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Agaricomycetes, the mushrooms, are considered to have a promiscuous mating system,

because most populations have a large number of mating types. This diversity of mating

types ensures a high outcrossing efficiency, the probability of encountering a compatible

mate when mating at random, because nearly every homokaryotic genotype is compatible

with every other. Here I summarize the data frommating type surveys and genetic analysis

of mating type loci and ask what evolutionary and ecological factors have promoted pro-

miscuity. Outcrossing efficiency is equally high in both bipolar and tetrapolar species

with a median value of 0.967 in Agaricomycetes. The sessile nature of the homokaryotic

mycelium coupled with frequent long distance dispersal could account for selection favor-

ing a high outcrossing efficiency as opportunities for choosing mates may be minimal.

Consistent with a role of mating type in mediating cytoplasmic-nuclear genomic conflict,

Agaricomycetes have evolved away from a haploid yeast phase towards hyphal fusions

that display reciprocal nuclear migration after mating rather than cytoplasmic fusion.

Importantly, the evolution of this mating behavior is precisely timed with the onset of

diversification of mating type alleles at the pheromone/receptor mating type loci that are

known to control reciprocal nuclear migration during mating. While reciprocal nuclear ex-

change may have released some of the restrictions on the evolution of multiple mating

types, it may also have fostered a nuclear “arms race” that favored the evolution of selfish

alleles with greater access to conspecific mycelia. Such selection could potentially increase

mating type diversity through rapid diversification of novel, more fully compatible forms or

may actually reduce outcrossing efficiency by skewing mating type allele frequencies to-

wards more selfish alleles. Distinguishing among the possible mechanisms involved in

promoting promiscuity will require extensive testing of correlates between allele number

and cytological, ecological, and demographic factors across a broad range of species.

ª 2015 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.
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1. Introduction. Why are mushrooms consid-
ered promiscuous?

What is promiscuous about the mushroom mating system?

Promiscuity can be defined as the practice of having sex

with multiple partners or being indiscriminate in the choice

of sexual partners. Both of these criteria are applicable to

themating system of themushrooms (Agaricomycetes) which

is highly sexual as well as promiscuous. At least three aspects

of the mushroom mating system facilitate promiscuity.

Firstly, unlike most other fungal groups, mushrooms by and

large have an obligately sexual life cycle. Secondly, mated

mushroom mycelium is heterokaryotic rather than diploid

(Anderson and Kohn, 2007). This heterokaryotic nuclear con-

dition facilitates subsequent unmating (return of the mated

nuclei to a homokaryotic state) as well as remating with a

different partner. Inmushrooms, because the haploid nucleus

can be considered a gamete, the heterokaryon is therefore, in

botanical terms, both a gametophyte and sporophyte. Lastly,

mushroom species have a very large number of mating types

(Brown and Casselton, 2001). Mating types distinguish groups

of individuals that are capable of mating outside but not

within a group. Thus, if there are a large number of mating

types in a given population, then any individual is capable of

mating with the majority of other individuals if matings

happen at random.

These three claims of promiscuity warrant further expla-

nation. First the obligate role of sex in themushroom life cycle

appears to be greater than that of other groups, though this

point has been seldom made. There are very few examples

of completely clonal or asexual species within Agaricomy-

cetes. Some known exceptions are Moniliophthora roreri, a

pathogen of cacao (Evans, 1981), Leucoagaricus gongylophorus,

the cultivated fungus of leaf cutter ants (Chapela et al., 1994),

though see (Mikheyev et al., 2006). Other potential exceptions

are Chaetospermum, a coelomycetous conidial fungus in the

early-diverging Agaricomycetes order Sebacinales

(Tangthirasunun et al., 2014), and Sporotrichum pruinosum, a

widespread conidial fungus that may have a teleomorph

related to Phanerochaete chrysosporium (Burdsall, 1981). Most

other fungal groups have many examples of solely asexual

species, with anamorphic forms common throughout classes

of Ascomycota, and the subphyla Pucciniomycotina and Usti-

laginomycotina of the Basidiomycota. For example many

rusts are considered imperfect and only make asexual spores

(aeciospores or urediniospores) (Petersen, 1974).

On the other hand, the presence of asexual or anamorphic

states as part of the complete mushroom life cycle has been

often overlooked (Brodie, 1936; Mukhin and Votintseva, 2002;

Walther et al., 2005). Both homokaryons and heterokaryons

are known to produce asexual (i.e., non-meiotic) spores in

the form of oidia, conidia, and chlamydospores. The asexual

spores may be limited to the homokaryotic or heterokaryotic

stage or may be found in both stages (K€ues et al., in press;

Nobre et al., 2014; Walther and Weiss, 2008). The production

of these asexual spores by heterokaryotic mycelia provides a

means by which homokaryons can be reformed, because

these asexual spores may be uninucleate and haploid (Cao

et al., 1999; James et al., 2008). Thus asexual sporulation of
heterokaryons also facilitates promiscuity through the

unmating and remating of nuclei. These extra copulations

allow nuclei to reassort which may provide fodder for sexual

selection. Asexual conidia could themselves be involved in

fertilization of homokaryons, acting as spermatia when they

land on compatible homokaryotic mycelium (Brodie, 1936).

Because of the avoidance of nuclear fusion after cell fusion,

heterokaryosis interjects remating as a central part of the life

cycle of an individual nucleus. Perhaps the best known and

most common route in which a nucleus can remate is the Bul-

ler phenomenon, when a heterokaryon mates with a homo-

karyon (Raper, 1966). When this happens one of the two

nuclei of the heterokaryon canmigrate into a recipient homo-

karyon. This form of unmating and remating allows nuclei to

reassort which, again, may provide fodder for sexual selection

or selection on growth or mycelial robustness (Nieuwenhuis

et al., 2011). The Buller phenomenon is not a laboratory phe-

nomenon; there is ample evidence from field studies that

nuclei in close proximity undergo reassortment

(Johannesson and Stenlid, 2004; Kay and Vilgalys, 1992;

Nieuwenhuis et al., 2013c; Ullrich, 1977), such that one nucleus

has clearly mated with multiple other nuclei.

