chromatin, such as HMG1, in specific regulators of
transcription, and more recently in the protein encoded by
SRY, the gene responsible for male sex determination in mam-
mals (93). Two other HMG domain proteins involved in the
mating process of a fungus are known: the proteins encoded by
matMc (61) and ste11 (95) in fission yeast. HMG domains are
authentic DNA binding domains which can fold independently
of the rest of the polypeptide. Although specific DNA target
sequences have been determined in some cases, sequence
specificity is limited and HMG boxes tend to recognize altered
DNA structures. Their binding induces DNA bending (re-
viewed in reference 64). In N. crassa, DNA binding was as-
sayed for the MAT a-1 protein purified after expression in E.
coli (81). The MAT a-1 protein was able to retard the migra-
tion of DNA fragments from both a and A idiomorphs and
particularly from the region 59 to its own coding sequence. The
core of the specific target sequence was 59-CTTTG-39. Assays
performed with in-frame deletions within the mat a-1 gene
showed that the HMG domain was necessary and sufficient for
binding to DNA.

All five MAT proteins with HMG domains also have an
acidic proline-rich C-terminal tail similar to regions found in
transcriptional transactivator proteins (52). The terminal
acidic region of FPR1 was nevertheless dispensable for mat1
mating ability, since a transgenic Dmat strain containing the
truncated FPR1 gene devoid of that region could still fertilize
a mat2 tester (110). However, a reduction of the number of
progeny was obtained, which suggests a possible role of the
C-terminal region in postfertilization functions. In contrast, in

N. crassa, deletion of the last 188 amino acids (aa) of the MAT
a-1 polypeptide completely abolishes the mating function (81).
The am1 mutation that creates a frameshift at codon 246 has a
similar effect (94). The more drastic effect observed for the N.
crassa MAT a-1 protein may be due to the larger size of the
deleted or altered region (188 and 136 aa compared to 120 aa
for FPR1).

a1 domain proteins. A subregion of the FMR1 (P. anserina),
MAT A-1 (N. crassa), and MAT-1 (C. heterostrophus) polypep-
tides displays similarity to the protein encoded by the MATa1
gene in S. cerevisiae and has been called the a1 domain (Fig. 4).
The MATa1 protein is a transcription activator that cooper-
ates with the MCM1 protein to recognize the promoter of
several a-specific genes (47). A short region within the a1
domain of MATa1 has been proposed to be involved in the
interaction with MCM1 in S. cerevisiae (108). The S. pombe
Mat-Pc protein has also been reported to contain this short
region (Fig. 4), which could be involved in interaction with
Map1, a protein related to MCM1 (76). The conservation of
the a1 domain in some MAT proteins of filamentous ascomy-
cetes suggests that these may also act as transcriptional acti-
vators and may cooperate with another transcriptional factor
related to MCM1, which remains to be identified.

The C-terminal part of MAT A-1, FMR1, and MAT-1 is
relatively acidic. In P. anserina, an FMR1 polypeptide, with the
carboxy-terminal 112 aa removed, retains mat fertilization
function but loses its postfertilization function (25). This acidic
C-terminal region appears to be dispensable for mating activity
but necessary for full completion of the sexual cycle and pro-
duction of abundant progeny. Interestingly, the acidic region
has been shown to participate in the interaction with the SMR2
protein, as revealed in the yeast two-hybrid system (25a). In N.
crassa, the region encompassing the first 85 aa is sufficient to
induce a very low fertilization ability: the Am99 mutant forms
very few perithecia when used as a female parent in a cross but
is completely sterile when used as a male parent (87). The
entire polypeptide is necessary for male mating activity and for
optimal activity as a female parent.

FIG. 3. Comparison of the HMG DNA binding domains of the proteins involved in sexual reproduction. The amino acid sequence alignments are as follows: C.
heterostrophus, MAT2 (99); N. crassa, MAT a-1 (94) and MAT A-3 (38); P. anserina, FPR1 (25) and SMR2 (24); S. pombe, Mat1-Mc (61); Homo sapiens, SRY (93).
The arrow indicates conserved position of introns in the HMG motif of the three filamentous ascomycetes. Identical residues are boxed when present in at least five
proteins.

FIG. 4. Comparison of the a1 domain of fungal MAT proteins. The amino acid sequence alignments are as follows: S. cerevisiae, Mata1 (4); C. heterostrophus,
MAT-1 (99); N. crassa, MAT A-1 (43); P. anserina, FMR1 (25); S. pombe, Mat1-Pc (the region proposed to interact with Map1) (76). The arrow indicates conserved
position of introns in the a1 domain of the three filamentous ascomycetes. Identical residues are boxed when present in at least three proteins. Gaps (2) were
introduced when required for optimal alignments.
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Proteins with a hypothetical new DNA binding motif. The N.
crassa MAT A-2 and P. anserina SMR1 proteins contain a
sequence, with 14 identical and 5 similar amino acids, that has
no significant similarity to other characterized DNA binding
domains (Fig. 5). The hypothesis that this could correspond to
a new DNA binding domain requires molecular confirmation.
In SMR1, immediately adjacent to the common region, there is
a sequence of 20 residues that could potentially form an acidic
amphipathic a-helix. This region corresponds to a gap in the
alignment with MAT A-2.

Heterologous expression. Heterologous transformation as-
says demonstrated that the mat genes involved in fertilization
and sharing a motif are functional homologs. FPR1 and mat
a-1, as well as FMR1 and mat A-1, are interchangeable between
P. anserina and N. crassa for fertilization (3). However, in P.
anserina, in which ectopic mat information is active, only im-
mature perithecia were recovered. Similarly, the MAT-1 and
MAT-2 genes of C. heterostrophus retain their fertilization
function in P. anserina (1a).

Comments. The overall analysis suggests that the mating-
type genes in N. crassa, P. anserina, and C. heterostrophus
encode transcriptional regulators, although DNA binding has
been demonstrated for only one protein, MAT a-1. Since it is
established that the mating types regulate a pheromone re-
sponse, the mat genes controlling mating ability, mat A-1/
FMR1/MAT-1 and mat a-1/FPR1/MAT-2, are assumed to in-
duce expression of the genes encoding the sexual pheromones
and their receptors. The involvement of the mating types in
postfertilization functions indicates that the mat genes may
control other regulatory networks activated during develop-
ment of the fruiting bodies. The pheromone/receptor signal
may also still be required after fertilization. In C. heterostro-
phus, two genes, one for each mating type, can control the
whole sexual cycle, whereas in N. crassa and P. anserina, two
additional genes are necessary. We will see below how this
apparent discrepancy can be explained.

