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REVIEW

Evolution of uni- and bifactorial sexual compatibility
systems in fungi
BPS Nieuwenhuis1,2, S Billiard3, S Vuilleumier4, E Petit5, ME Hood6 and T Giraud6,7
Mating systems, that is, whether organisms give rise to progeny by selfing, inbreeding or outcrossing, strongly affect important
ecological and evolutionary processes. Large variations in mating systems exist in fungi, allowing the study of their origin and
consequences. In fungi, sexual incompatibility is determined by molecular recognition mechanisms, controlled by a single
mating-type locus in most unifactorial fungi. In Basidiomycete fungi, however, which include rusts, smuts and mushrooms, a
system has evolved in which incompatibility is controlled by two unlinked loci. This bifactorial system probably evolved from a
unifactorial system. Multiple independent transitions back to a unifactorial system occurred. It is still unclear what force drove
evolution and maintenance of these contrasting inheritance patterns that determine mating compatibility. Here, we give
an overview of the evolutionary factors that might have driven the evolution of bifactoriality from a unifactorial system and the
transitions back to unifactoriality. Bifactoriality most likely evolved for selfing avoidance. Subsequently, multiallelism at matingtype loci evolved through negative frequency-dependent selection by increasing the chance to find a compatible mate.
Unifactoriality then evolved back in some species, possibly because either selfing was favoured or for increasing the chance to
find a compatible mate in species with few alleles. Owing to the existence of closely related unifactorial and bifactorial species
and the increasing knowledge of the genetic systems of the different mechanisms, Basidiomycetes provide an excellent model
for studying the different forces that shape breeding systems.
Heredity advance online publication, 10 July 2013; doi:10.1038/hdy.2013.67
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INTRODUCTION
The mating system is one of the most variable traits in the living
world, with organisms giving rise to progeny by selfing, inbreeding or
outcrossing. Understanding what shapes an organism’s mating system
is of fundamental importance because patterns of inheritance
drastically affect major evolutionary and ecological processes such
as adaptation (Charlesworth and Charlesworth, 1995; Otto, 2009),
colonization (Richards, 2003; Busch, 2011), accumulation of transposable elements (Boutin et al., 2012), speciation (Gibson et al.,
2012), genomic architecture or rates of molecular evolution (Nygren
et al., 2011). Evolutionary transitions in reproductive systems generally involve changes that increase the fitness of novel genotypes that
spread and replace ancestral ones (Barrett, 2010). Because of the huge
diversity in their mating systems, the low number of genes involved
and their experimental tractability, fungi constitute an excellent group
of model systems for studying evolutionary forces driving mating
systems (Czárán and Hoekstra, 2004; Billiard et al., 2011; Billiard
et al., 2012; Gioti et al., 2012; Perrin, 2012).
In many fungi, the potential of syngamy is determined at the
haploid stage by mating-type gene(s): only haploids carrying different
mating-type alleles at the mating-type locus/loci can successfully mate
(see Figure 1 for two generalized fungal life cycles). Such fungi are
called heterothallic. In fungi, haploid mating types most likely evolved

to prevent same-clone mating (Czárán and Hoekstra, 2004; Billiard
et al., 2011; Billiard et al., 2012; but see Perrin, 2012). In Ascomycete
fungi (yeasts, moulds) and more basally derived fungi (Mucoromycotina; Idnurm et al., 2008), mating type is defined by a single locus
(the mating type is unifactorial, aka bipolar), possessing genetic
idiomorphs that are distinct in the two mating types, which are not
called alleles because of the uncertainty surrounding their homology
(Metzenberg and Glass, 1990). The Basidiomycota (including mushrooms, rusts and smuts) have evolved a genetic system with two
different mating-type loci: only cells carrying different alleles at both
loci can mate to produce viable progeny (the determinism of mating
type is bifactorial, aka tetrapolar).
Bifactorial incompatibility systems are not restricted to fungi;
instead, they have also been found in different plant species of the
Poaceae family (Klaas et al., 2011), in different tristylous plants
(Barrett and Shore, 2008), in tunicates (Harada et al., 2008) and in
the social amoeba of the genus Physarum (Moriyama and Kawano,
2010). Of these bifactorial systems, only that of the social amoeba is
similar to that of the Basidiomycetes in that compatibility occurs only
when both loci carry different alleles. In the others, compatibility at
either of the loci results in successful mating.
In fungi, bifactoriality most likely evolved once from a primary
unifactorial system, as all the most basally derived fungal groups

1Laboratory of Genetics, Wageningen University, Wageningen, The Netherlands; 2Department of Evolutionary Biology, Uppsala University, Uppsala, Sweden; 3Laboratoire de
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Figure 1 General life cycles of yeast-forming and mushroom-like Basidiomycetes. (a) The Microbotryum violaceum life cycle as an example of a yeast-like
Basidiomycete. The yeast-like generalized life cycle starts with a haploid meiotic product called the sporidium that can undergo vegetative haploid growth
by mitotic cell duplication. Mating occurs by fusion of two haploid cells, either sporidia or cells of the basidium, but without karyogamy and resulting in a
dikaryon. In Microbotryum, the yeast stage is very brief, as most crosses occur between cells within the same tetrad. The dikaryon is a long-lasting stage
and assumes a hyphal growth form that infects the host plants. In the infected flowers, the diploid stage is achieved as dispersing teliospores are formed,
which upon germination produce the club-shaped basidium where meiosis occurs. (b) The Schizophyllum commune life cycle as an example for the
mushroom-forming fungi. A haploid spore germinates and grows by forming a mycelium—the homokaryon—in which a single type of haploid nuclei is
present in all hyphae. Mating occurs by fusion of hyphae of different individuals, which exchange nuclei. The nuclei migrate back from the point of
plasmogamy and through the entire mycelium, thereby forming a long-lasting dikaryon. When the conditions are suitable, the dikaryon forms a fruiting body,
the mushroom, in which basidia are formed. Resulting haploid air-borne spores disperse at long distances and germinate to form a monokaryon.