Here I summarize the observed data for mating type allele

diversity to demonstrate the magnitude of the promiscuity

across the Agaricomycetes. Estimates of mating allele diver-

sity within a fungal species are hard to obtain, because they

require extensive crosses to find rare identical mating types

(Table 1). Most estimates of mating type allele diversity in

the Agaricomycetes are in the dozens to hundreds, with a

few outliers, such as the bird’s nest fungi for which three of

four examined species have one or more loci with less than

10 alleles. Bipolar species have a single mating type locus,

while tetrapolar species have twomating type loci, and one lo-

cus is known to encode for homeodomain transcription fac-

tors (HD), while a second locus encodes for pheromones and

pheromone receptors (P/R). In the bipolar species, the esti-

mates of diversity are similar to that observed at each of the

loci of tetrapolar species. Estimates of mating type diversity

can be used to calculate the outcrossing efficiency of a species,

or the probability that an outcrossing event between

randomly chosen gametes will be compatible, assuming an

idealized population with the observed allele numbers. The

expected outcrossing efficiency can be calculated assuming

random mating and equal frequencies of all alleles using the

equation: ((na�1)/na) ((nb�1)/nb), where na is the number of esti-

mated alleles at theHDmating type locus and nb is the number

of alleles at the P/R locus, using only the na term for bipolar

species. This leads to values > 0.95 for most species and a me-

dian value for Agaricomycetes of 0.967 (Table 1). Where mat-

ing systems are tetrapolar, there is a frequent statement

that there are tens of thousands of mating types. This might

be true by the definition of mating type, but the overall out-

crossing efficiency is limited by the number of alleles at the lo-

cus with the fewest alleles (K€ues et al., 2011), a point glossed

over by many mating system enthusiasts. Therefore, even

though some tetrapolar species may have tens of thousands

of “mating types”, no tetrapolar species has an outcrossing ef-

ficiency greater than a bipolar species with 100þmating types

(Table 1). There is still much to learn about the implications of



Table 1 e Summary of mating type numbers across species of Agaricomycetes. Values shown are reported estimates of
total alleles, with observed values in parentheses. Where known, the HD mating type locus represents the locus encoding
homeodomain transcription factors and the PR mating type locus the pheromone/receptor encoding locus. Where that
information is not available, the locus with the most alleles is randomly assigned to HD. In bipolar species, the values are
listed under HD. N [ number of fruiting bodies investigated. When mating types, somatic incompatibility, or other loci
suggested identical genotypes had been sampled, those data were considered to be only one sample. The values are not
corrected for instances were nuclei may be shared across genotypes, and such scenarios may indicate mating through the
Buller phenomenon (specifically estimates for Heterobasidion annosum and Sistotrema brinkmannii (Group II-2).
OE [ maximum outcrossing efficiency is the probability of two randomly chosen homokaryons being compatible,
assuming all alleles are found at equal frequency. Aminimumnumber of 8 fruiting bodies were used for estimates shown.

Species N HD P/R OE Ecology Taxonomy Reference

Sistotrema brinkmannii

(Group II-2)

31 219 (55) 0.995 Wood Corticiales (Ullrich and Raper, 1974)

Coprinellus disseminatus 24 123 (40) 0.992 Wood Agaricales (James et al., 2006)

Ganoderma boninense 52 195 (81)c 218 (83)c 0.990 Wood Polyporales (Pilotti et al., 2003)

Ceriporiopsis carnegieae 18 90 (29) 0.989 Wood Polyporales (Lindsey and Gilbertson, 1977)

Pleurotus populinus 30 126 (49) 354 (56) 0.989 Wood Agaricales (Anderson et al., 1991)

Exidiopsis plumbescens 16 large (32) 86 (27)c 0.988 Wood Auriculariales (Wells and Wong, 1985)

Lentinula edodes 94a 121 (66) 151 (72) 0.985 wood Agaricales (Lin et al., 2003)

Schizophyllum commune 114 288 (96) 81 (56) 0.984 Wood Agaricales (Raper et al., 1958)

Heterobasidion irregulare 32 61 (40)c 0.983 Tree pathogen Russulales (Chase and Ullrich, 1983)

Spongipellis unicolor 24 112 (39) 112 (39) 0.982 Tree pathogen Polyporales (Eggertson, 1953)

Coprinopsis cinerea 33 164 (31) 79 (27) 0.981 Dung Agaricales (Day, 1963)

Trichaptum abietinum 14 200 (26)e 70 (23) 0.981 Wood Polyporales (Fries and Jonasson, 1941)

Pleurotus djamor 22a 58 (19) 231 (21) 0.979 wood Agaricales (James et al., 2004)

Gymnopus subnudus 10 45 (16) 0.978 Litter Agaricales (Murphy and Miller, 1997)

Fomitopsis cajanderi 18 33 (19) 0.970 Wood Polyporales (Neuhauser and Gilbertson, 1971)

Piptoporus betulinus 201b 30 (28) 0.967 Tree pathogen Polyporales (Burnett 1965 p. 108)

Sparassis crispa 18 23 (17)c 0.957 Tree pathogen Polyporales (Martin and Gilbertson, 1978)

Fomitopsis palustris 50a 20 (19) 0.950 Wood Polyporales (Raper, 1966 p. 107)

Agaricus bisporus var.

burnettii

23 (18) 13 0.944 Soil Agaricales (Imbernon et al., 1995)

Armillaria luteobubalina 8 18 (11)c 14 (10)c 0.944 Tree pathogen Agaricales (Kile, 1983)

Laccaria bicolor 28 44 (32)c 27 (24)c 0.941 Ecto-mycorrhizae Agaricales (Raffle et al., 1995)

Cyathus stercoreus 12 39 (15) 24 (13) 0.934 Dung/wood chips Agaricales (Malloure and James, 2013)

Agrocybe aegerita 13 30 (18) 25 (16) 0.928 Wood Agaricales (No€el et al., 1991)

Auricularia polytricha 13 44 (20)c 18 (14)c 0.923 Wood Auriculariales (Wong and Wells, 1987)

Marasmiellus praeacutus 8 19 (11) 28 (12) 0.914 Wood Agaricales (Murphy and Miller, 1997)

Mycocalia denudata

(Group II)

8 9 (7) 0.889 Wood/dung/litter Agaricales (Burnett and Boulter, 1963)

Laccaria longipes 17 17 (14) 18 (14) 0.889 Ecto-mycorrhizae Agaricales (Doudrick et al., 1990)

Marasmius oreades 16 8 (8)c 0.875 Soil Agaricales (Mallett and Harrison, 1988)

Crucibulum vulgare 15 3 (3) 15 (11) 0.622 Wood/wood chips Agaricales (Fries, 1942)

Cyathus striatus 9 4 (4) 5 (5) 0.600 Wood/wood chips Agaricales (Fries, 1940)

Serpula lacrymans var.

lacrymans

10 4 (4) 5 (5) 0.600 Wood Boletales (Schmidt and Moreth-Kebernik, 1991)

Tremella mesenterica 46 146 (68) 2 (2) 0.497 Mycoparasite Tremellales (Wong and Wells, 1985)

Ustilago maydisd 62a 21 (18) 2 (2) 0.476 Plant pathogen Ustilaginales (Puhalla, 1970)

a Indicates number of homokaryotic strains tested.

b Ploidy of strains uncertain.

c Values were newly estimated using the method of (O’Donnell and Lawrence, 1984).

d This member of the smut fungi (Ustilaginomycetes) is shown for comparison.

e Indicates uncertainty regarding which mating locus was HD versus PR.
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tetrapolar vs. bipolar mating systems in natural populations

and why these transitions have occurred so frequently

(Nieuwenhuis et al., 2013a).