The mat a-1 and mat A-1 Genes Control Both Mating and
Incompatibility Functions in N. crassa

Cloning of the mating types provided an answer to an old
question: are there two genes, one for incompatibility and one
for mating, or a single gene for both functions? The hypothesis
that there was a single gene was confirmed by showing that
three a mutants, previously selected for loss of incompatibility,
have a sequence change in the mat a-1 ORF (94). Similarly, all
the Am mutations conferring vegetative compatibility and ste-
rility were localized within the mat A-1 ORF (40). This result
demonstrated that the mat a-1 and mat A-1 gene products were
bifunctional.

Functional dissection of the MAT a-1 polypeptide (382 aa)
has permitted Philley and Staben (81) to characterize short
regions required either for incompatibility or for mating. The
HMG domain necessary for mating was shown to be dispens-
able for vegetative incompatibility. In contrast, a deletion of a
short domain (positions 216 to 220) in the C-terminal acidic
region abolished incompatibility without affecting mating. The
region required for vegetative incompatibility is likely to ex-
tend further, because a missense mutation, am33, creating an

arginine-to-serine change at position 258, was demonstrated to
be responsible for loss of incompatibility function with main-
tenance of sexual function (94). It has been proposed that
MAT a-1 controls mating via the DNA binding activity of its
HMG domain while its C-terminal part controls vegetative
incompatibility via an interaction with another protein (81).

Functional dissection of the MAT A-1 polypeptide (293 aa)
has not resulted in a clear dissection of two separate domains
for incompatibility and for mating. The sterile mutants of mat
A-1, selected for loss of vegetative incompatibility, correspond
to small deletions or insertions creating frameshift mutations
upstream of position 200 in the coding sequence (40). This
indicates that the C-terminal part of the polypeptide is re-
quired for both mating and incompatibility functions. Interest-
ingly, when both mat A-1 and mat a-1 are expressed in the
same nucleus (in transformants), incompatibility is more effi-
ciently induced than when they are expressed in separate nu-
clei (in heterokaryons). This result was shown by the finding
that a plasmid carrying the Am54 allele, deficient in hetero-
karyon incompatibility, was nevertheless able to trigger vege-
tative incompatibility when introduced into an a recipient (87).
Transformation of an a recipient with a truncated mat A-1
gene that encodes only the first 111 aa can also elicit the
incompatibility reaction, thus defining this region as the min-
imal functional region.

In Addition to Their Role in Cell-Cell Recognition at
Fertilization, the Mating-Type Genes Control

Recognition between Nuclei

Apart from the genes necessary for fertilization in N. crassa
and P. anserina (mat a-1/FPR1 and mat A-1/FMR1), two addi-
tional genes are required for subsequent development of the
fertilized perithecia (mat A-2/SMR1 and mat A-3/SMR2). The
postfertilization step under mating-type control was deter-
mined in P. anserina by studying the effect of mutations in each
of the four mat genes. A mutant mat1 strain was obtained
upon transformation of a strain with the mating type deleted
with a FPR1 gene mutagenized in vitro and expressed at an
ectopic site (110). Mutations were introduced at the mat2
resident locus by gene replacement (2). In the FPR1 and FMR1
mutants, the N-terminal part of the polypeptide necessary for
fertilization was unchanged. The sexual behavior of each mat
mutant was examined in crosses with a tester of the opposite
mating type. Mutations in SMR1 were shown to cause sterility,
whereas mutations in the two other mat2 genes, FMR1 and
SMR2, and in the single mat1 gene, FPR1, led to a reduction
in the number of progeny (1% or less of a wild-type progeny).
The wild-type mat allele was absent in most of the recovered
asci, most of which contained only the mutant mat allele. They
thus corresponded to uniparental progeny. Normally, the cro-
ziers contain one mat1 and one mat2 nucleus of each parent,
as indicated by the mat1/mat2 segregation in asci (Fig. 1).
The recovery of abnormal progeny was correlated with aber-
rant cytological features: perithecia were filled with hundreds
of croziers containing a single nucleus, which occasionally were
able to undergo a haploid meiosis. The study indicated overall
that the rare progeny arose from homokaryotic ascogenous
hyphae with one or a pair of mat mutant nuclei. It has been
concluded that a wild-type nucleus recognizes its opposite-
mating-type partner inside the multinucleate cell before the
pair migrates into the ascogenous hypha. FMR1, SMR2, and
FPR1 were assumed to control the recognition between nuclei
of opposite mating types. However, several lines of evidence
suggest that SMR1 is not involved in this process. It could be
necessary for the development of biparental ascogenous hy-

FIG. 5. Highly conserved motif found in MAT A-2 (N. crassa) (38) and
SMR1 (P. anserina) (24). Identical amino acids are boxed.
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phae (2, 110). It has been proposed that FMR1 and SMR2
control the expression of proteins specific to mat2 nuclei while
FPR1 governs the expression of mat1 nucleus-specific pro-
teins. These proteins are supposed to mediate the recognition
between mat1 and mat2 nuclei via interactions with the cy-
toskeleton (2, 110). It is assumed that the loss of these proteins
in nuclei with mutations in the mating-type genes leads to the
loss of cytoskeletal attachment and thus to random migration
of these nuclei inside the multinucleate cell. Some of these
nuclei may enter the ascogenous hyphae, which then start their
development, resulting in uniparental progeny with the mutant
mating-type allele. If the mat genes involved in nuclear recog-
nition are required for a proper biparental cellular state, they
are not required for the subsequent developmental program
since the ascogenous hyphae are able to undergo meiosis what-
ever their nuclear content: two nuclei of opposite mating type,
two identical nuclei, and even only one nucleus (110).