possess a single locus determining the mating type (Whitehouse,
1949; Raper, 1966; Heitman et al., 2007; Kües et al., 2011). Only
Basidiomycetes, forming one of the most recent fungal clades, include
bifactorial species. Several hypotheses have been invoked to explain
the evolution of bifactoriality. The most popular explanation is that
bifactoriality promotes outcrossing (Hsueh et al., 2008; Heitman
et al., 2013). Because the two mating-type loci are unlinked, gametes
of four different incompatibility types can be formed in a meiotic
tetrad, rather than segregating into just two incompatibility types
under unifactorial systems (Figure 2). This difference in the number
of possible incompatibility phenotypes is the reason why the terms
tetrapolarity and bipolarity are often used to describe the breeding
system of fungi. Bifactoriality is thus less favourable for diploid selfing
compared with unifactoriality, as the chance of being compatible for
any two haploid products from the sample diploid parent is 50% in a
unifactorial cross compared with only 25% in a bifactorial system
with completely unlinked mating-type loci (Hsueh et al., 2008).
Some Basidiomycetes have secondarily evolved a unifactorial mating
system from the bifactorial system, either because the mating type loci
became linked, such as in Ustilago hordei (Bakkeren and Kronstad,
1994), or because one locus is not controlling compatibility for
syngamy any more, such as in Coprinellus disseminatus (James et al.,
2006). Multiple transitions from bifactorial to unifactorial systems
have been documented (Billiard et al., 2011; Kües et al., 2011). A few
species appear intermediate between the two systems, with linkage
between the two mating-type loci but still rare events of recombination
(see the section ‘Intermediate systems’; Coelho et al., 2010).
Heredity

Another important difference between unifactorial and bifactorial
systems is the number of alleles at the mating-type locus or loci. All
bifactorial species for which this has been investigated possess
multiple alleles (that is, more than two) at least for one of their
mating-type loci, whereas unifactorial species often are biallelic at the
mating-type locus. Under an outcrossing mating system and a
numeric limitation of mates (for example, low population densities),
a novel or rare allele has increased chances to confer compatibility and
should therefore be selected for (Fisher, 1941; May et al., 1999). This
is expected to select for an increased number of alleles.
So far, the evolutionary advantages and drawbacks of uni- versus
bifactoriality have been explored surprisingly little. The aim of this
opinion paper is therefore to discuss the possible evolutionary
advantages and drawbacks of bifactoriality versus unifactoriality, to
review the data on the evolution of the mating-type system in
Basidiomycetes, to propose a scenario for the evolution of the system
in Basidiomycetes and to suggest some tests of various hypotheses. We
first investigate why bifactoriality might have arisen from a primary
unifactorial system. Second, we question why bifactoriality has
evolved back multiple times towards secondary unifactoriality.
TRANSITION FROM A PRIMARY UNIFACTORIAL TO A
BIFACTORIAL SYSTEM
As mentioned above, bifactorial incompatibility in fungi has so far
only been described in Basidiomycota—except possibly one case
(Cayley, 1931; Debuchy et al., 2010). Bifactoriality has therefore most
likely evolved in Basidiomycota after their divergence from
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Figure 2 Overview of fungal compatibility between haploid individuals for unifactorial and bifactorial systems. (a) A unifactorial dikaryon produces gametes
of two different mating types, resulting in 50% intra-tetrad compatibility. Each unifactorial spore is compatible with 50% of the population in a biallelic
system (b) and with 1-pi in a multiallelic population (c). (d) A bifactorial dikaryon will produce gametes of four different types. In each tetrad formed, either
two (in 1/3 of tetrads) or four (in 2/3 of tetrads) different mating types are produced (the figure shows only half of the options), resulting in 50 or 25%
intra-tetrad compatibility, respectively. Each spore is on average compatible with 25% of the spores produced by the same dikaryotic mycelium. (e) In a
biallelic species, each haploid individual is compatible with 25% of the population. (f) When multiple alleles exist, each spore is compatible with (1 phd)
(1 ppr) of the population. In this example, four alleles exist for each mating-type locus, resulting in compatibility to B56% of the population, under equal
allele frequencies and random mating.

Ascomycota (see phylogeny in Figure 3 and Whitehouse, 1949; Raper,
1966; Kües et al., 2011). Owing to the occurrence of multiple
unifactorial species within the Basidiomycetes, the single origin of
bifactoriality is still debated. However, all unifactorial Basidiomycete
species for which this has been investigated show genomic signatures
that they evolved secondarily from a bifactorial system (see the section
‘Reversion to unifactorial mating’ and Kües et al., 2011), which would
thus be ancestral in the Basidiomycete clade. Similarly, all known
fungal species with multiple mating-type alleles belong to Basidiomycetes—again except one case (Cisar and TeBeest, 1999). We
therefore consider that the bifactorial mating system arose once and
from a biallelic unifactorial system, either by first acquiring multiple
alleles followed by acquisition of a second mating-type locus, or by
first evolving a bifactorial mating-type system that then became
multiallelic in many species. The first scenario is unlikely, as all known
multiallelic unifactorial Basidiomycetes appear to be secondary
reversions to unifactoriality (reviewed in Kües et al., 2011). We thus
favour the hypothesis that bifactoriality evolved after the split with the
Ascomycota (Whitehouse, 1949; Raper, 1966; Kües et al., 2011) and
that multiallelism evolved afterwards.
Genomic changes
Incompatibility in Ascomycetes and in the more basal Mucoromycetes
is regulated by a single mating-type locus with two genic forms, called
idiomorphs as their common ancestry is uncertain (Metzenberg and
Glass, 1990). Recently it has been suggested that idiomorphs may be