This paper is written in memoriam to Dr. Lorna Casselton,

a leading figure in mycology who helped usher in the era of

molecular biology to the field of mushroom genetics. Her

work on chimeric, self-activating mating type mutants of

Coprinopsis cinerea laid the foundation for molecular analysis

of mushroom mating type genes (K€ues et al., 1994; Olesnicky

et al., 1999), which provided great insights in understanding
how promiscuity is generated at the mating type loci. Her

work with transformation also cleared many of the obstacles

needed for robust tests of gene function (Binninger et al.,

1987; Mellon and Casselton, 1988). The passion she showed

for understanding how mating type genes of Coprinopsis cin-

erea promote promiscuity is the inspiration for this paper

(Brown and Casselton, 2001; Casselton and K€ues, 2007). The

goal of the rest of this paper is to discuss the why part of

why are mushrooms promiscuous. Why questions are hard

in biology, because they seek to understand causation or at
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least perseverance in an ever-changing world. As you will see

if you persevere in reading this paper, the answer is not

entirely clear. But the phenomenon is so interesting and

fundamental to the life cycles of this most sexually diverse

group of fungi, that a number of hypotheses can be put for-

ward that hopefully could be tested in the future.

2. Evolutionary hypotheses and patterns to
explain promiscuity

First I will clarify what are fungal mating types and then

discuss how mating types and mating systems promote out-

crossing. Then I will review the phenomenon of multiple mat-

ing types or sexes across the eukaryotes and lastly discuss

three hypotheses that might explain why Agaricomycetes

have multiple mating types while other fungi do not.

Mating types vs. sexes

The term sexes should be restricted to organisms with

compatibility groups defined by the presence of morphologi-

cally distinct parents and/or gametes during sex. Isogamous

species, including many unicellular organisms, are consid-

ered to have mating types rather than sexes. Sex in fungi is

roughly equally split along the anisogamous (most molds,

cup fungi, lichens, rusts) and isogamous (zygomycetes, yeasts,

smuts, jelly fungi, mushrooms) lineages. However, anisoga-

mous fungi are all hermaphroditic, meaning individuals can

produce both male and female gametes, and for this reason

anisogamous fungi also have mating types rather than sexes.

There is ample theory explaining why sexes andmating types

mostly come in twos (Hurst, 1995, 1996; Iwasa and Sasaki,

1987; Power, 1976). Most of these theories involve either the

stability of systems with large and small gametes controlled

by sex or systemswhere sex controls cytoplasmic inheritance.

The role of mating types in controlling outbreeding/inbreeding
ratios

In heterothallic fungal species,mating types enforce outcross-

ing and therefore prevent haploid-selfing which would lead to

genome-wide homozygosity. Selfing at the diploid level, i.e.,

amongmeiotic progeny of a diploid, however, is not prevented

by mating types, and is a form of inbreeding that reduces het-

erozygosity and may lead to inbreeding depression. Tetrapo-

lar species are hypothesized to experience less inbreeding

than bipolar species because the intercompatibility of sibling

monokaryons is 50 % lower (Nieuwenhuis et al., 2013a).

Despite the free-living homokaryotic stage ofmushroom fungi

that should purge deleterious recessive alleles, there appears

to be evidence that they suffer from inbreeding depression

when examined in the lab (Malloure and James, 2013; Xu,

1995). If these limited studies on inbreeding depression are

applicable to the broader group of mushrooms, then there

may be strong selection to avoid inbreeding which fits in

well with data that show populations of mushroom fungi

are often highly outcrossing, with a panmictic population

structure (Kauserud and Schumacher, 2003). Given, then,

that many mushrooms are highly outcrossing, the greater
outcrossing efficiency provided by increased mating type

allele diversity should be naturally selected so as to reduce

the incompatibility genetic load (dead-end matings), or the

amount of wasted mating opportunities suffered due to mat-

ing between incompatible partners (Crow and Morton, 1960).

What organisms have multiple mating types?

In order to understand why systems with multiple mating

types or sexes are so rare, it is worth investigating the phylo-

genetic distribution and life cycles of themulti-sex anomalies.

Withstanding a few poorly known exceptions, only Agarico-

mycetes, ciliates, and slime molds (Dictyosteliomycetes and

Myxomycetes) have multiple mating types. All species are

isogamous. Estimated mating type numbers range from 3 to

354 per locus (Table 1) in Agaricomycetes, 2e100 in ciliates

(Phadke and Zufall, 2009), 2e18 in Myxomycetes (Clark and

Haskins, 2010), and 2e7 in Dictyosteliomycetes (Bloomfield,

2011; Mehdiabadi et al., 2010). There are no commonalities to

the mating systems of these anomalies, but one similarity be-

tween Agaricomycetes and ciliate mating systems is that in

both, conjugating parents exchange nuclei but not cytoplasm

and organelles such as mitochondria (Casselton and Condit,

1972; Roberts and Orias, 1973), whereas in slimemolds, amoe-

boid gametic stages undergo complete plasmogamy. Despite

this one similarity, these three groups of organisms have

numerous differences in their life cycles. For example, ciliates

are highly motile, whereas mushrooms and slime molds rely

on spores for long distance dispersal. Another difference is

that cell conjugation in ciliates (Kuhlmann et al., 1997) and

slimemolds (Youngman et al., 1981) only, or preferentially, oc-

curs between different mating types as opposed to mush-

rooms in which fusions are not mating type controlled

(Raudaskoski, 2015). An additional difference between ciliates

and slime molds versus the mushrooms is that mating types

often are as few as two within a species (Phadke and Zufall,

2009), whereas a diversity of less than three mating types is

essentially unobserved in mushrooms (Table 1).

Exceptions to the taxonomic patterns are few and poorly

documented. Three mating types are reported in the dinofla-

gellate Alexandrium excavatum (Destombe and Cembella,

1990). In the Ascomycota, there is only one report of multiple

mating types; the species Glomerella cingulata is reported to

have three (Cisar and TeBeest, 1999), and there is only one in

the non-Agaricomycete basidiomycetes, the smut fungus

Sporisorium reilianum (Schirawski et al., 2005), which has three

mating types at one locus and five at a second locus. Low di-

versity of mating types (specifically two) extends throughout

most Pucciniomycotina, Ustilaginomycotina, and even the

Tremellomycetes of the Agaricomycotina where these life cy-

cles have what is known as a modified tetrapolar system with

two alleles at the mating type locus encoding pheromone re-

ceptors yet often dozens at an unlinked HD mating type locus

(Wong and Wells, 1985) (Fig. 1). In contrast to the Agaricomy-

cetes, in the modified tetrapolar species fusions are dictated

by the alleles at the pheromone/pheromone receptor locus,

and the second locus (the homeodomain encoding) functions

to determine compatibility after cytoplasms are mixed. As I

argued above, I think it is inappropriate to consider these

two systems to have a high number of mating types as



Fig. 1 eMajor evolutionary trends in themating genetics and cell biology leading to the Agaricomycetes. Phylogeny based on

(Hibbett et al., 2014). Character evolution mapped on tree based on several publications (Ingold, 1983; K€ues et al., 2011; Lee

et al., 2010; Van Driel et al., 2009).
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outcrossing efficiency (and fusion) is solely determined by the

locus with fewer alleles.

The three phylogenetic instances of multiple mating types

in mushrooms, slime molds, and ciliates are certainly not the

limits to the phenomenon but likely reflect the difficulty of

demonstrating it. Many more are predicted to exist by general

theory (Iwasa and Sasaki, 1987). To test for multiple sexes a

large number of single genotype cultures must be obtained

and they must be amenable to experimental crossing. Predic-

tions are that organisms that reciprocally exchange nuclei

during the mating process are more likely to evolve multiple

mating types.