The model of nuclear recognition implies that FMR1, SMR2,
and FPR1 are expressed in a nucleus-restricted way. This hy-
pothesis was tested through internuclear complementation
tests (2). In these experiments, the mat2 mutants have been
crossed with a mat1 strain carrying the wild-type mat2 genes
and complementation of the defective mat2 nuclei by their
mat1 partners with a mat gene has been assessed by the res-
toration of a normal biparental progeny. The failure of inter-
nuclear complementation for SMR2 indicated that its expres-
sion is nucleus limited, suggesting that it may indeed control
the expression of target genes specific to mat nuclei. The in-
teraction found between FMR1 and SMR2 in the yeast two-
hybrid system and the similarity of the FMR1 and SMR2 mu-
tant phenotypes led the authors to propose that FMR1 is also
involved in nuclear recognition. Although FMR1 gave a partial
internuclear complementation, this has been attributed to an
artifact induced by the interaction of its product with SMR2.
FMR1 and SMR2 were termed nuclear identity genes on the
basis of their function in the nuclear recognition process (2).
Preliminary data indicate that FPR1 could be also considered
a nuclear identity gene which would be the counterpart of
FMR1 and SMR2 for the mat1 nucleus (1a). The internuclear
complementation test showed that the expression of SMR1 was
not nucleus limited, indicating that SMR1 is not a bona fide
mat gene, since it can fulfill its function whatever its location,
in either a mat2 or a mat1 nucleus, and even when present in
both nuclei.

The data obtained in P. anserina provides a simple explana-
tion for the minimal structure of the MAT-1 locus in C. het-
erostrophus. The MAT-1 gene product alone may fulfill the
function controlled by the FMR1/SMR2 heterodimer and the
gene equivalent to SMR1 may be localized outside the mat
locus.

In N. crassa, RIP mutations within the resident region en-
compassing both mat A-2 and mat A-3 strongly affect fertility
but the few asci that are produced correspond to conventional
biparental progeny (41). Consequently, the functional model
proposed in P. anserina does not seem to be relevant to N.
crassa. However, recovery of uniparental progeny was already
reported in N. crassa, after artificial induction of the sexual
cycle in a single mating-type culture (102). The inducer was a
sex factor present in the mycelial extracts from mated cultures.
This factor may induce steps of the sexual development down-
stream of fertilization and upstream of formation of the cro-
zier. The association of two identical nuclei in the ascogenous
hyphae is not completely prohibited but is infrequent, as indi-
cated by the small number of asci that were produced.

Target Genes

The molecular data suggest that the mating-type genes of
filamentous ascomycetes encode factors which may control the
transcription of target genes acting upstream of a regulatory
cascade. The physiological data show that the mat genes, which
control mating, must induce the expression of genes encoding
the pheromones and their receptors. These target genes have
not yet been characterized in species with molecularly well-
studied mating systems. However, in the heterothallic fungus
Cryphonectria parasitica, the causal agent of chestnut blight,
the putative structural genes for the pheromone precursors
specific for each mating type have been isolated. This experi-
ment was done as part of a more general study carried out to
understand the mechanism by which a mycovirus perturbs gene
expression in C. parasitica, and so induces hypovirulence of this
pathogen. The viral infection causes a transcriptional down
regulation of fungal host genes. Among those genes, vir2 was
found to be necessary for sexual sporulation (109). The
genomic DNA of the transcribed vir2 and adjacent regions
contained four small in-frame ORFs. The first encodes a 23-aa
polypeptide with a C-terminal CAAX motif, a prenylation sig-
nal common to all known fungal sex pheromones. An identical
ORF was identified in a gene related to vir2 called vir1. The
vir1 and vir2 mRNAs are expressed in a mating-type-specific
manner since they were detected only in Mat-2 strains. They
are thus assumed to act as mating factors. Their counterpart in
the Mat-1 strains was recently cloned (108a). The gene con-
tains a long ORF that encodes a putative polypeptide display-
ing structural similarities to the precursor of a-factor of S.
cerevisiae and of the p-pheromone of S. pombe. It is present as
a unique copy and is specifically expressed in Mat-1 strains.
However, like its counterparts, it is present in the genome of
both Mat-1 and Mat-2 strains, as expected for genes under
control of the mating types. A null mutation of the vir2 gene in
C. parasitica is still capable of inducing the formation of peri-
thecia (109). We can postulate that the second gene, vir1, may
induce the expression of the pheromone response. More sur-
prising is the finding that the perithecia are barren. The fact
that the absence of a pheromone alters the sexual development
suggests that some steps after fertilization may be dependent
on the pheromone response.

What Happens in a Heterothallic Filamentous Fungus
when Both Mating-Type Alleles Are Associated

in the Same Haploid Nucleus?
The artificial association of both mating types in the same

nucleus was first carried out in N. crassa, before the cloning of
A and a mating types. This A/a strain resulted from a duplica-
tion of the mating-type chromosome region produced by an
insertional translocation (78). The duplication caused a drastic
inhibition of growth due to vegetative heterokaryon incompat-
ibility and the formation of barren perithecia in crosses with a
standard tester. Incompatibility was probably not responsible
for the lack of ascospore production, since this defect was not
suppressed by the tol incompatibility suppressor. Similarly, the
transgenic A/a strains, obtained more recently through trans-
formation, produce nonfertile perithecia (40, 94). In N. crassa,
a strain carrying both mating types is thus able to self-mate (it
is a dual mater) but unable to produce progeny. The sterility
can be explained by the poor expression of the mat information
localized at ectopic positions, as discussed in the previous para-
graphs. Nevertheless, such an explanation seems inappropriate
for the duplicated A/a strain resulting from a translocation that
concerns a large chromosomal region surrounding the mat
locus. Moreover, in P. anserina (82) and C. heterostrophus (99),
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the transgenic dual maters are similarly poorly fertile, although
in those species, the mating-type genes are fully active outside
their resident locus (22, 107). As in N. crassa, self-mating
results in barren fruiting bodies which can sometimes produce
a very few ascospores. Thus, in the three fungi, the resident
mating-type genes interfere with expression of the transgene.
In P. anserina, different mating-type associations were assayed
by constructing a set of transformants carrying both mating
types at ectopic positions, with the help of the Dmat mutant.
Expression of each mating type was tested separately in crosses
with a tester of the complementary mating type (1b). Those
experiments showed that there is also an interference between
transgenic mating types. What was observed was a competition
between the two mating types: the one that is better expressed
(the “dominant”) gave fertile perithecia, whereas its partner
mostly gave immature perithecia and few perithecia producing
few ascospores. “Inactivation” is reversible since the “inacti-
vated” mating type recovered its full expression when sepa-
rated from its competitor in the Dmat context. A scale of
efficiency can be established, with the resident mating type
being in general the most efficient. Transgenic mat1 and mat2
informations may display comparable efficiency when associ-
ated and may both give moderate progeny in crosses with
partners of opposite mating types. The progeny is considered
moderate if compared with the optimal progeny obtained when
each transgenic mating type is placed in a Dmat background.
Efficiencies are additive: when two transgenic mat1 informa-
tions (localized at different positions) displaying the same ef-
ficiency as a transgenic mat2 information are combined, the
resulting strain is a more efficient mat1 partner in cross (21a).
The mat1 mating type has become “dominant” over its mat2
partner. The analysis can be interpreted overall within the
framework of the nuclear identity concept. The association of
both mating types within the same nucleus may cause an iden-
tity conflict and so impair the formation of the dikaryotic
ascogenous hyphae leading to asci. Two observations are in
agreement with this interpretation. First, uninucleate croziers
were observed cytologically in the perithecia resulting from
self-fertilization of a dual mater (109a). Second, in crosses
involving the “inactivated” mating type of several dual maters,
uniparental progeny were recovered at low frequency (21a).