alleles, but with such an ancient trans-specific polymorphism, for
instance caused by long-term balanced selection (Devier et al., 2009),
that their homology is no longer obvious (Idnurm et al., 2008;
Debuchy et al., 2010).
Recognition of a compatible mate occurs by a pheromone/receptor
interaction. In Ascomycetes and Mucoromycetes, each mating type
produces one type of pheromone, activating the receptor of the other
mating type, and they produce a receptor that responds to the
pheromone from the other mating type (Kothe, 2008). Even though
the genes encoding both types of pheromones and receptor associated
with mating types are present in all cells, only one set is expressed in
any given haploid as regulated by the idiomorph at the mating-type
locus (Figure 4a; Tsong et al., 2003; Idnurm et al., 2008). Thus, the
pheromone/receptor system acts to mediate recognition between the
two mating types, but the genes of the pheromone/receptor system
are not a locus controlling mating compatibility. After fusion,
dimerization of proteins (of an HMG type in Mucoromycetes, and
of a HMG, homeodomain or alpha-box type in Ascomycetes)
encoded by each of the idiomorphs of the actual mating-type locus
initiates a developmental switch to a diploid or dikaryotic growth
form (Tsong et al., 2003; Debuchy et al., 2010).
Also in Basidiomycetes, cell recognition and fusion are controlled
by a pheromone/receptor system; however, in contrast to the
Ascomycete system, the Basidiomycete system resides at a single locus
(hereafter called the PR locus) and is allelic (Figure 4b), and even
multiallelic in many species (Figure 2; Kües et al., 2011). Each mating
Heredity

Evolution of uni- versus bifactorial mating systems
BPS Nieuwenhuis et al
4
unibifactorial
factorial
type

unifactorial
Atholiales

-

Boletales

-

2

Agaricales

17

37

Russulales

2

5

Gloeophyllales

4

1

Polyporales

25

24

Hymenochaetales

2

2

Trechisporales

2

-

Auriculariales

1

1

Cantharellales

3

1

Dacrymycetales

-

1

Filobasidiales

2

2

Tremellales

1

3

Malasseziales

1

-

Tilletiales

5

-

Ustilaginales

2

2

Pucciniales

2

1

Microbotryales

1

-

Agaricomycetes

Dacrymycetes
Tremellomycetes

Exobasidiomycetes

Pucciniomycetes
Microbotryomycetes

Sporidiobolales

3

Agaricomycotina

1

?

Ascomycota

Pucciniomycotina Ustilaginomycotina

Basidiomycota

Mucoromycotina

Agaricales

unifactorial

bifactorial

Strophariaceae

4

5

Bolbitiaceae

-

1

Psathyrellaceae

5

7

Hydnangiaceae

-

1

Nidulariaceae

-

1

Agaricaceae

4

-

Tricholomataceae

1

5

Mycenaceae

-

2

Physalacriaceae

1

5

Human pathogen

Schizophyllaceae

-

1

Marasmiaceae

2

6

Mushroom forming parasite,
decomposer or mutualist;
Expected outbreeding

Pleurotaceae

-

3

unifactorial

bifactorial

-

2

Partly linked (see main text)
Linked HD and PR
Only HD as mating type locus

predominant growth form of clade
Plant pathogen;
Expected inbreeding

clade trait

Boletales

Polyporales
Hymenochaetoid

unifactorial type when known

Bifactorial clade
Unifactorial clade
(primary or secondary)

Antrodia clade

14

6

Core polyporoid clade

1

12

‘Residual’ polyp. clade

2

3

Phlebioid clade

9

1

Uni- and bifactorial clade
Bifactoral with linkage
between loci

Boletales

Figure 3 Phylogeny of the Basidiomycota showing the presence of unifactorial and bifactorial mating systems, assuming that bifactoriality arose before the
split of the Pucciniomycotina. Note that unifactoriality in the tree refers both to primary and secondary bifactorial systems. Phylogenies are given for (a)
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type carries only receptor and pheromone genes specific for that
mating type. In general, syngamy can occur only between individuals
carrying different alleles. In the Agaricomycotina (mushroomHeredity

forming fungi), syngamy occurs regardless of the alleles at the PR
locus, although if the two gametes are incompatible at the PR system
mating is quickly aborted (Kües et al., 2011).
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Figure 4 Schematic overview of the haplotypes and phenotypes of primary and secondary unifactorial systems and the bifactorial system in fungi.
Underlined loci are linked. M refers to the mating-type locus in primary unifactorial species or the HD locus in Basidiomycetes. P and R refer to pheromone
and receptor loci, respectively. 1 and 2 indicate different alleles at each locus. (a) A primary unifactorial system as observed in, for instance, Phycomyces
blakesleeanus or Saccharomyces cerevisiae contains both pheromone and receptor types (P and R), but depending on the allele at the mating type (M) only
one type of P and R is expressed. (b) In a bifactorial system the P and R genes are linked together. Only when the HD and PR loci differ are haploid cells
compatible. (c) Secondary unifactoriality due to linkage of both the HD and PR system. Each cell is compatible at both systems. (d) Secondary
unifactoriality due to loss on the PR system for compatibility. Each cell is compatible with cells that have a different allele at the HD locus. PR is still
present but is not polymorphic. For types (a–c), compatibility is possible only when both the HD and the PR system are compatible, except for secondary
unifactoriality with loss of PR functionality (d), where compatibility is defined only by the HD locus.