Major hypotheses on the origin and maintenance of promis-
cuity and their predictions

The origin ofmating types has been recently reviewed (Billiard

et al., 2011), and Iwillmerely attempt here to present themajor

hypotheses that explain why there should or should not be

more than two mating types and then discuss how they

conformwith thedata andbiology ofAgaricomycetes. As there

is probably a single origin of mating types in Dikarya, an infer-

ence based on the shared presence of transcriptional regula-

tion of pheromone control (Kronstad and Staben, 1997), this

question reduces to what are the factors that keep allele

numbers from increasing or have facilitated their increase.

The mating kinetics model
Iwasa and Sasaki (1987) modeled the predicted number of

mating types under varying types of “mating kinetics”. These

mating kinetics reflect how quickly mating partners are found

and the number of opportunities to find amate.When there is

no cost for waiting to mate, i.e., being choosy, then there are

no stable equilibria with more than two mating types. On

the other hand, if there is only a single opportunity to mate

and mating occurs in proportion to mating type abundance,
this imposes a high cost to those who do not find partners

and provides a rare advantage. This leads to an ever-

increasing number ofmating types at equal frequency, limited

only by their ability to be generated by mutation and to be

maintained by balancing selection versus genetic drift. This

model could support the observations that only mushrooms

among fungi have large numbers of mating types. Specifically,

yeasts signal and communicate with pheromones and are less

sessile than mushrooms, giving them more opportunities to

find partners. Likewise, filamentous ascomycetes and rusts

produce aerial gametes (spermatia) that make them more

vagile (Hiscock and K€ues, 1999). Furthermore, the cost of not

finding a partner in mushrooms is potentially larger than

other fungi, because most species are obligately sexual and

outcrossing. Mushroom basidiospores have evolved for long

distance dispersal; billions are made per generation, and

therefore the odds of any one surviving to reproductive matu-

rity are vanishing, suggesting most spores contribute nothing

to the next generation. Despite the fact that most spores only

travel a minimal distance from the fruiting body of origin

(Dam, 2013; Galante et al., 2011), the low dispersal cohort is

likely composed of numerous interacting conspecific and sib-

ling mycelia, whereas the rare spores that disperse a long dis-

tance to arrive in prime habitat are strongly selected to be

intercompatible, facilitating the evolution of a system with

very high outcrossing efficiency. Lastly, because it is believed

that hyphal fusion in the Agaricomycetes happenswithout re-

gard to mating compatibility, the cost of incompatibility is

even higher. Among the predictions of the mating kinetics

model are that allele number scales with effective population

size and is influenced by substrate because this dictates mean

parent-offspring spatial distance.

The origins models
There are a numbermodels on the origin ofmating types from

zero that are rather mechanistically explicit and cause
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implicit constraints on the likelihood of a third or more mat-

ing type invading the population (Billiard et al., 2011). Thus, or-

iginsmodels, as considered here, provide rules to explain why

multiple mating types seldom evolve. Where Agaricomycetes

violate thesemodel assumptions, therein reveals the explana-

tion for why they can evolve multiple mating types.

Probably the most widely championed is the organelle in-

heritance model (Hurst and Hamilton, 1992). In this model,

mating types evolved as a way to neutralize the negative im-

pacts of selfish organellar genomes. The model hypothesizes

that an ultracompetitive cytoplasmic genotype evolves that

eliminates or out-replicates that contributed by the other

parent during cytoplasmic fusion of gametes. Unchecked,

such a selfish element is expected to go to fixation. A nuclear

suppressor may arise that can lead to suppression of this

competition by preventing its own cytoplasmic genome

from killing. Both suppression and presence of ultracompeti-

tive cytoplasmic elements are envisaged as having a cost,

and therefore matings between suppressor þ non-suppressor

phenotypes which have enforced uniparental inheritance

have the maximal fitness. This scenario selects for the evolu-

tion of a choosy allele that favors matings between cells of

different suppression types. In this manner a mating type lo-

cus can be established that controls uniparental cytoplasmic

inheritance. This model has great appeal in that it fits with

the known systems by which mating type loci control the in-

heritance of organellar DNA in isogamous organisms like the

alga Chlamydomonas reinhardtii (Gillham, 1969), the slime

mold Physarum polycephalum (Moriyama and Kawano, 2003),

basidiomycete yeasts and the zygomycete Phycomyces (Xu

and Wang, 2015). The cytoplasmic fusion of gametes is pre-

dicted to lead to constant selection for ultracompetitive cyto-

plasmic genomes, and if the mating type locus controls

cytoplasmic inheritance, it becomes difficult to maintain

more than two mating types (Hurst, 1995, 1996). Therefore

themodel also explains the presence of multiple mating types

inmushrooms and ciliates as a result of the fact that these or-

ganisms do not undergo cytoplasmic fusion duringmating but

rather have reciprocal nuclear exchange. Nuclearmigration in

Agaricomycete mating is controlled by the P/Rmating type lo-

cus encoding pheromones and their receptors (Brown and

Casselton, 2001). Nuclear migration, which can occur at rates

as high as 4 cm/hr (Ross, 1976) and involves the dissolution of

the septal pore complex occluding the passages between cells

(Raper, 1966), is phylogenetically timed with the origin of

hyper-polymorphic pheromones and receptors at the P/R lo-

cus, the switch to a filamentous homokaryon from a haploid

yeast stage, and increasingly complex septal pore ultrastruc-

ture (Fig. 1). Whether this occurred as a series of events or

concomitantly is unclear due to the paucity of mating studies

on Dacrymycetes and other early diverging Agaricomycotina.

For all basidiomycetes that have cytoplasmic fusion rather

than nuclear migration, the number of mating types is low (at

maximum three). Many of the early diverging basidiomycetes

have evolved morphological adaptation during mating in

which there is minimal cytoplasmic mixing of gametes, such

as the long bridge formed by fusion of conjugation tubes be-

tween gametes from which the dikaryon often, but not al-

ways, emerges, e.g., Ustilago and Tremella (Bandoni, 1963;

Snetselaar and Mims, 1992). However, this gametic fusion
mechanismmay actually increase competition amongst cyto-

plasmic organelles as they race to enter the developing

dikaryon. Long conjugation bridges coupled with unidirec-

tional nuclear migration across the bridge as reported in Cryp-

tococcus neoformans (McClelland et al., 2004), may be the means

by which uniparental cytoplasmic inheritance is generated

and in which the negative impact of cytoplasmic warfare is

reduced. Ultimately, if the cytoplasmic inheritance model

accurately describes why mating type numbers remain low

in most groups of basidiomycetes, it would predict that if spe-

cies of basidiomycete yeasts are discovered with bidirectional

migration across a conjugation bridge into fusing gametes,

then these would evolve a multitude of mating types at the

P/R locus and a higher outcrossing efficiency. The cereal smuts

are an excellent system to test some of these predictions, as

the group has 2e3 mating types at the a MAT locus which is

known to control uniparental mitochondrial inheritance in

Ustilago maydis through the action of two genes (lga2 and

rga2) (Fedler et al., 2009). It has been recently shown that the

origin of the third mating type is ancient, occurring at least

90 mya (Kellner et al., 2011), however the majority of species

have only a two alleles, showing the partial instability of the

three mating type system. Understanding how cytoplasmic

inheritance has evolved in concert with mating type over

the phylogeny of cereal smuts would be an excellent test of

the organelle inheritance theory for limiting mating type

diversity.