Homothallic and Asexual Fungi Carry Functional
Mating-Type Information

The availability of cloned mating-type genes has made it
possible to answer the main question concerning the differ-
ences between heterothallic species and homothallic and asex-
ual species: the absence of genetically defined mating types in
homothallic species and the absence of sexual reproduction in
asexual species are not due to the lack of mating-type se-
quences. In all the species in which they have been sought,
sequences similar to mating types have been identified. They
were functional each time they were tested in transformation
assays.

Asexual fungi. Bipolaris sacchari, the only asexual fungus
tested for the presence of a mating-type sequence, has a ho-
molog of the MAT-2 gene of the related species C. heterostro-
phus (88). The coding sequences of both genes as well as their
59 and 39 noncoding sequences are 97 to 98% identical. Intro-
duction of the MAT-2-like gene of B. sacchari into a C. het-
erostrophus MAT-1 strain induces self-mating, while introduc-
tion of MAT-1 and MAT-2 genes of C. heterostrophus into B.
sacchari does not induce sexual reproduction. Thus, the lack of
mating in B. sacchari is not due to the lack of mating-type
genes but is probably due to a defect in at least one of their

target genes. Interestingly, some B. sacchari transformants car-
rying multiple copies of C. heterostrophus MAT-1 or MAT-2 can
form barren pseudothecia in a cross with a C. heterostrophus
partner. This observation, still unexplained, raises the exciting
prospect of genetic manipulation in fungi naturally devoid of
sexuality.

Homothallic fungi. Genomic DNAs of numerous homothal-
lic species have been hybridized with diverse mat genes from
their heterothallic relatives. The most extensive analysis has
been performed in the genus Neurospora and in related genera.
Two situations can be distinguished (Table 1). In four of the
five tested homothallic Neurospora species, only hybridization
to the A-specific mating-type probe of N. crassa was detected
(46). In contrast, N. terricola and the other members of the
family Sordariaceae (Gelasinospora, Sordaria, and Anixiella)
contain sequences similar to both the A and a mating-type
sequences present as a single copy (20, 43). The conservation
of the A and a mating-type loci was studied in more detail in
several species by using a series of probes spanning the entire
5,301-bp A and 3,235-bp a idiomorphs and their flanking se-
quences. N. africana (45), Anixiella sublineata (6), and six Gela-
sinospora species (6) were found to contain sequences that are
similar in composition and organization to the A idiomorph of
N. crassa. In contrast, in all the species that hybridized with
a-specific probes, the a idiomorph lacks about 700 bp belong-
ing to the region with no defined function. In contrast, the
region encompassing the mat a-1 gene is present. N. terricola,
the only Neurospora species that contains sequences similar to
both A and a, has a shorter a idiomorph, as do Anixiella and
Gelasinospora species, and also a shorter A idiomorph; the
border region corresponding to the mat A-3 gene is missing (6).

These mating-type sequences not only are remnants of an
ancient heterothallic state but probably also play a role in
sexual development. The N. africana homolog of the N. crassa
mat A-1 gene was cloned and sequenced (45). The two genes
are highly conserved (91% identity at the DNA level), and the
N. africana gene confers both mating specificity and vegetative
incompatibility in N. crassa. A cosmid containing the putative
mating types of Sordaria macrospora was isolated by probing a
cosmid genomic library with A and a sequences of N. crassa.
When introduced into a mat1 or a mat2 strain of P. anserina,
the cosmid induced the formation of barren perithecia. The
observation of self-fertilization, whatever the recipient, indi-
cates the presence of both FPR1 and FMR1 functional ho-
mologs for fertilization at the S. macrospora mating-type locus
(82a).

Initiation of the sexual cycle is the step that mainly distin-
guishes heterothallic and homothallic species. Heterothallic
species require a partner for mating, whereas homothallic spe-
cies are able to self-mate. Apart from this difference, the pro-
cess of sexual development is identical in both types (83).
Homothallic as well as heterothallic filamentous ascomycetes
require dikaryotic ascogenous hyphae. However, in hetero-
thallic species, the two nuclei have opposite mating types and
there is a recognition mechanism operating before the migra-
tion of the nuclear pairs into the ascogenous hyphae. Does a
similar mechanism also operate in homothallic species? In
these species, all nuclei contain the same genetic information.
If they contain a functional set of mating-type genes with their
relevant target genes, as in heterothallic species, a dual nuclear
identity should be expressed in each nucleus. The phenotype of
dual maters constructed through transformation in C. het-
erostrophus and P. anserina (see the previous section) indicates
that the expression of opposite mating types in the same nu-
cleus is not compatible with a wild-type progress of the sexual
cycle. Therefore, a mechanism allowing alternate expression of
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either mating type should exist in homothallic filamentous as-
comycetes. Consequently, although individual nuclei contain
both mating-type informations, they could be functionally het-
erothallic as already proposed (43). The switching mechanism
of yeast is excluded since the homothallic filamentous ascomy-
cetes so far analyzed carry a single copy of each mating type,
which precludes the existence of additional unexpressed cas-
settes. Switching the expression of mating types could occur
through transcriptional regulation or through specific rear-
rangements at the DNA level. For instance in Salmonella,
alternate expression of the two flagellin genes operates
through inversion of a DNA segment including a promoter
(92). This explanation does not seem appropriate for ho-
mothallic Neurospora species lacking mat a-1-related se-
quences (Table 1), although it cannot be excluded that these
species contain a second mating type that has sufficiently di-
verged from a to escape detection by hybridization. As an
alternative to the nuclear recognition hypothesis, it can be
postulated that nuclei pair randomly. However, genetic analy-
sis of homothallic species like S. macrospora does not support
this hypothesis. If there was a random coupling of nuclei,
outcrossing with a tester carrying a genetic marker should give
three types of asci within a single perithecium: the biparental
asci exhibiting a 4:4 segregation of the genetic marker and both
uniparental types of asci. This situation is never observed in S.
macrospora (56). Nuclei that pair in ascogenous hyphae seem
to recognize each other as being different, whatever the mech-
anism of this recognition—because they express different mat-
ing types, because they are from a female or a male origin,
and/or because they are differentially imprinted as suggested
by Perkins (78a).