In Basidiomycetes, after syngamy, a mycelium is formed that is
viable only if the product of mating is also heterozygous at the second
mating-type locus, which encodes homeodomain proteins functioning as transcriptional regulators (the HD locus; Kües et al.). This
second locus is among others involved in regulating the growth of the
dikaryon (Fraser et al., 2007) and acts as a switch from pre- to postmating development, including from yeast to filamentous growth in
smuts and rusts (Feldbrügge et al., 2004). Successful mating (that is,
leading to a viable dikaryon) thus occurs only between cells carrying
different alleles at both mating-type loci. The key proximal mechanism allowing bifactoriality is therefore the decoupling of the PR and
HD loci in Basidiomycetes, which are not regulated by the HD or
HMG genes any more but instead independently control successful
syngamy and successful dikaryotic growth, respectively.
The Basidiomycete bifactorial mating-type system, with PR and HD
loci, shows remarkable similarities with some species of the Saccharomycotina and Taphrinomycotina, two basal groups of the Ascomycota, which have homeodomain genes at one of the mating-type
idiomorphs (Idnurm et al., 2008) and one pheromone/receptor
system comparable to the Basidiomycete PR system (Coppin et al.,
1997; Fowler et al., 1999; Gonc¸alves-Sá and Murray, 2011). The
alternative idiomorph present in these Ascomycotina and basal
Mucoromycotina (of the HMG type; Dyer, 2008; Idnurm et al.,
2008) was most likely lost early in the Basidiomycete lineage (Dyer,
2008; Kües et al., 2011). In Basidiomycetes, the pheromone and
receptor genes became linked (Bölker et al., 1992; Wendland et al.,
1995), whereas in Ascomycetes the genes are unlinked and even can
be located on different chromosomes (for example, Schizosaccharomyces pombe, Wood et al., 2012 (database version 70.2); Saccharomyces cerevisiae, Cherry et al., 2012 (Genome Release R64-1-1)).
Bifactoriality reduces the chance to find a compatible mate and to
produce viable zygotes
Because haploids need to differ at both mating-type loci to mate in
bifactorial Basidiomycetes, the chance to find a compatible mate is
reduced under bifactoriality for a given number of alleles compared
with unifactoriality (for evolution of multiallelic mating-type systems
see the section ‘Evolution of multiallelism in bifactorial systems’). This
is also true for the social amoeba Physarum (Moriyama and Kawano,

2010). In contrast, in bifactorial plants and tunicates, bifactoriality
increases the chance of mate compatibility, because in those groups
compatibility at one locus is enough to ensure successful mating
(Barrett and Shore, 2008; Harada et al., 2008; Klaas et al., 2011).
In fungi, if either one of the two loci is biallelic, irrespective of the
number of alleles at the other mating type, the proportion of
compatible mates in the population at linkage equilibrium cannot
exceed 50% (Stamberg and Koltin, 1973; Kües et al., 2011). Even
worse, the probability of finding a compatible mate (for both
syngamy and dikaryon viability) is limited by both mating-type loci,
so that, for a given number of alleles, bifactoriality decreases the
proportion of compatible mates compared with unifactoriality. For
example, only a system with at least three alleles at the first and four
at the second locus has a proportion of compatible mates in the
population that equals the 50% of the biallelic unifactorial ancestor.
Whereas a unifactorial mating type is compatible with 1 pi of the
population, a bifactorial individual is compatible with only (1 phd)
(1 ppr) of the population (with pi describing the frequency of the
unifactorial mating type i, and phd and ppr describing the frequencies
of the hdth allele at the HD locus and the prth allele at the PR locus,
respectively; Figure 2) (Vuilleumier et al., 2013). This implies that the
initial step of bifactorial evolution involved a strong decrease in the
proportion of compatible mates. Increased compatibility occurred
only after new alleles evolved. The question is therefore why would
bifactoriality have evolved?
Bifactoriality can reduce diploid selfing rates
Bifactoriality reduces the odds of compatibility among the haploid
products of a diploid individual and could therefore promote
outcrossing (Hsueh et al., 2008) when several gametes from the same
and different individuals are physically close. The haploids produced
during meiosis in a unifactorial species are of two different mating
types and at a 1:1 ratio (Figure 2). A given haploid spore is therefore
compatible with 1/2 of the other spores produced by the same diploid
individual. A bifactorial individual produces gametes that are
compatible on average with only 1/4 of the other gametes from the
same individual (that is, two loci, each with two alleles segregating
independently). Bifactoriality may therefore reduce selfing at the
diploid level (Billiard et al., 2012).
Heredity
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EVOLUTION OF MULTIALLELISM IN BIFACTORIAL SYSTEMS
Bifactoriality facilitates multiallelism
In an outbreeding population, a novel or rare allele has an advantage,
as it confers an increased chance to find a compatible mate and
should therefore be selected for (Fisher, 1941; May et al., 1999). This
is expected to enhance polymorphism at the MAT loci. It is therefore
remarkable that, outside of the Basidiomycetes, no fungi are known
with multiple alleles at the mating-type locus.
This lack of multiallelism might be caused by constraints on the
evolution of new mating-type alleles and/or because other solutions
for increased compatibility evolved – such as homothallism for many
Ascomycetes. A homothallic fungus produces gametes that are
compatible with all other individuals, including its own mitotic
descendants, most often by expressing both mating types (Lin and
Heitman, 2007) or by producing gametes of either mating type
(mating type switching; Haber, 1998). A haploid genotype is then
compatible with 100% of the genotypes in the population; however,
this also leads to the possibility of same-clone mating, which does not
allow recombination between different genotypes while still incurring
the costs of sex. Homothallism thus comes with potential costs
(Giraud et al., 2008; Billiard et al., 2011; Billiard et al., 2012).
Billiard et al. (2011) have reviewed the evolutionary forces
constraining the number of mating types. They showed that either
a control of cytoplasmic inheritance by the mating types, linkage of
deleterious mutations to the mating types, or inbreeding can reduce
the advantage of novel mating-type alleles, impeding an increase in
allele number. Perrin (2012) argued that the proximal functioning of
the mating-type system itself might be intrinsically restrictive: the
appearance of new alleles that can still make functional heterodimers
with extant HD alleles will become increasingly difficult with
increasing numbers of mating types.
These arguments hold for both Ascomycetes and Basidiomycetes;
however, in the latter group multiallelism did evolve. We argue that
bifactoriality might have facilitated the evolution of multiallelism. In
Ascomycetes, the pheromone/receptor system is not independent of
the allele (idiomorph) at the mating-type locus (HD, alpha-box or