Two other originsmodels both explain the origin of mating

types and provide a constraint on the evolution of more than

two mating types. In the “by-product” model a pan-sexual

gamete type with a pheromone and a receptor evolves into

two mating types by the loss of the pheromone in one mating

type and the loss of the receptor in the other (Billiard et al.,

2011; Hoekstra, 1982). After establishment of such a system,

a third mating type is unable to evolve because it cannot be

compatible with both of the existing mating types. In the

“anisogamy consequence” model, following the establish-

ment of anisogamous gamete types, a mating type locus

evolves to enforce fusion between large and small gamete

types to achieve maximal fitness (Billiard et al., 2011; Parker,

1978). As it stands, neither the by-product nor anisogamy

consequence models are clearly related to observed con-

straints on mating type number in fungi. Anisogamy in fungi,

where known, is always linked to hermaphroditism and has

never evolved to be mating type specific. Pheromones and

their receptors, likewise, always come in full complements,

where both mating types have both receptor and pheromone

genes in their genomes (except perhaps in zygomycetes) (Lee

et al., 2010). Moreover, essentially all Ascomycetes have the

same set of pheromones (a and a factor) and receptor genes

and use differential gene expression to produce and secrete

a mating type-specific signal that is used for mating (Hiscock

and K€ues, 1999). This is fundamentally different in Basidiomy-

cetes where the a-factor pheromones and receptors have

become mating type-specific by their genes being incorpo-

rated into a separate MAT locus (Fig. 1).

Although the organelle inheritance model has the best fit

to the observed patterns of release from the origins imposed

constraints in Agaricomycetes, it suffers from being a single

phylogenetic event, concomitant with other cellular features,
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andmoreover not linked to the origin of mating types in fungi

as this long predated the evolution of the Dikarya (Fig. 1).

Moreover, there have been theoretical developments that sug-

gest mating types may not have arisen to control cytoplasmic

inheritance (Hadjivasiliou et al., 2013). On the other hand, the

early diverging groups of Basidiomycota mate through cyto-

plasmic fusion and have uniparental inheritance controlled

by mating type, which fits well with the model’s prediction

that more than two mating types are unlikely to be stably

maintained. As a group, the organelle inheritance and all

other originsmodels fail to explain the lack ofmultiplemating

types in other branches of the tree where mating type is

neither controlling organellar inheritance, gamete size, nor

receptor-ligand presence.

The selfish nucleus model
A hypothesis that has yet to considered is that the long-lived

heterokaryotic phase that so characterizes Agaricomycete

mycelia, creates an arena that selects for high numbers of

mating types. Mushroom heterokaryons have been likened

to superorganisms (Rayner and Franks, 1987), because they

may be comprised of multiple genetically different nuclei

that together cooperate within a single mycelium, but only a

portion (in space and genotype) actually contributes to repro-

duction. Studies in the field reveal that Agaricomycete

mycelia quite often consist of more than two nuclear compo-

nents (Anderson and Catona, 2014; Johannesson and Stenlid,

2004; Murata et al., 2005), and in the lab, trikaryons with three

nuclear genotypes have been synthesized and readily main-

tained (James et al., 2009). Thus, although the concept of the

individualistic mycelium showing somatic incompatibility be-

tween dikaryons has received much credibility through field

and lab studies (Rayner, 1991), it appears that chimeric indi-

viduals are more common than appreciated. While these chi-

meras can facilitate the superorganism behavior of the

mycelium, they could also facilitate the evolution of selfish ge-

notypes, i.e., nuclei which have increased competitive abili-

ties with respect to access to conspecific migration and

partitioning into asexual spores (Rayner and Franks, 1987).

Genes involved in generating these selfish behaviors are un-

known, but leading candidates aremating type genes, because

the mating type loci override the expression of somatic in-

compatibility observed between genetically distinct mycelia

(Rayner, 1991). I hypothesize that multiple mating type alleles

are required for creating higher order heterokaryons, because

mating type genes control nuclearmigration and communica-

tion (Brown and Casselton, 2001). Thus, a rare mating type

would be advantageous for exploiting and reassorting with

the largest number of other nuclei during mycelial encoun-

ters, and new or rare mating types should rapidly invade a

population. Selfish nuclei may be able to use the sharedmyce-

lial connections to extract resources from other genotypes

and use them for growth and reproduction, e.g., somatic cell

parasitism (Buss, 1982; Coates and Rayner, 1985).

This hypothesis is partially supported by data showing that

mating type controls nuclear identity, migration, and sexual

selection (Brown and Casselton, 2001; Crowe, 1963;

Nieuwenhuis et al., 2013b). This model predicts a more rapid

turnover of mating types than other models through the

consistent evolution of more “sexy” alleles that allow greater
access to mycelia. This selection for alleles of higher male

fertility, be they more compatible or promote greater access

to other mycelia through nuclear migration, could promote

diversification of both pheromone and receptor alleles

through sexually antagonistic selection as seen in other repro-

ductive proteins, such as sperm accessory proteins (Clark

et al., 2009;Wong andWolfner, 2012). Thiswould arise because

for example, the traits that promote greater male function,

nuclear invasion/migration, have a direct negative impact on

female function, through increased competition and resource

depletion on the female side (accepting mycelia). On the other

hand, although explaining the origin and maintenance of

multiple mating types, the model is expected to lead to less

promiscuity than other models because of the rise of selfish

alleles that skew allele frequencies and cause the loss of

rare alleles. One prediction of the model is that species that

have multiple nuclei per heterokaryotic cell rather than the

two observed in dikaryotic species would should have lower

numbers of mating types and higher allele skew due to the

increased competition, sexual selection, and selfish behavior

promoted by this nuclear arrangement (Coates and Rayner,

1985; James et al., 2008).
Synopsis and prognosis

No theory fully explains the evolution of more than two mat-

ing types across the eukaryotes as it seems to be intrinsically

different in ciliates, slimemolds andmushrooms. Agaricomy-

cetes are unique among the fungi by having nuclear exchange

rather than cytoplasmic fusion during mating, frequent but

costly sex (fusion without regard to incompatibility), coupled

with sessile growth and low chances of finding a partner. Dis-

tinguishing among these theories could rely on the fact that

the selfish nucleus hypothesis predicts that there would be

greater skew in allele frequencies as some alleles are more

sexy while the mating kinetics hypothesis argues that all al-

leles should be equivalent. The organelle inheritance model

predicts that nuclear migration proceeded the evolution of

multiple mating types of P/R. This could be tested by looking

at mating in more of the earlier Agaricomycotina, especially

Dacrymycetes. In the next Section I discuss the additional

ecological and cytological correlates of mating allele diversity

that may be used to test these three models. As mentioned,

surveys of mating allele diversity are hard to conduct, but as

population genomics with large sample sizes becomes more

routine, these data will soon be readily accessible. Future

emphasis will also need to be placed on cytological studies

of nuclear migration, septal ultrastructure, and molecular

and genetic studies of pheromone production and function.
3. Ecological and morphological patterns that
are expected to correlate withmating type number

Regardless of why mating types evolved in the first place,

what determines their numbers are likely multiple factors

including mating kinetics, population biology, cell biology,

and spore dispersal. If this assertion is true then there are

several ecological and morphological traits that are expected

to correlate withmating type numbers for each species. Below
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I highlight some of these factors. According to the mating ki-

neticsmodel the central driver of allele diversity is the optimi-

zation of outcrossing efficiency relative to the cost of not

finding a mate. In cases where the odds of finding a mate

are low, selection should promote mating type diversity. On

the other hand, under the selfish nucleus model, selection

on nuclear types for the purposes of exploiting other mycelia

is expected to lead to skews in mating allele frequencies, as

not all alleles have the same competitive abilities, and thus

in species where traits facilitate selfish nuclear behaviors

fewer mating type alleles are expected.