With the advancement of molecular characterization, we
hope that at least some questions about homothallism will be
soon answered. Recent data already suggest that homothallism

could in fact correspond to multiple strategies. Preliminary
hybridization experiments carried out with the homothallic
species Podospora setosa indicate an organization of the mat-
ing-type information more complex than in S. macrospora. As
reported above, in S. macrospora the mating-type genes are
localized at the same genetic locus. In P. setosa, apart from a
complex locus carrying genes related to FPR1, FMR1, SMR1,
and SMR2, three additional unlinked copies hybridizing with
FPR1 were identified (23a).

From Heterothallism to Homothallism
and the Origin of Mating Types

Filamentous ascomycetes have adopted different reproduc-
tive strategies: heterothallic, homothallic, and, less frequently,
pseudohomothallic species can be found within the same ge-
nus. This diversity raises the problem of the evolutionary re-
lation among the different mating systems: is homothallism
ancestral to heterothallism or vice versa? Several lines of evi-
dence suggest that evolution from heterothallism to homothal-
lism is the most likely scenario.

The mating types of N. crassa and P. anserina, which have a
very similar structural organization (Fig. 2), may have diverged
from a common ancestral structure. Consequently, they might
have evolved from a heterothallic ancestor. Homothallism
would have appeared afterward, and thus independently, in
both genera. A model based on population genetics estab-
lished to explain the evolution of mating systems in the family
Sordariaceae is also in agreement with this scenario (70). Ac-
cording to this model, the conditions required for homothal-
lism to invade a heterothallic population are more easily
achieved than the reverse situation. The repeated occurrence
of homothallism within numerous genera and the predomi-
nance of homothallism in filamentous ascomycetes suggest that

TABLE 1. Hybridization of genomic DNA from heterothallic and homothallic members of the Sordariaceae
to A and a mating-type probes of N. crassa

Species Reference(s) Mating
systema

Hybridization

Structural informationa probe
(mat a-1)

A probe
(mat A-1)

Neurospora 43, 46
N. discreta Het 1 or 2b 2 or 1
N. sitophila Het 1 or 2 2 or 1
N. intermedia Het 1 or 2 2 or 1
N. africana Hom 2 1 mat A-1-like gene (45)
N. dodgei Hom 2 1
N. galapagosensis Hom 2 1
N. lineolata Hom 2 1
Five new isolates Hom 2 1
N. terricola Hom 1 1 No mat A-3-like sequence (6)

Gelasinospora 43
G. calospora Hom 1 1 mat A-1-, mat A-2-, mat A-3-like sequence;

D700 bp in mat a (6)G. reticulospora Hom 1 1
Strain S23 Hom 1 1
32 new isolates Hom 1 1
Three new isolates Het 1 or 2 2 or 1

Sordaria 43
S. fimicola Hom 1 1
S. macrospora Hom 1 1
S. brevicolis 20 Hom 1 1

Anixiella sublineata 43 Hom 1 1

a Het, heterothallic; Hom, homothallic.
b Each haploid strain contains sequences hybridizing with either A or a but never with both.

}
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this mating system has a great selective advantage (80). In
homothallism, sexuality is maintained but heterokaryosis is
most often lost. The sexual cycle is achieved without seeking a
mate and provides long-lived ascospores, which can counter-
balance the absence of vegetative spores (conidia), which are
frequently observed in homothallic species. The ability to self-
mate may be an important adaptation feature, as emphasized
by the fact that self-mating can be achieved by an alternative
mechanism, pseudohomothallism.

In heterothallic species, the allelic mating-type sequences
have been termed idiomorphs based on their apparent unre-
lated structure and uncommon descent (69). The presence of
dissimilar sequences at the same locus can occur by various
chromosomal events from a structure where these two se-
quences are adjacent on the chromosome. Such an ancestor
would be a homothallic species. However, this model is in
conflict with population genetics models which suggest that
evolution from homothallism to heterothallism is improbable
(70). Therefore, another explanation has to be found for the
origin of the mating-type sequences and heterothallism. We
speculate that heterothallism has evolved from an asexual spe-
cies to which it brought the advantage of the sexual cycle and
that the DNA sequence of mating types arose from a common
sequence by mutation. A prediction of this hypothesis is that
the mating types may have conserved a trace of this common
sequence. mat A-3 and mat a-1 in N. crassa (or FPR1 and
SMR2 in P. anserina) display this common sequence trace: both
encode HMG proteins and have the same orientation and
position in the idiomorphs. The two additional genes present
in the N. crassa A idiomorph (or mat in P. anserina) may have
been recruited by one of the diverging sequences. However,
the large idiomorphic noncoding sequence present in mat a
and mat1 idiomorphs suggests a more adequate hypothesis:
the ancestors of mat A-2/SMR1 and mat A-1/FMR1 were
present in the initial locus; they have acquired their present
functions in one of the mating-type alleles, while mutations
have generated the large noncoding sequence in the other
allele. The comparison of MAT-1 and MAT-2 sequences of C.
heterostrophus reveals a large number of identical nucleotides,
which supports the hypothesis of a common origin (99). A
similar search for DNA identities between the large noncoding
sequence of a/mat1 and the opposite mating type may help to
assess the validity of this hypothesis.