HMG allele), because the latter regulates which pheromone/receptor is
expressed (see Figure 4). Changes at either the pheromone/receptor
system or the mating-type proteins would thus not increase compatibility because the incompatibility at the other system would remain. In
bifactorial fungi, in which the two incompatibility loci act independently and recombine (Fraser et al., 2007), novel mating-type alleles
can arise one locus at a time. Similar to the Ascomycete system, in
secondary unifactorial Basidiomycete species with linkage between the
PR and HD loci, the two systems are coupled and novel alleles will not
easily arise. In contrast, in unifactorial systems where the PR locus does
not control mating type any more, new alleles can still arise. In other
organisms where compatibility is controlled by more than one locus,
such as in the Mucoromycotina (HMG and trisporoids pheromones;
Idnurm et al., 2008) or green algae (agglutinins and MAT genes; Ferris
et al., 2005), similar restrictions may hold as in Ascomycetes.
In mushrooms, a Basidiomycete clade, further genomic changes
have evolved favouring polymorphism: mating-type loci are found in
two or even three copies in tandem, forming different sub-loci
carrying different alleles (Figure 5; Stamberg and Koltin, 1973;
Casselton and Kües, 2007; Kües et al., 2011). A limited number of
alleles exist at each sub-locus, but, because any sub-locus can allow
compatibility, many functional alleles are obtained at the level of the
entire locus, increasing the chance to find a compatible mate
(Stamberg and Koltin, 1973; May et al., 1999). For instance, nine
alleles exist in S. commune at each of its two sub-loci of the PR locus,
which theoretically yields 9  9 ¼ 81 PR mating-type alleles (Fowler
et al., 2004). Recombination between the sub-loci theoretically
increases the chance of compatibility among haploids derived from
the same diploid parent, hence of inbreeding (in natural isolates
compatibility can increase to over 66%; Stamberg and Koltin, 1973).
For the mushroom-forming Basidiomycetes, however, inbreeding is
probably not increased, because haploid spores can disperse far from
the mushroom before syngamy, favouring panmixis. Even though
many basidiospores have local dispersal (for example, Galante et al.,
2011; Peay et al., 2012), dispersal seems very efficient (for example,
Hallenberg and Kúffer, 2001), as populations show little structure

Pheromone
Receptor
Recombination
hotspot

Figure 5 Pheromone/Receptor (PR) mating-type locus in Basidiomycetes. (a) Schematic representation of a system comparable to Ustilago maydis in which
each of the two mating-type alleles at the PR locus carries one receptor and one pheromone gene. Each pheromone is compatible with the receptor of the
other mating type. (b) System comparable to the Schizophyllum commune PR mating-type locus, which is composed of two sub-loci that each carries one
receptor and a variety of pheromone genes. The receptor of each sub-locus is activated by at least one pheromone of any other mating-type allele.
Interaction at one sub-locus is sufficient for compatibility. Between the sub-loci a recombination hotspot is located. (c) A system that is composed of three
sub-loci comparable to Coprinopsis cinerea.
Heredity
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(for example, James and Vilgalys, 2001; Kauserud and Schumacher,
2003) and little inbreeding (see Billiard et al., 2012).
Increased probability for viability after syngamy
In unifactorial species, compatibility at the pheromones/receptor
system also indicates compatibility at the HD locus (see Figures 4a
and c), but this is not the case in bifactorial species (Figure 4b). Only
after fusion can it be assessed whether the two cells are compatible at
the HD locus; any dikaryotic cells carrying the same allele at the HD
locus will be inviable. A novel, and therefore rare, HD allele will
establish more viable dikaryons and is therefore expected to be
selected for. Because a failure to find compatibility at the HD locus
leads to inviability of the dikaryon, whereas incompatibility at the PR
locus only leads to waiting longer for a compatible partner, selection
is expected to be stronger on rare alleles at the HD locus than at the
PR locus. Variation at the HD locus is therefore expected to be higher
than at the PR locus. In fact, in most Ustilagomycotina and
Pucciniomycotina only the HD locus is multiallelic, whereas the PR
locus is biallelic (U. maydis (Schirawski et al., 2005), Tremella
mesenterica (Wong and Wells, 1985), Sporidiobolus salmonicolor
(Coelho et al., 2010)). In Agaricomycotina, there is no clear difference
in alleles per mating-type locus. Of the nine species in our data set
(see Supplementary Table S1) for which we have estimates for both,
four had more alleles at HD than at PR, four had more alleles at
PR than at HD and one had equal number of alleles, seven, for
HD and PR.
Reduced inbreeding at the population level
In addition to increasing the chance of finding a compatible mate
under outbreeding, multiple mating-type alleles can allow discrimination based on relatedness within a population. Individuals that have
the same mating-type alleles are more likely to be related, and thus
multiallelism reduces inbreeding probability. This is especially true in
bifactorial species, because relatedness is determined on two independent loci. However, it should be noted that this is a consequence
of multiallelism and not of bifactoriality per se. Only when multiple
alleles are present, at least at one of the loci, are mating types
informative for relatedness. Especially when high numbers of alleles
are present, identity at mating-type alleles is a good marker for
relatedness. However, it is debatable as to what extent this explanation
is plausible in finite and/or structured populations with a low
migration rate, as a process should generate linkage disequilibrium
with the MAT loci. To test this hypothesis, modelling is required.
REVERSION TO UNIFACTORIAL MATING
In Basidiomycetes, several reversions from bifactoriality to unifactoriality have been documented (Kües et al., 2011). There are two general
ways in which this occurred. The first is when the two loci became
linked to each other, as is observed, for example, in the genus
Microbotryum (Petit et al., 2012) and in U. hordei (Bakkeren and
Kronstad, 1994); the second is by loss of one of the mating-type
factors as a genic incompatibility locus, such as happened in, for
instance, Coprinellus disseminatus (James et al., 2006). Both types of
reversions have occurred multiple times in Basidiomycetes, as seen in
molecular analyses of the mating-type genes (Fraser et al., 2007) and
in the Basidiomycete phylogeny (Figure 3). In order for unifactoriality
to be selected for, the advantages of bifactoriality that we described
above (reduced selfing rates and increased compatibility due to
multiallelism) should have become less important, or even selected
against.