Habitat preference

Some correlations between mating system and substrate have

already been noted for Agaricomycetes (Bayman and Collins,

1989; Gilbertson, 1980). These correlations relate the selective

pressure for fast reproduction with the need for inbreeding

avoidancemechanisms. Substrates should be variably selective

for outcrossing efficiencies. For example, given that dung is an

ephemeral and patchy resource, there is a high cost of not

finding a partner quickly, hence the selection for dung inhabit-

ing species tobehomothallic. Likewise, the smaller the resource

colonized, the less a homokaryotic mycelium will have to be

choosy about a partner. In general, dung-inhabiting mush-

rooms should be selected for high mating type numbers when

they are heterothallic, as observed for Coprinopsis cinerea

(Table 1). Long-lived soil inhabiting species, such as the fairy

ring mushroom Marasmius oreades and Armillaria spp., should

have fewer mating types under the mating kinetics model.

Effective population size

One constraint on maximum allele number is likely to be

effective population size, a population genetic concept

relating the genetic diversity of the population in question to

that maintained by a given number of individuals in a

randomly mating, idealized population. This value often dif-

fers from the census population size because of unequal

fecundity among parents or historical bottlenecks. Under the

mating kinetics model, rare mating types are always favored

by negative frequency dependent selection, and the limit of

how many alleles can be maintained is an equilibrium be-

tween loss by genetic drift and creation by mutation (or

recombination). In this scenario, species like Schizophyllum

commune which have huge effective population sizes as

measured by genetic diversity (Baranova et al., 2015) also

have high mating type diversity (Table 1). In contrast, largely

inbreeding species like bird’s nest fungi (Malloure and

James, 2013) with smaller effective population sizes are shown

to have lower mating type diversity (Table 1).

Spore dispersal mechanism

Spore dispersal is intimately linked with mating kinetics.

Agaricomycete species that are eaten by herbivores, such as

bird’s nest fungi, stink horns, truffles, and other hypogeous

fungi must have evolved under higher inbreeding because

multiple spores from the same fruiting body are deposited

into a substrate by animals. These species are expected to
have lower mating type allele diversity as the costs of not

finding a mate are less likely to be realized and inbreeding is

likely. For epigeous species, if height is any indication of

how far a species is likely to be dispersed, then costs to not

finding a mate are higher, leading to greater selection for out-

crossing efficiency. Predictions are that genera such as Pleuro-

tus, Fomes, and Ganoderma that fruit high above the ground on

standing wood should have species with high numbers of

MAT alleles (Table 1).

Cytology

Inmanymushrooms the number of nuclei per cell in a hetero-

karyon is strictly limited to two, and dividing dikaryotic cells

are usually distinguished by the presence of characteristic

clamp connections involved in partitioning nuclei faithfully

into cells (K€ues, 2000). These cellular constraints limit the abil-

ity of higher order heterokaryons to form, confine interactions

between nuclei to pairs, and thus limit the capacity for nuclei

to behave selfishly. However, for >30 % of Agaricomycete spe-

cies, the number of nuclei per heterokaryotic cell is greater

than two and the presence of clamp connections irregular or

absent (Boidin, 1971). Under the selfish nucleus hypothesis

such species that have cellular pre-dispositions to forming

higher order heterokaryons or unequal ratios of component

nuclei would be subject to invasion by selfish mating types

that drive out raremating types. The rate of nuclearmigration

during mating is observed to vary over at least two orders of

magnitude (Ross, 1976). The selfish nucleus hypothesis also

predicts that species with high rates of nuclear migration

may foster nuclear competition and mating allele skews.

Presence of asexual spores

The production of conidia or oidia on a heterokaryotic myce-

lium facilitates reassortment of nuclei andwould increase op-

portunities for selfish nuclei to exploit mating partners. For

example, inmany species, the biased recovery ofmating types

among asexual and homokaryotic spores of heterokaryotic

mycelium has been observed several times (James et al.,

2008; Kitamoto et al., 2000). Under the selfish nucleus hypoth-

esis, we would expect to see fewer mating types in species

that make these spores. However, conidia could also function

as a means to overcome the high cost of not finding a partner.

Specifically, asexual sporulation of non-mated homokaryotic

mycelia may be ameans of dispersing from substrates lacking

a compatible mate for colonization of additional substrates

and continued search for compatible mates. This form of

dispersal would reduce the cost of not finding a mate quickly

and may reduce the pressure on outcrossing efficiency. The

mating kinetics model predicts lower mating type diversity

in species that make asexual spores in the homokaryotic

state, while the selfish nucleus model predicts lower mating

type diversity in species that make asexual spores in the het-

erokaryotic state.

Mating system

Tetrapolarity predominates among the two forms of hetero-

thallic mating systems, and bipolarity seems to be irreversibly



Why mushrooms have evolved to be so promiscuous 175
evolved from tetrapolar (Nieuwenhuis et al., 2013a). In every

case in which bipolarity has evolved in Agaricomycetes, it

involved the loss of mating types at the P/R mating type locus

that encodes pheromones and their receptors (Heitman et al.,

2013). Because the pheromones and receptors are involved in

nuclear migration and positioning, the switch to mating type

determination being regulated solely by the HD mating type

locus predicts that bipolar species may have different allele

numbers because of different internuclear dynamics or mat-

ing kinetics. Bipolar species, in general, have greater potential

for inbreeding than tetrapolar, especially through

heterokaryon-homokaryon encounters. It has been specu-

lated that bipolar species have lower numbers of mating

type alleles per locus than tetrapolar (Raper, 1966), though

themore recent appraisal of the data do not support this claim

(Table 1).