FUNGI HAVE ADOPTED MULTIPLE
MATING STRATEGIES

The molecular investigation of mating systems, initiated in
the two yeasts S. cerevisiae and S. pombe, is now well advanced
in several filamentous ascomycetes, a heterobasidiomycete, Us-
tilago maydis, and two homobasidiomycetes, Coprinus cinereus
and Schizophyllum commune (reviewed in reference 62). Het-
erothallism is bipolar and is generally controlled by a biallelic
locus in ascomycetes, whereas it is often tetrapolar and con-
trolled by two structurally complex loci which are multiallelic
and can contain subloci in basidiomycetes. Consequently,
thousands of mating types can be found in single species of
basidiomycetes, whereas there are only two alternative mating
types in ascomycetes. In all fungi, the mating types control both
the recognition between two compatible partners and the sub-
sequent process giving rise to a sexual progeny. Beyond this
unifying scheme, there are fundamental differences in the way
in which mating-type functions are achieved. These differ-
ences, discussed below, are outlined in Fig. 6. In this oversim-
plified presentation, only the mating-type genes will be consid-
ered. We will not mention the numerous other regulatory

proteins encoded outside the mating-type loci which act in
combination with the MAT proteins, well characterized in the
two yeasts but still unknown in the filamentous ascomycetes.

Control of Mating

In ascomycetes and heterobasidiomycetes, the choice of the
mating partner is mediated by a pheromone signal. When
haploid cells (or organs) come into contact, they detect each
other’s presence in response to the mating pheromone pro-
duced by cells of the unlike mating type. This double phero-
mone-receptor interaction initiates a signal transduction
pathway that changes the pattern of gene expression. The
pheromone response pathway in S. cerevisiae (55, 77) and S.
pombe (75) is well described. The first discrepancy between the
different mating systems concerns the way in which the differ-
ential production of a pheromone-receptor couple is achieved.
In yeasts, the regulatory proteins encoded by the mating-type
genes are responsible for the specific production of a phero-
mone and the alternate receptor in each mating partner (Fig.
6A and B). In contrast, in the heterobasidiomycete U. maydis,
a pheromone-receptor pair is directly encoded by each alter-
native allele of the a mating-type locus (Fig. 6C) (14). The
situation is similar in the homobasidiomycete Schizophyllum
commune, in which the B locus encodes multiple pheromone-
receptor sets (103). It is noteworthy that mycelia in homobasi-
diomycetes can fuse, whatever their mating types: the recog-
nition of self versus nonself is shifted from a cellular to a
nuclear level (see below). A second discrepancy between the
different mating systems concerns the mode of action of the
MAT regulatory proteins. In S. cerevisiae, no mat-encoded
gene is required to confer a specificity (54). In fact, the a-
specific genes, among them the a-pheromone and the cell
surface receptor that recognizes the a-factor, are expressed
constitutively (Fig. 6A). Their expression is nevertheless re-
stricted to the a cells because in a cells, the a specific genes are
repressed by the a2 repressor while the a-specific genes are
induced by the a1 activator. Consequently, cells lacking mat-
ing-type functions exhibit an a mating specificity. In contrast, in
S. pombe (Fig. 6B), the proteins encoded by Mat1-Mc in M cells
and Mat1-Pc in P cells positively regulate the expression of the
specific target genes allowing mating (reference 76 and refer-
ences therein). When the mating-type locus is deleted, the
components of the pheromone signal are no longer induced
and the strain is sterile (61). The situation may be similar in
filamentous ascomycetes, as suggested by the sterility of the
mat deletion mutants (22, 107). Moreover, the same kind of
MAT regulatory proteins, i.e., an HMG protein and a protein
with similarities to MATa1, are required for mating in fila-
mentous ascomycetes and in S. pombe (compared Fig. 6 with
Fig. 2).

While it is known that pheromones in yeasts and basidiomy-
cetes are short lipopeptides or peptides, the chemical structure
of the pheromones involved in fertilization in filamentous as-
comycetes remains to be determined. Nevertheless, experi-
ments performed by Bistis, as reported above, indicate that
diffusible pheromones do exist in N. crassa and A. stercorarius
(8, 10). Moreover, a gene for a peptide pheromone has been
identified in Cryphonectria parasitica, although its function in
fertilization has not yet been established (108a).

It is not known whether the expression of the receptor and
pheromone genes is controlled in filamentous fungi as it is in
yeasts. In yeasts, there is a mutual stimulation of the two
mating partners since each expresses both receptor and pher-
omone. Filamentous ascomycetes are anisogamous, and one of
the mating partners acts as a male while the other acts as a
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female. Investigations of filamentous fungi conducted by Bistis
indicate that the female organs should express the receptor
gene to sense the pheromone expressed by the fertilizing ele-
ment (8, 10). These experiments do not indicate if the female
organs express the pheromone gene and if the fertilizing ele-
ment has the sensing capacity of the female organ. We spec-
ulate that this scenario is probably not the case, at least in
homothallic and pseudohomothallic species. In these fungi,
concomitant expression of receptor and pheromone genes in
the same cell would result in the two reciprocal pheromone-
receptor interactions and in the improper activation of the
pheromone response pathway. Moreover, female organs of
homothallic species are expected to sense the pheromone
emitted by the fertilizing element without interference by their
own pheromone production. It is therefore likely that the ex-
pression of pheromone and receptor genes is under differential

control in the various tissues of filamentous ascomycetes. Pher-
omones (either the pheromone used for fertilization or an-
other one) may also play a role after mating, as proposed by
Egel (33). This hypothesis is supported by the finding that
deletion of a pheromone-encoding gene in C. parasitica pre-
vents the development of perithecia (109). These observations
indicate that the expression of the pheromone and receptor
genes in filamentous ascomycetes may require a much more
complex control than observed in yeasts.

Control Subsequent to Mating

a1-a2 yeast model. After mating, the two haploid nuclei of
opposite mating types joined within a single cell have different
behaviors depending on the organism. In yeasts, they fuse
immediately to form a diploid cell. In basidiomycetes, the