Advantage of increased selfing
Unifactorial mating types have a higher degree of compatibility for
(diploid) selfing, relative to bifactorial mating types, because, in the
latter, compatibility is reduced from 50 to 25%. Under certain
conditions, selfing might be favoured, which will favour unifactoriality. First, selfing has an automatic 1.5-fold advantage in terms of
gene transmission. In hermaphrodites, a gene that ensures selfing will
indeed be present in all self-fertilized female gametes, but only in
half of the outcrossed offspring can it produce by mating in the male
role (Fisher, 1941; Charlesworth, 1980; Aanen and Hoekstra, 2007).
This advantage, however, does not apply to isogamous species
(Charlesworth, 1980). Second, inbreeding or selfing may be unavoidable under some conditions – for instance, in pathogenic fungi that
may often fall as a unique diploid genotype on a given individual
host. In such cases, mating among the products of a common meiosis
(that is, intra-tetrad mating or automixis) may be the predominant
form of selfing (Hood and Antonovics, 2000). Unifactoriality and
linkage of the mating-type loci to the centromere will then be selected
for, as well as the absence of selection for rare alleles (Hood and
Antonovics, 2000; Billiard et al., 2011). Further, selfing might be
favoured during colonization of a novel environment, as it avoids
breakup of adaptations to the new niche (Giraud et al., 2010). In the
plant pathogen M. violaceum, for instance, intra-tetrad mating is
favoured, which is consistent with the evolution towards unifactoriality (Giraud et al., 2008). Also, bifactorial pathogenic species show
that selection for outbreeding is reduced, because there appears to be
no strong selection for rare alleles, as often one of the two loci is
biallelic (for example, U. maydis; Puhalla, 1970). In fact, most, if not
all, secondary unifactorial species with linked mating-type loci are
pathogenic, with mating before dispersal, where host-shifts are an
important component to speciation, and they present biallelic mating
types (Cryptococcus neoformans (Lengeler et al., 2002), Microbotryum
violaceum (Hood, 2002), U. hordei (Lee et al., 1999)). No Agaricomycetes have yet been shown to have linkage between the mating-type
loci, but the soil-borne plant pathogen Thanatephorus cucumeris
(Cantarellales) might harbour this system. This species is biallelic
unifactorial (Qu et al., 2008), even though in the larger Cantarellales
group multiallelic unifactoriality also occurs in mushroom-forming
species (for example, Sistotrema coronilla; Whitehouse, 1949). Screens
for mating type-associated molecular markers showed that quite a few
AFLP loci are associated with each mating-type allele (Julián et al.,
1999). This suggests linkage of large genome regions to the mating
type, as seen in, for instance, U. hordei and M. violaceum. When
selfing is the evolutionary cause for selecting for unifactoriality, one
expects this to be due to linkage between the MAT loci rather than
due to loss of function of the PR locus in mating-type determinism.
Indeed, loss of the PR as a mating-type locus would incur a cost
corresponding to dikaryon abortions after syngamy between cells
carrying identical alleles at the HD locus. Further, there may be
constraints preventing losing the mating function at the HD locus, as
it regulates the growth of the dikaryon.
Pseudo-homothallism (or secondary homothallism) is a particular
system in which automixis is forced, as two haploid nuclei from one
meiotic tetrad are packaged together into one spore. This form of
reproduction in Basidiomycetes is so far only known to occur in
Agaricomycetes. Almost half of the pseudo-homothallic species in our
analysis are unifactorial and the remaining are bifactorial (four and
five, respectively; Supplementary Table S1). That unifactoriality in
these species might have evolved to assure compatibility during
diploid selfing is not supported by the phylogeny. Unifactorial
pseudo-homothallics are all positioned in clades with unifactorial
Heredity
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heterothallic species. Contrary to the above-described intra-tetrad
selfers, all studied unifactorial pseudo-homothallic Agaricomycetes
remain multiallelic, possibly to increase the chance of compatibility
when haploid individuals, which are occasionally produced in
pseudo-homothallic species (for example, Raper et al., 1972), meet.
Advantage of increased compatibility in species with few alleles
Another selective force favouring reversion to unifactoriality could be
increasing the chance to find a compatible mate in outcrossing species
with few alleles at the mating type loci, due for instance to a
bottleneck. Indeed, requiring that two loci carry different alleles is
more restrictive than requiring that a single locus carry different
alleles (see the section ‘Bifactoriality reduces the chance to find a
compatible mate and to produce viable zygotes’).
In contrast, reduction in the number of incompatibility loci is not
beneficial in bifactorial plants and tunicates where compatibility at
one locus is enough to ensure successful mating. Some sparse data
suggest that unifactorial SI systems in angiosperms might have
evolved from multilocus (two or four loci) SI, which seems to be
present in basal eudicot and monocot species (reviewed in Yang et al.
(2008)), but this remains an open question. To the best of our
knowledge, there is no documented case of loss of a functional
mating-type locus for social amoeba – the only other group in which
compatibility at both loci is necessary for successful mating.
In mushrooms, unifactorial systems have evolved from bifactorial
systems multiple times (Figure 3). In at least 16 different families in
the Agaricomycetes, both bifactorial and unifactorial species exist and
all the unifactorial species studied have multiple alleles at the matingtype locus (except for T. cucumeris, see the section ‘Advantage of
increased selfing’). In this group of mushroom-forming fungi, due to
spore dispersal before mating, outbreeding is much more likely to
occur (Giraud et al., 2008). Landing on a compatible mate is of
importance for a spore (Wright, 1939; May et al., 1999). A multiallelic
unifactorial system is then advantageous relative to a bifactorial
system, because the chance of compatibility is greatly increased
(Stamberg and Koltin, 1973; Kües et al., 2011).
In the four unifactorial Agaricomycetes in which mating-type loci
have been investigated, Coprinellus disseminatus, Pholiota microspora
(P. nameko), Phanerochaete chrysosporium and Heterobasidion irregulare (James et al., 2006; Yi et al., 2008; James et al., 2011; Olson et al.,
2012), unifactoriality is due to a loss of function in mating-type
determinism for the PR locus. These losses are assumed independent
events (see Figure 3; James et al., 2011). All four species still carry the
genes that are functioning in the pheromone/receptor system, but
these are not polymorphic and do not act as a mating-type
discriminating locus. The PR system is of importance in pre-mating
gamete recognition in the Ascomycetes and in Ustilago, but in
mushroom-fungi no extracellular function is known (reviewed in
Kothe, 2008; Kües and Navarro-González, 2009). All conspecific
mycelia in close contact fuse, and compatibility is assessed after
fusion. In such a system, loss of the role of the PR locus in matingtype determinism may be easily achieved. For instance, in C.
disseminatus, the pheromone receptors appear to be auto-activated
(James et al., 2006). However, the PR system in mushrooms is of
importance during vegetative growth, during which it probably
defines nuclear identity (Debuchy, 1999), and it assures fidelity
during vegetative growth by means of growth with clamp connections
(Buss, 1987; Erdmann et al., 2012). The nonallelic pheromone/
receptor system is expected to regulate such divisions less well, which
might explain the observations that these species often produce fewer
or no clamps at all, and hyphae often grow with skewed nucleus ratios
Heredity

