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INTRODUCTION
Having multiple mating types greatly improves the chances
of meeting a compatible mating partner, particularly in an
organism like the mushroom that has no sexual differentiation and no mechanism for signalling to a likely mate.
Having several thousands of mating types, as some mushrooms do, is, however, remarkable - and even more remarkable is the fact that individuals only recognise that they
have met a compatible mate after their cells have fused.
How are such large numbers of mating types generated and
what is the nature of the intracellular interaction that distinguishes self from non-self? Answers to these fascinating
questions come from cloning some of the mating type genes
of the ink cap mushroom Coprinus cinereus.
A successful mating in Coprinus triggers a major switch
in cell type, the conversion of a sterile mycelium with uninucleate cells (monokaryon) to a fertile mycelium with binucleate cells (dikaryon) which differentiates the characteristic fruit bodies. The mating type genes that regulate this
developmental switch map to two multiallelic loci designated A and B and these must both carry different alleles
for full mating compatibility (Casselton, 1978). A and B
independently regulate different steps in the developmental
switch, making it possible to study just one component of
the system (Swiezynski and Day, 1960) and work in our
laboratory has concentrated on understanding the structure
and function of the A genes. It is estimated that some 160
different A mating types exist in nature (Raper, 1966), any
two of which can together trigger the A-regulated part of
sexual development. The first clue to how such large numbers are generated came from classical genetic analysis,
which identified two functionally redundant A loci, and
(Day, 1960). Functional redundancy is, indeed, the key
to multiple A mating types and, as seen in Fig.1, molecular cloning has identified many more genes than was possible by recombination analysis.
GENES OF THE A LOCI - THEIR STRUCTURE AND
ORGANISATION
Fig. 1A compares the first two A gene complexes cloned,
A42 and A43. The basic organisation is similar, the genes
that determine A specificity (the specificity genes) are separ-

ated into two subcomplexes (corresponding to the genetically defined α and β loci) by a region of non-coding DNA
and are flanked by two genes of unknown function α-fg
and β-fg. The specificity genes appear to encode transcription factors because their proteins have a characteristic
DNA binding homeodomain. At first sight it is surprising
to find that the number of specificity genes and their direction of transcription are variable. Moreover, there are two
classes of genes distinguished by transcript size (2.5 kb and
2.1 kb) and, so far as they have been sequenced, distinctly
different amino acid sequences in the homeodomains. We
have called these two homeodomain types HD1 and HD2.
By transformation into a host cell with a different A mating
type it can be shown that a single gene of either type is
sufficient to trigger the A-regulated developmental pathway
(Kües et al., 1992; Kües and Casselton, 1992a,b).
The apparently haphazard collection of specificity genes
is at first confusing. Fortunately, these genes are sufficiently
different in sequence to not cross-hybridise and so we can
identify alleles of A42 and A43 genes present in other A
gene complexes. What we find leads us to suggest the structure of the archetypal A complex illustrated in Fig.1B. This
shows four pairs of divergently transcribed HD1 and HD2
genes, which we have called the a, b, c and d gene-pairs
(Kües and Casselton, 1992c), each, perhaps, with no more
than four different allelic forms. Significantly, for a particular gene-pair, the same combination of alleles is always
found together as an allele-pair (i.e. b1-1 + b2-1, b1-2 +
b2-2 etc.). The allelic forms of the different gene pairs can,
however, be recombined in all possible combinations and
this is how the 160 different As are generated. Neither A42
nor A43 contains all of the eight predicted specificity genes
- three are deleted in A42 and two in A43 Fig. 1A. With
so much functional redundancy it is not surprising that
specificity genes can be lost.
GENE PAIRS AND THE RULES FOR MATING
COMPATIBILITY
To understand the rules of a compatible interaction it is
necessary to look only at the a gene-pair at the Aα locus,
since classical analysis has already shown that genes of the
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Fig. 1. (A) Organisation of the A42 and A43 mating type loci of Coprinus cinereus cloned by Mutasa et al. (1990) and May et al. (1991),
respectively. The specificity genes are shown as open boxes with their direction of transcription indicated by the arrows. The sequences
coding for the two classes of homeodomains are indicated by the differently striped boxes; white indicates HD1 and black HD2. Not all
A43 homeodomains have been confirmed by sequencing but have been deduced from gene transcript sizes of 2.5 kb (HD1) or 2.1 (HD2).
Common gene sequences are shown by stippled boxes. (B) Postulated archetypal A gene complex showing four divergently transcribed
gene-pairs encoding the HD1 and HD2 classes of proteins. The orientation of the gene-pairs was deduced from hybridisation data.