FIG. 6. Model for mating-type functions in S. cerevisiae (A), S. pombe (B), and U. maydis (C). The wavy lines indicate gene expression. Lines with terminal bars
indicate inhibition of gene expression, and arrows indicate activation of gene expression. Dotted arrows indicate indirect activation of gene expression via a pheromone
signal. Abbreviations: a-sg, a-sg, and h-sg, genes specifically expressed in a, a, and haploid cells in S. cerevisiae, respectively; M-sg and P-sg, genes specifically expressed
in M and P cells in S. pombe, respectively. The circles represent the encoded proteins.
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dikaryotic state is maintained in vegetative hyphae. Nuclear
fusion occurs only in specific tissues of the fruiting bodies
which differentiate in the dikaryotic mycelium. The new path-
way required for maintaining the dikaryotic state in basidio-
mycetes and the diploidy in S. cerevisiae is achieved by the
association of two dissimilar homeodomain proteins, each en-
coded by one alternative mating-type allele. The MATa2-
MATa1 pair of S. cerevisiae is the archetypal active het-
erodimer. It indirectly activates meiosis by repressing the
haploid-specific genes (Fig. 6A). In U. maydis, two homeodo-
main monomers, bE and bW, are encoded by each b allele.
These proteins can only interact when they arise from different
b alleles. Two active heterodimers are thus produced for each
compatible combination (Fig. 6C). Since 18 different b alleles
have been identified so far, 300 active heterodimers can be
formed, although a single one is sufficient to trigger sexual
development (reviewed in references 58 and 59). The func-
tional redundancy is still higher in homobasidiomycetes (63).
The A mating-type locus of Coprinus cinereus and Schizophyl-
lum commune encode several pairs of dissimilar homeodomain
proteins (designated HD1 and HD2 in C. cinereus). Moreover,
in both organisms, the A locus is multiallelic: in S. commune
more than 100 different mating types may exist in nature. It is
not known whether the heterodimers formed in basidiomyce-
tes act as repressors, as do the MATa2-MATa1 heterodimers
of S. cerevisiae. In S. pombe, although direct interaction be-
tween the proteins encoded by the mat1-Pm and mat1-Mm
genes (Fig. 6B) has not so far been reported, expression of
both genes is required to activate meiosis (106).

Interestingly, the genes necessary for mating in S. pombe
(mat1-Mc and mat1-Pc) and in U. maydis (the a genes) are also
required after cell fusion for entry into meiosis and filamentous
growth, respectively. This result was explained by the fact that
in both organisms the transcription of the genes necessary after
mating is pheromone dependent (53, 106).

The biological situation is very different in heterothallic fil-
amentous ascomycetes. After fertilization, the male and female
nuclei divide inside the female organ, leading to multinucleate
cells containing a mixture of nuclei of opposite mating types
that pair and finally fuse in ascogenous hyphae. How two
nuclei of opposite mating types can be sorted from a mixture of
nuclei is the crucial question to answer. This step is essential to
the efficiency and accuracy of sexual reproduction. It could be
assumed that each mating type encodes half of a heteromeric
transcription factor similar to a1/a2 which would control the
expression of genes required for the development of the as-
cogenous hyphae. Although this model may explain why di-
caryotic ascogenous hyphae contain exclusively nuclei of op-
posite mating types, several lines of evidence argue against the
a1/a2 model in filamentous ascomycetes. In P. anserina, the
strongest evidence is the failure to detect any interaction be-
tween the proteins encoded by opposite-mating-type genes in
the yeast two-hybrid system while interaction between the two
mat2 transcription factors, FMR1 and SMR2, and dimeriza-
tion of the mat1 transcription factor FPR1 were successfully
detected (25a).

Nuclear recognition model. Experiments performed with P.
anserina have led to another model, in which the mating-type
proteins control the recognition between nuclei of opposite
mating types inside multinucleate cells instead of the develop-
ment of the ascogenous hyphae (110). The challenge in this
model is to understand the molecular basis for the internuclear
recognition. The recognition between mat1 and mat2 nuclei
might be mediated by the cytoskeleton. It has been proposed
that two nuclei of opposite mating types are physically linked,
possibly by astral microtubule bridges as observed in later steps

of the sexual cycle (98). The linked nuclei would then migrate
inside the multinucleate cell toward emerging ascogenous hy-
phae. The ascogenous hyphae would develop, whatever nuclei
they contained. Wild-type ascogenous hyphae contain two nu-
clei of opposite mating types, but in that case an additional
mating-type gene, SMR1, would be required for their develop-
ment. SMR1 would be necessary for the dissociation of the
cytoskeleton bridge linking the two nuclei. The ascogenous
hyphae could develop even if they contained one nucleus or
two identical nuclei (110). Nuclei with a mating-type mutation
may lose their link to the cytoskeleton and could enter ran-
domly into the ascogenous hyphae. As expected, these unipa-
rental ascogenous hyphae do not require SMR1 for their de-
velopment.

As an initial step in the understanding of the role of the
cytoskeleton in sexual development, immunofluorescence mi-
croscopy has been used to characterize the cytoskeleton during
the sexual cycle of several filamentous ascomycetes. In partic-
ular, comparative analyses of croziers were performed by using
antibodies specific for the spindle pole bodies (SPB) in N.
crassa, N. tetrasperma, and P. anserina, which have bipolar
mating systems, and in a homothallic species with no geneti-
cally defined mating type, Sordaria macrospora (98). In these
fungi, the SPB localized on the outer face of the nuclear mem-
brane is the microtubule organizing center. The SPB of the
three heterothallic species are reactive with 49,6-diamidino-2-
phenylindole (DAPI), a stain specific for chromatin, while
those of S. macrospora are not. This result suggests the pres-
ence of DNA close to the nuclear envelope in contact with the
SPB in the heterothallic species. This putative DNA-SPB as-
sociation might be involved in the recognition between nuclei
of opposite mating types.

Nuclear recognition in homobasidiomycetes? Fusion of two
hyphae which have different alleles at the B locus results in the
bilateral migration of nuclei from one mate to the other, to
form a specialized hypha containing one nucleus from each
mate. These events require a mechanism for discriminating
between the invading nucleus and the resident nuclei, as well
as septal modifications to permit passage of the invading nu-
cleus. The molecular analysis of different alleles of the B locus
of S. commune has shown that they contain different phero-
mone and receptor genes (103). It has been proposed that
interaction of a pheromone with a receptor of a compatible
strain would produce an advance signal which would induce
the dissolution of the septum and allow nucleus migration from
cell to cell. However, the mechanism for nuclear discrimina-
tion is yet unexplained. This mechanism could be similar to the
nuclear recognition observed in the filamentous ascomycetes.
It has been demonstrated that a strain transformed with a
pheromone gene from a compatible strain becomes capable of
donating migrating nuclei to a partner in test matings (103).
This result has led Kothe to propose that the induction of the
pheromone response pathway prepares the cytoskeleton ma-
chinery to accept the migrating nucleus (62). Another intrigu-
ing possibility would be that the pheromone molecules are
used as nuclear identity markers for discrimination between
resident and migrating nuclei.