(Hui et al., 1999; Yi et al., 2010). In the unifactorial species P.
chrysosporium, the HD locus has adopted regulation of some of the
functions generally regulated by PR (James et al., 2011).
If the force promoting unifactoriality is for increasing the probability of finding a compatible mate, unifactoriality should evolve by
keeping a single locus involved in mating-type determination in
combination with multiallelism (see the section ‘Bifactoriality facilitatednmultiallelism’). A genotype in which one MAT locus loses its
function in mating-type determinism can easily invade a bifactorial
population (Vuilleumier et al., 2013). Indeed, unifactoriality due to
linkage of the PR and HD loci is usually associated with only two
alleles, because a new mating type can only appear by independent
mutations both in the PR and HD loci to provide compatibility with
extant mating types. The two forces promoting secondary unifactoriality, that is, selfing and increased compatibility, are therefore
expected to yield very different systems: either linkage of two biallelic
mating-type loci or retention of a single locus for mating-type
determinism, with multiple alleles (Figures 2c and d). The maintenance of mating types in such species may be explained by the
advantage of preventing same-clone mating (Billiard et al., 2011) but
would be at the cost of producing regular abortions of dikaryons,
which would allow later re-mating.
Advantage of a rare allele being incidentally associated with a
mutation to unifactoriality
Vuilleumier et al. (2013) analytically investigated the conditions under
which a unifactorial mutant – having arisen either by linkage of the
mating-type loci or by loss of MAT function of one locus – can invade
an outcrossing bifactorial population and induce a transition in the
breeding system.
(1) When the unifactorial mutant arises by linkage of the two MAT
loci, it has a fitness advantage over the bifactorial mating types
because, as recombination is suppressed, it is present in 50% of the
progeny of crosses instead of only in 25% for mating types having two
loci that recombine. Following initial invasion, the unifactorial
mutant will also provide advantages to other mating types compatible
with itself in the population, as they will also be found in 50% of the
progeny in crosses with the unifactorial mutant, whereas the other
mating types will be excluded, reducing the number of mating types
in the population. When the linkage captures a rare or novel allele,
invasion is even more likely because of frequency-dependent selection
for the rare allele. The advantage of the unifactorial system over the
bifactorial system, however, decreases with the allelic diversity at each
locus (the more polymorphic a bifactorial system is, the higher the
chance that it is maintained). Hence, bottlenecks and fragmentation
of populations might favour a shift in the breeding strategy from
bifactorial to unifactorial, and secondary unifactorial species would
bear few MAT alleles. However, situations of two mutations (novel
MAT allele and linkage of the two MAT loci) may be infrequent.
Furthermore, the assumption of outcrossing may not be generally
applicable; we have discussed above that unifactoriality may have
advantages under selfing. In fact, as discussed in Vuilleumier et al.
(2013), most bifactorial species with two linked mating types are
pathogenic (M. violaceum, Cryptococcus, U. hordei, (Bakkeren and
Kronstad, 1994; Fraser et al., 2007; Petit et al., 2012)), and therefore
likely encountering mate limitation on a given host individual and
thus likely undergoing diploid selfing.
(2) When the bifactorial mutant arose by loss of function of one
locus in mating-type determinism, its invasion is likely under a broad
range of conditions, because compatibility is increased when a single
locus controls incompatibility. Under this scenario, transition is easily
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achieved and is associated with a drastic reduction in the number of
mating types (all mating-type alleles associated with the MAT locus
that has lost its mating-type function are excluded). This corresponds
to the scenario discussed in the section ‘Advantage of increased
compatibility in species with few alleles’ (see also Figure 6). Under
this scenario, the allelic diversity at the remaining MAT locus
determines the number of mating types that can remain high, as
observed, for example, in C. disseminatus (James et al., 2006).

bifactoriality and multiallelism, whereas selfing species should be
unifactorial with only two alleles (Figure 6). This seems to be the case
so far (see phylogeny Figure 3 and Supplementary Table S1), but still
too few fungal species have been investigated for their mating systems
in nature (Billiard et al., 2012). Clades especially, in which both
breeding systems are present, as is expected, for instance, in
Cantarellales (see the section ‘Advantage of increase selfing’), are
good candidates for testing this association.

INTERMEDIATE SYSTEMS
An intermediate system between uni- and bifactoriality was recently
described by Coelho et al. (2010). Some species from the Sporidiobolales (Microbotryomycetes) have two alleles at the PR locus, and
each allele is linked to multiple but specific alleles at the HD locus.
Recombination is possible between the PR and HD loci but appears
extremely rare. This strongly reminds of the U. maydis system with a
biallelic PR locus and multiple HD alleles, but with part of the HD
alleles fully associated with one PR allele and the others only with the
other PR allele. This system is most likely derived from a bifactorial
system, although it cannot be ruled out that this system is
intermediate between primary unifactorial and bifactorial as suggested by Coelho et al. (2010). Linkage has two consequences: (1) it
increases compatibility under outcrossing, because compatibility at
the PR locus tends to lead to compatibility at the HD locus, and (2) it
increases the possibility for selfing from 25 to 50%.
It is unclear why the HD mating type should remain multiallelic in
such a system. If the PR locus is completely linked to the HD one, the
advantage of new alleles as described in the section ‘Bifactoriality
facilitates multiallelism’ does not hold. One expects that some HD
alleles will be lost by drift to the eventual retention of two forms.