In order to test whether the above correlates fit the

observed patterns of diversity many more species need to be

examined, and both allele number and ideally frequency

would be estimated. Stringent tests of the above correlations

should use phylogenetically corrected data to factor out

shared evolutionary history (Felsenstein, 1985). Despite the

temptation to analyze the existing data, it is probably too early

to adequately test correlations between morphological and

ecological traits and mating type numbers as those traits are

highly labile within the lower taxonomic levels (families and

even genera). Additional surveys of mating type number in

more ecologically and morphologically diverse mushroom

groups are needed.
4. Conclusions

Mushrooms are distinct among all eukaryotes in having both a

long-lived heterokaryotic phase and high numbers of mating

types. However, it should be clarified that the statement that

they have tens of thousands of mating types is in direct con-

flict with their function. Instead emphasis needs to be placed

on theminimumnumber of mating types per locus whichwill

determine the overall outcrossing efficiency. If there is a

deeper explanation for why only three major groups of eu-

karyotes have regularly maintained more than two mating

types, it is unclear as mushrooms, ciliates, and slime molds

have dramatically different mechanisms for finding a partner

and creating a zygote. On the other hand, reciprocal nuclear

exchange without cytoplasmic fusion is a common thread

that unites the two examples of truly high polymorphism of

mating types in ciliates and mushrooms; and this seems too

much to be coincidence. Cytoplasmic fusion in early diverging

basidiomycetes may have limited them to low numbers of

mating types (usually two), and thus one answer to why

mushrooms are promiscuous may be the evolution of recip-

rocal nuclear migration during mating. This innovation in ba-

sidiomycetes is coincident with the explosive allelic

diversification of pheromone receptors of the P/R mating

type locus and with the evolution of filamentous haploid

stages. Within mushrooms, it seems mating kinetics as well

as population genetic diversity must also play a role in deter-

mining how many mating types are in each species. While

most models to explain the vast number of mating types in
mushrooms argue that outcrossing efficiency is the primary

goal, it may be that the unique long-lived heterokaryotic stage

of mushrooms provided the training grounds upon which the

semi-autonomous nuclei could evolve selfish behavior as

determined by mating type genes.

Acknowledgments

I thank Ursula K€ues for the invitation to write this manuscript

in memorium to Dr. Lorna Casselton. Thanks to Ursula K€ues

and two anonymous reviewers for helpful comments that

improved the manuscript. Thanks also to Hal Burdsall for dis-

cussions on anamorphic Agaricomycetes.
r e f e r e n c e s

Anderson, J.B., Catona, S., 2014. Genomewide mutation dynamic
within a long-lived individual of Armillaria gallica. Mycologia
106, 642e648.

Anderson, J.B., Kohn, L.M., 2007. Dikaryons, diploids, and evolu-
tion. In: Heitman, J., Kronstad, J.W., Taylor, J., Casselton, L.
(Eds.), Sex in Fungi: Molecular Determination and Evolutionary
Implications. ASM Press, Washington, D. C., pp. 333e348

Anderson, N.A., Furnier, G.R., Wang, A.S., Schwandt, J.W., 1991.
The number and distribution of incompatibility factors in
natural populations of Pleurotus ostreatus and Pleurotus sapidus.
Can. J. Bot. Rev. Can. Bot. 69, 2187e2191.

Bandoni, R.J., 1963. Conjugation in Tremella mesenterica. Can. J. Bot.
41, 467e474.

Baranova, M.A., Logacheva, M.D., Penin, A.A., Seplyarskiy, V.B.,
Safonova, Y., Naumenko, S.A., Klepikova, A.V.,
Gerasimov, E.S., Bazykin, G.A., James, T.Y., Kondrashov, A.S.,
2015. Extraordinary genetic diversity in a wood decay mush-
room. Mol. Biol. Evol. 32, 2775e2783.

Bayman, P., Collins, O.R., 1989. Homothallism in Coprinus patouil-
lardii: distribution and variation. Mycologia 81, 728e734.

Billiard, S., Lopez-Villavicencio, M., Devier, B., Hood, M.E.,
Fairhead, C., Giraud, T., 2011. Having sex, yes, but with whom?
Inferences from fungi on the evolution of anisogamy and
mating types. Biol. Rev. 86, 421e442.

Binninger, D.M., Skrzynia, C., Pukkila, P.J., Casselton, L.A., 1987.
DNA-mediated transformation of the basidiomycete Coprinus
cinereus. EMBO J. 6, 835e840.

Bloomfield, G., 2011. Genetics of sex determination in the social
amoebae. Dev. Growth Differ. 53, 608e616.

Boidin, J., 1971. Nuclear behavior in the mycelium and the evo-
lution of the basidiomycetes. In: Petersen, R.H. (Ed.), Evolution
in the Higher Basidiomycetes. The University of Tennessee
Press, Knoxville, pp. 129e148.

Brodie, H.J., 1936. The occurrence and function of oidia in the
Hymenomycetes. Am. J. Bot. 23, 309e327.

Brown, A.J., Casselton, L.A., 2001. Mating in mushrooms:
increasing the chances but prolonging the affair. Trends
Genet. 17, 393e400.

Burnett, J.H., 1965. The natural history of recombination systems.
In: Esser, K., Raper, J.R. (Eds.), Incompatibility in Fungi.
Springer Berlin Heidelberg, Berlin, pp. 98e113.

Burdsall, H.H., 1981. The taxonomy of Sporotrichum pruinosum and
Sporotrichum pulverulentum/Phanerochaete chrysosporium. Myco-
logia 73, 675e680.

Burnett, J.H., Boulter, M.E., 1963. The mating systems of fungi. II.
Mating systems of the gasteromycetes Mycocalia denudata and
M. duriaeana. New Phytol. 62, 217e236.

http://refhub.elsevier.com/S1749-4613(15)00040-8/sref1
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref1
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref1
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref1
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref2
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref2
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref2
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref2
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref2
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref3
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref3
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref3
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref3
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref3
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref4
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref4
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref4
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref5
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref5
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref5
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref5
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref5
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref5
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref6
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref6
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref6
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref7
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref7
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref7
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref7
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref7
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref8
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref8
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref8
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref8
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref9
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref9
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref9
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref10
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref10
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref10
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref10
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref10
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref11
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref11
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref11
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref12
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref12
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref12
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref12
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref121
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref121
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref121
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref121
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref13
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref13
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref13
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref13
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref14
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref14
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref14
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref14


176 T. Y. James
Buss, L.W., 1982. Somatic cell parasitism and the evolution of
somatic tissue compatibility. Proc. Natl. Acad. Sci. U. S. A. 79,
5337e5341.

Cao, H., Yamamoto, H., Ohta, T., Takeo, K., Kitamoto, Y., 1999.
Nuclear selection in monokaryotic oidium formation from
dikaryotic mycelia in a basidiomycete, Pholiota nameko. Myco-
science 40, 199e203.

Casselton, L.A., Condit, A., 1972. A mitochondrial mutant of Co-
prinus lagopus. J. Gen. Microbiol. 72, 521e527.

Casselton, L.A., K€ues, U., 2007. The origin of multiple mating
types in model mushrooms Coprinopsis cinerea and Schizophyl-
lum commune. In: Heitman, J., Kronstad, J.W., Taylor, J.W.,
Casselton, L.A. (Eds.), Sex in Fungi: Molecular Determination
and Evolutionary Implications. ASM Press, Washington D.C,
pp. 283e300.

Chapela, I.H., Rehner, S.A., Schultz, T.R., Mueller, U.G., 1994.
Evolutionary history of the symbiosis between fungus-
growing ants and their fungi. Science 266, 1691e1694.

Chase, T.E., Ullrich, R.C., 1983. Sexuality, distribution, and
dispersal of Heterobasidion annosum in pine plantations of
Vermont. Mycologia 75, 825e831.