PROSPECTS

Cloning of New Mating-Type Genes

Mating types of heterothallic ascomycetes have been cloned
through diverse strategies: complementation of a mating-type-
linked gene (46), heterologous hybridization (82), transforma-
tion of a strain of one mating type by a library of the opposite
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mating-type strain and screening for self-fertilizing transfor-
mants (99), and genomic subtraction (60). Cloned mating types
were found to be functionally conserved in different filamen-
tous ascomycetes (3, 107), and heterologous expression should
also be considered in a cloning project. More recently, a fast
procedure has been developed for cloning mat genes in a broad
spectrum of species. The sequence conservation of the HMG
boxes within the MAT proteins has been used to design prim-
ers for PCR amplification (1). Positive results were obtained
with DNA from numerous sexual and asexual species of locu-
loascomycetes and from pyrenomycetes, in which the mating-
type genes had not been previously molecularly characterized.
Subsequent genetic analyses have confirmed that the HMG-
specific products represent authentic mating-type genes. In
Tapesia yallundae, a heterothallic discomycete (31), a similar
approach has been successfully used. The identified PCR prod-
uct may correspond to the HMG fragment of a mating-type
gene since it gives a hybridization signal on DNA from one
mating-type isolate and no signal from DNA of an isolate of
the opposite mating type (29a). The variety of strategies that
have been successful for cloning mating types suggest that the
mating types of any fungal species should be within the range
of investigators.

Downstream of the Mating-Type Genes

Nucleus-specific labelling. New tools have been developed
in cellular biology which should open the way for new obser-
vations in ascomycete development. In particular, the advent
of green highly fluorescent protein (23) should allow testing of
the P. anserina model for the mating-type gene function. The
fusion of the green highly fluorescent protein gene with one of
the mating-type genes, whose expression is restricted to its own
nucleus, should result in specific nuclear labelling at the stage
of nuclear recognition.

Toward identification of mating-type target genes. It is now
established that in several heterothallic and homothallic fila-
mentous ascomycetes, the genes present at the mating-type
locus encode transcription factors which are required for fer-
tilization and further steps of the development of the fruiting
body.

The first identification of genes regulated by the products of
the mating types has been done in N. crassa (72). Subtractive
hybridization was used to isolate genes that are transcribed
preferentially during the formation of the protoperithecia.
Many such sexual development (sdv) genes were found to
respond to null mutations in mat A-1 by forming either a lower
or a higher level of transcripts. However, it is not known
whether this control is direct or mediated through other effec-
tors. The role of most sdv genes is unknown, except for the
sdv-10 gene (renamed asd-1), which is required for the forma-
tion of the external tissues of the fruiting body and for the
development of the asci. Additional target genes could be
characterized by the subtractive hybridization strategy by using
wild-type perithecia and perithecia from crosses involving mat
mutants.

In P. anserina, the characterization of the mat target genes
has been attempted genetically. An initial method was based
on the observation that mutations in mating-type genes con-
trolling internuclear recognition led to uniparental asci. Ac-
cordingly, mutations in the target genes of the mating-type
proteins should also result in uniparental asci. Therefore, a
search for uniparental asci in the progeny of a wild-type cross
could be used to isolate mutations in a mating-type target gene.
Although a few uniparental asci (easily detected by using as-
cospore color markers) were obtained from a wild-type cross

after UV irradiation, no mutation was identified. Genetic anal-
ysis of these asci suggested that they result from wild-type
nuclei which have escaped the control of the mating-type genes
(1a). A uniparental ascus has been found by chance in N.
crassa, but, as in P. anserina, all ascospores from this ascus
contained wild-type nuclei (5). These results indicate that the
natural occurrence of uniparental progeny, although rare, is
much more common than is mutation in a putative target gene.
The second method is based on the selection of suppressors of
mutations in mating-type genes. This is the usual means of
identifying genes encoding proteins that can restore or bypass
the function impaired in the original mutant. The suppressor
mutations could affect the target genes of the relevant mating-
type gene. Suppressors of the SMR1 mutation which blocks the
development of the fruiting body have been obtained in P.
anserina and are being analyzed (1a). Suppressors of the mat-
ing-type RIP mutant of N. crassa (41) would be also good
candidates to find mating-type target genes in this organism.

A selection system which allows the identification of heter-
ologous DNA binding sites has been developed in S. cerevisiae
(65). This method takes advantage of the fact that the tran-
scriptional activation domain of GAL4 fused to a specific DNA
binding domain can activate the expression only of a reporter
gene that contains the cognate DNA binding site in its pro-
moter. By fusing a MAT protein containing a putative DNA
binding domain to GAL4, cloning of promoter regions of the
relevant target genes should be feasible. A similar rationale has
been successfully used to clone target genes of the Drosophila
Ultrabithorax homeoproteins (67) to identify Aspergillus brlA
response elements (17). This observation suggests that the
improved method proposed by Liu et al. (65) is a valuable tool
for cloning unknown target genes of a transcription factor.

Beyond the Mating Types

In the filamentous ascomycetes, the two parental reproduc-
tive nuclei have a very particular fate: they divide, pair, and
divide again before fusing (Fig. 1). Beyond its apparent spec-
ificity, the sexual development of these organisms raises fun-
damental biological problems with the opportunity of a thor-
ough investigation at both the genetic and molecular levels.
Study of the mating types, in particular in P. anserina, has
brought to light the problem of internuclear recognition. Si-
multaneously, it has raised another problem: how is the devel-
opment of the ascogenous hyphae triggered? The signal de-
pends neither on the mating-type genes nor on the recognition
between two nuclei (see above). The checkpoint which couples
gene expression to the morphogenesis of ascogenous hyphae
may be the entry of nuclei, of whatever type, into the ascog-
enous hyphae. Such a mechanism supposes that the activation
of certain developmental genes could depend on the attain-
ment of certain landmark events in morphogenesis. This phe-
nomenon has already been described in prokaryotes (for a
review, see reference 66) and proposed in the development of
the conidiophore in Aspergillus nidulans (39). The development
of ascogenous hyphae may be another example of this control.

Control of the recognition between different nuclei in a
syncytium is of considerable interest both in terms of its mech-
anism and with respect to the evolutionary history of the eu-
karyotes. As emphasized by Denis and Mignot (26), the syn-
cytial state may have been an intermediary form in the
evolution toward organized multicellular eukaryotes. The rec-
ognition between different haploid nuclei within a syncytium
may also be considered the first step of the sexual cycle at a
time when fertilization and its corollary cell-to-cell communi-
cation had not yet arisen.
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