Proximal mechanisms
Another way of testing the hypothesis that the breeding system
depends on the mating system is by investigating the proximal
mechanisms of unifactoriality in several groups of Basidiomycetes,
that is, in mushrooms and in more basal groups. One expects linkage
of two loci to be associated with diploid selfing, and loss of function
of one locus to be associated with outcrossing, as assessed in natural
populations with molecular markers (Figure 6).
Study convergent evolution of bifactoriality
A study of the Ascomycete species Diaporthe perniciosa showed that
progeny from one mating could be assigned to four compatibility
groups, as is expected under bifactoriality (Cayley, 1931; Debuchy
et al., 2010). Investigating this species might yield interesting insights
in a group so distantly related to Basidiomycetes. It can help elucidate
whether bifactoriality evolved after the separation between the
Ascomycota and the Basidiomycota. If bifactoriality evolved separately
in these species, as is expected from the phylogeny, it would provide
an extra independent system in which the benefits of multiple loci for
mate incompatibility can be studied.
The bi- and multiallelic genus Tilletia
The unifactorial genus Tilletia is another example of an interesting
system for exploring the above-mentioned aspects of fungal mating.
It includes both biallelic (for example, T. laevis and T. tritici) and
multiallelic species (for example, T. indica; Garrett and Bowden, 2002;
Carris et al., 2006), thus offering the possibility of testing the
proposed associations of multiallelism and biallelism with secondary

TESTING HYPOTHESES
Mating system versus breeding system
One way of testing the hypotheses above is by investigating the mating
systems (selfing versus outcrossing) of species with various breeding
systems (uni- versus bifactorial). Outcrossing, as assessed with
molecular markers in natural populations, should be associated with

Conditions and proximal mechanisms

Evolutionary forces
Unifactorial biallelic

with the HD gene at the MAT locus and
gametes remaining clumped for mating

Recruitment of the P/R gene as an
additional MAT locus

For reducing selfing rates

Bifactorial biallelic

For increasing the probability
to fall on a compatible mate

Dispersing gametes

Bifactorial multiallelic
(mushrooms)
For selfing
Linkage of
the loci
Secondary unifactorial
biallelic (e.g. Ustilago,
Microbotryum, Cryptococcus)

Loss of function in mating type
determinism of one locus

For increased
chance to find a
compatible mate in
species with few alleles
at the mating type loci

Secondary unifactorial
multiallelic(e.g. Coprinellus,
Pholiota, Phanerochaete)

Figure 6 Evolutionary and proximal forces acting on the evolution of uni- versus bifactoriality. See text for more details.
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unifactoriality due to loss of function or linkage of the mating types,
respectively. First of all, it is important to identify the ancestral state of
this system—for instance, using trans-specific polymorphism, which
makes it possible to date the origin of the alleles (Devier et al., 2009).
Was it multiallelic for both, for one, or for neither of the mating-type
loci? This could indicate whether mating types have recently arisen or
if several mating types existed for several speciation events.
As explained in the section ‘Bifactoriality facilitates multiallelism’,
the potential for multiallelism is constrained by, among others, the
proximal mechanisms of unifactoriality. To our knowledge, it is
unknown whether unifactoriality in Tilletia species evolved due to
linkage or due to loss of a role for one of the loci in mating-type
determinism. If the two mating-type loci became linked, this would
be the first example of a multiallelic system with linked mating-type
loci. For T. indica, with four mating-type alleles, compatibility
between all four types implies that four different alleles must exist
at each of the HD and PR loci. Assuming that the appearance of new
alleles is difficult after linkage (see section ‘Genomic changes’), the
presence of multiple mating-type alleles implies multiple independent
linkage events between pre-existing alleles.
On the other hand, if only one of the MAT loci remains in control
of mating-type determinism, these will be the first species described
with a biallelic system in which one MAT locus loses its function in
mate recognition. It would then be interesting to investigate why
some of the species reverted from an assumed multiallelic ancestral
state to a biallelic system, whereas the others did not. The number of
mating types in T. indica is only four, which is low compared with the
number of mating types in other multiallelic unifactorial species. This
might be due to an advantage of local mating and inbreeding as
described in section ‘Advantage of increased selfing’, although loci
might have been lost during transition as well. Loss of functionality of
the PR locus in a biallelic population is not expected, as without premating recognition many of the formed zygotes will be infertile (see
the section ‘Advantage of a rare allele being incidentally associated
with a mutation to unifactoriality’).
CONCLUSIONS
Breeding systems in fungi show variation in both the number of loci
controlling compatibility (one or two) and in the number of alleles
that are located at each locus. The bifactorial, two-loci system appears
to have evolved only once in fungi and has reverted multiple times
towards a unifactorial system. Two different forms of secondary
unifactoriality evolved, in which either the two mating-type loci
became physically linked or one of the two loci lost its function. We
argue that each of these two types evolved under different environmental selection pressures: loss of function for increased outbreeding
potential versus linkage for increased selfing (Figure 6).
Increasing knowledge on breeding systems in various groups of fungi
through whole-genome sequencing efforts, as well as intensive species
screenings, makes it possible to investigate the different hypotheses we
outline in this paper. Multiallelic unifactoriality is predicted to be
associated with a loss-of-function origin in which outbreeding is
optimized. Linkage is associated with a strong reduction in the number
of alleles owing to the restrictions on generating new alleles and the
benefits of selfing, which does not require high numbers of alleles.
Population genetic studies are critically needed to assess whether selfing
or outbreeding most often occur in nature and in association with
various genetic modes of inheriting mating compatibility factors.
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