Aα and Aβ locus act quite independently (Day, 1960). A42
and A43 have different alleles of this gene-pair but, conveniently, the HD1 gene is deleted from A42. Introduction
of the HD1 gene from A43 into an A42 host cell is sufficient to switch on A-regulated development but introduction of its HD2 partner is not (Kües and Casselton, 1992a).
The compatible interaction is a non-allelic one between an
HD1 and an HD2 gene from different a allele-pairs.
This unexpected observation is confirmed by studies with
similar genes from two other basidiomycete species, the
wood-rotting mushroom Schizophyllum commune and the
smut fungus Ustilago maydis, a pathogen of maize. The
mating type genes of Schizophyllum are very similar to
those of Coprinus (Raper, 1966) and recent sequence analysis of the Aα locus genes also confirms that these encode
two proteins with similar distinct homeodomains (Stankis
et al., 1992). Three different Aα loci have been cloned and
one of these, like A42, has only an HD2 gene whereas the
other two have the complete HD1-HD2 gene-pair like A43.
Either of the cloned HD1 genes can elicit A-regulated development in the host with only the HD2 gene whereas neither of their HD2 gene partners can do so (Specht et al.,
1992). The analogous mating type locus in the hemibasidiomycete Ustilago is the b locus, which regulates development of the pathogenic dikaryotic stage of the life cycle
(Banuett, 1992). The b locus is simpler than the A gene
complex of the mushroom fungi with just a single divergently transcribed gene-pair known as bW and bE (Gillissen et al., 1992) but there are at least 33 different allelepairs (bW1-bE1, bW2-bE2, etc.). By an elegant series of
gene disruptions, Gillissen et al. (1992) have shown that it
requires just a single bW allele from one b locus together
with a single bE allele from another b locus (i.e. bW1-bE2
or bW2-bE1) to trigger b-regulated development. We are
not surprised to discover that the predicted bE and bW proteins have distinct homeodomains with strong homology to

those of the HD1 and HD2 proteins of Coprinus and Schizo phyllum (Kües and Casselton, 1992b).
HOMEODOMAIN PROTEINS AND THE
EVOLUTION OF MULTIPLE MATING TYPES
An interaction between two dissimilar homeodomain proteins is reminiscent of one of the best-characterised fungal
mating type protein interactions, that between the a1 and
α2 proteins of the budding yeast Saccharomyces cerevisiae
(Herskowitz, 1989, 1992; Dolan and Fields, 1991). Like all
ascomycete fungi, yeast has only two mating types determined by alternative genes at a single locus. The a1 and
α2 proteins are coded by genes in different haploid cells
but are brought together by mating and dimerise to give a
new regulatory protein in diploid cells (Dranginis, 1990).
If we compare the yeast homeodomains (Shepherd et al.,
1984) with those of the basidiomycete proteins there is sufficient similarity to argue that α2 is analogous to HD1 and
a1 to HD2 (Kües et al., 1992), and to suggest a common
evolutionary origin for the mating type proteins in all these
fungi (Kües and Casselton, 1993).
With mating compatibility based on heterodimer formation, multiple mating types could only evolve if both classes
of genes resided at the same locus. Every mating partner
must be equal and able to contribute both proteins. This
leads to functional redundancy on the one hand (see legend
to Fig. 2) and a major problem in protein-protein recognition on the other. Why is it that protein pairs encoded by
the same gene-pair and present before mating cannot form
active dimers whereas new protein pairs generated by
mating can? To answer this question would be the key to
understanding recognition.
Sequencing of the Coprinus genes reveals little sequence
similarity but an an overall structural similarity between
proteins of the same class. Proteins share three features: a
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Fig. 2. Heterodimer formation of mating type proteins
following a compatible mating in Saccharomyces cerevisiae,
Ustilago maydis and Coprinus cinereus. A single
heterodimer is sufficient to trigger sexual development in all
three fungi. In the simplest case, S. cerevisiae, each mate
contributes only one component so that only a single
heterodimer is formed. In U. maydis, each mate contributes
one of the alternative protein types and two equivalent
heterodimers can be formed. In C. cinereus, with a predicted
maximum of four gene-pairs, anything from one to eight
equivalent heterodimers can be generated depending on
whether both members of the gene-pair are present, the
actual number of genes present and how many of these have
different alleles in the two mates. Note that heterodimer
formation is only possible between proteins coded by
different alleles of the same gene-pair. (The functions of a, b
and d genes have been confirmed by transformation but we
still have to confirm that the c gene-pairs are active.)

homeodomain, some potentially helical regions that could
represent a major dimerisation interface, and a high serine,
threonine and proline content in regions that are likely
transactivation domains (Fig. 3). The most interesting
region is a very unconserved helical domain just N-terminal to the homeodomain designated COP in Fig. 3. The
Ustilago b proteins have an analogous unconserved region
that has been shown to determine their allelic specificity
(Dahl et al., and Yee and Kronstad, quoted by Saville and
Leong, 1992) and we can show that the N-terminal
sequence containing the COP domain is responsible for distinguishing proteins from different A gene-pairs in Copri nus (unpublished data). Similar regions are present in certain animal homeodomain transcription factors (POU
transcription factors) and, by analogy, we predict that this
region could participate in DNA target site selection as well
as being a dimerization domain with the necessary variability to discriminate compatible from incompatible protein pairings (Tymon et al., 1992; Kües and Casselton,
1992b). Even with such variability demanded of the specificity domains, the conserved homeodomains should recog-

nise the same DNA target site: indeed, it would be very
uneconomical to have multiple target sites to accommodate
different protein pairs.
DIFFERENT STRATEGIES FOR CREATING
MULTIPLE MATING TYPES
Ustilago and Coprinus have evolved different strategies for
generating multiple mating types. Ustilago has evolved
some 33 alleles of a single gene-pair (Gillissen et al., 1992),
Coprinus a few alleles of several gene-pairs. Since only a
single HD1-HD2 protein interaction is sufficient to trigger
A-regulated development, four alleles of each gene-pair
would be sufficient to generate 256 different A mating
types. The Coprinus system is more efficient in all respects:
firstly, in generating large numbers of mating types; and
secondly, in reducing the number of compatible or incompatible interactions that need to be recognised. For Ustilago
there are1056 compatible interactions (33 × 32; Fincham,
1992) and 33 incompatible ones. For Coprinus there are 48
Fig. 3. Schematic presentation of the structures of
the HD1 and HD2 A mating type proteins of
Coprinus cinereus. Helical regions are shown by
diagonal lines, the DNA binding motifs by black
boxes and the stippled regions represent regions rich
in serine and threonine. P indicates proline-rich
sequences.
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compatible interactions if we assume as many as four pairs
of alleles at each of αa, βb, βc and βd (4 × 3 × 4), and 16
incompatible ones (4 × 4). In Coprinus we assume that there
is no need to recognise proteins from different gene-pairs
but that there is recognition between proteins from different allele-pairs. Distinguishing active protein combinations
from a far fewer number of inactive combinations might be
achieved in either of two ways: incompatible proteins are
prevented from forming a stable dimer on DNA (Kües and
Casselton, 1992b), or they form such a tight dimer in solution that their DNA binding domains are hidden (Gillissen
et al., 1992).
It is essential to the evolution of multiple mating types
in both Ustilago and Coprinus that the two genes of a pair
(e.g. bW-bE of Ustilago, a1-a2, b1-b2 etc. of Coprinus)
must be inseparable, otherwise recombination would bring
together active allele combinations and replace the need to
mate! Homologous recombination between bW and bE is
prevented by the fact that they are divergently transcribed,
they are separated by 260 bp of variable DNA sequence
and both genes have alleles with highly variable 5′
sequences (Gillissen et al., 1992; Schulz et al., 1990; Kronstad and Leong, 1990). In Coprinus a much greater degree
of sequence variablity exists, the alleles of the genes have
little homology as indicated by their failure to crosshybridise and the flanking sequences are equally variable
(Kües et al., 1992). The restraints are far greater in Copri nus where not only must there be no recombination between
the genes of a pair, but there must be no irregular recombination involving genes from different pairs.
Classical genetic studies suggested that the multiple
mating types of the basidiomycetes arose by gene duplication and mutation (Raper, 1966). Molecular data show that
the genes that exist today have diverged very widely and
it is not surprising that many of the traditional studies aimed
at generating new alleles by mutation met with failure (Casselton, 1978). Considerable evolutionary effort has been
expended to evolve genes with as little as 50% DNA homology between alleles (Schizophyllum Aα alleles; Stankis et
al., 1990) and even less between genes of the same A complex (Coprinus, unpublished data) yet still coding for functionally equivalent proteins.
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