Cisar, C.R., TeBeest, D.O., 1999. Mating system of the filamentous
ascomycete, Glomerella cingulata. Curr. Genet. 35, 127e133.

Clark, J., Haskins, E.F., 2010. Reproductive systems in the myxo-
mycetes: a review. Mycosphere 1, 337e353.

Clark, N.L., Gasper, J., Sekino, M., Springer, S.A., Aquadro, C.F.,
Swanson, W.J., 2009. Coevolution of interacting fertilization
proteins. PLoS Genet. 5, e1000570.

Coates, D., Rayner, A.D.M., 1985. Heterokaryon-homokaryon in-
teractions in Stereum hirsutum. Trans. Brit. Mycol. Soc. 84,
637e645.

Crow, J.F., Morton, N.E., 1960. The genetic load due to mother-
child incompatibility. Am. Nat. 94, 413e419.

Crowe, L.K., 1963. Competition between compatible nuclei in the
establishment of a dikaryon in Schizophyllum commune. He-
redity 18, 525e533.

Dam, N., 2013. Spores do travel. Mycologia 105, 1618e1622.
Day, P.R., 1963. Structure of A mating type factor in Coprinus la-

gopus e wild alleles. Genet. Res. 4, 323e325.
Destombe, C., Cembella, A., 1990. Mating-type determination,

gametic recognition and reproductive success in Alexandrium
excavatum (Gonyaulacales, Dinophyta), a toxic red-tide dino-
flagellate. Phycologia 29, 316e325.

Doudrick, R.L., Furnier, G.R., Anderson, N.A., 1990. The number
and distribution of incompatibility alleles in Laccaria laccata
var moelleri (Agaricales). Phytopathology 80, 869e872.

Eggertson, E., 1953. An estimate of the number of alleles at the
loci for heterothallism in a local concentration of Polyporus
obtusus Berk. Can. J. Bot. Rev. Can. Bot. 31, 750e759.

Evans, H.C., 1981. Pod rot of cacao caused by Moniliophthora
(Monilia) roreri. Phytopathol. Pap. 24, 1e44.

Fedler, M., Luh, K.S., Stelter, K., Nieto-Jacobo, F., Basse, C.W., 2009.
The a2 mating-type locus genes lga2 and rga2 direct unipa-
rental mitochondrial DNA (mtDNA) inheritance and constrain
mtDNA recombination during sexual development of Ustilago
maydis. Genetics 181, 847e860.

Felsenstein, J., 1985. Phylogenies and the comparative method.
Am. Nat. 125, 1e15.

Fries, N., 1940. Researches into the multipolar sexuality of Cyathus
striatus Pers. Symb. Bot. Ups. 4, 1e39.

Fries, N., 1942. €Uber das Vorkommen von geographischen Rassen
bei Crucibulum vulgare. Arch. Mikrobiol. 13, 182e190.

Fries, N., Jonasson, L., 1941. €Uber die Interfertilit€at verschiedener
St€amme von Polyporus abietinus. Sven. Bot. Tidskr. 35,
177e193.

Galante, T.E., Horton, T.R., Swaney, D.P., 2011. 95 % of basidio-
spores fall within 1 m of the cap: a field- and modeling-based
study. Mycologia 103, 1175e1183.
Gilbertson, R.L., 1980. Wood-rotting fungi of North America. My-
cologia 72, 1e49.

Gillham, N.W., 1969. Uniparental inheritance in Chlamydomonas
reinhardtii. Am. Nat. 103, 355e388.

Hadjivasiliou, Z., Lane, N., Seymour, R.M., Pomiankowski, A.,
2013. Dynamics of mitochondrial inheritance in the evolution
of binary mating types and two sexes. Proc. R. Soc. B Biol. Sci.
280, 20131920.

Heitman, J., Sun, S., James, T.Y., 2013. Evolution of fungal sexual
reproduction. Mycologia 105, 1e27.

Hibbett, D.S., Bauer, R., Binder, M., Giachini, A.J., Hosaka, K.,
Justo, A., Larsson, E., Larsson, K.H., Lawrey, J.D., Miettinen, O.,
Nagy, L.G., Nilsson, R.H., Weiss, M., Thorn, R.G., 2014. Agari-
comycetes. In: McLaughlin, D.J., Spatafora, J.W. (Eds.), The
Mycota. Systematics and Evolution. Part A. VII, second ed.
Springer-Verlag, Berlin, pp. 373e429.

Hiscock, S.J., K€ues, U., 1999. Cellular and molecular mechanisms
of sexual incompatibility in plants and fungi. Int. Rev. Cytol.
193, 165e295.

Hoekstra, R.F., 1982. On the asymmetry of sex: evolution of mat-
ing types in isogamous populations. J. Theor. Biol. 98, 427e451.

Hurst, L.D., 1995. Selfish genetic elements and their role in evo-
lution e the evolution of sex and some of what that entails.
Philos. Trans. R. Soc. B Biol. Sci. 349, 321e332.

Hurst, L.D., 1996. Why are there only two sexes? Proc. R. Soc.
Lond. Ser. B Biol. Sci. 263, 415e422.

Hurst, L.D., Hamilton, W.D., 1992. Cytoplasmic fusion and the
nature of sexes. Proc. R. Soc. Lond. Ser. B Biol. Sci. 247,
189e194.

Imbernon, M., Callac, P., Granit, S., Pirobe, L., 1995. Allelic poly-
morphism at the mating type locus in Agaricus bisporus var.
burnettii, and confirmation of the dominance of its tetrasporic
trait. Mushroom Sci. 14, 11e19.

Ingold, C.T., 1983. Basidiospore germination and conidium
development in Dacrymycetales. Trans. Brit. Mycol. Soc. 81,
563e571.

Iwasa, Y., Sasaki, A., 1987. Evolution of the number of sexes.
Evolution 41, 49e65.

James, T.Y., Johansson, S.B.K., Johannesson, H., 2009. Trikaryon
formation and nuclear selection in pairings between hetero-
karyons and homokaryons of the root rot pathogen Heteroba-
sidion parviporum. Mycol. Res. 113, 583e590.

James, T.Y., Liou, S.R., Vilgalys, R., 2004. The genetic structure and
diversity of the A and B mating-type genes from the tropical
oyster mushroom, Pleurotus djamor. Fungal Genet. Biol. 41,
813e825.

James, T.Y., Srivilai, P., K€ues, U., Vilgalys, R., 2006. Evolution of the
bipolar mating system of the mushroom Coprinellus dissemi-
natus from its tetrapolar ancestors involves loss of mating-
type-specific pheromone receptor function. Genetics 172,
1877e1891.

James, T.Y., Stenlid, J., Olson, �A., Johannesson, H., 2008. Evolu-
tionary significance of imbalanced nuclear ratios within het-
erokaryons of the basidiomycete fungus Heterobasidion
parviporum. Evolution 62, 2279e2296.

Johannesson, H., Stenlid, J., 2004. Nuclear reassortment be-
tween vegetative mycelia in natural populations of the
basidiomycete Heterobasidion annosum. Fungal Genet. Biol.
41, 563e570.

Kauserud, H., Schumacher, T., 2003. Regional and local popula-
tion structure of the pioneer wood-decay fungus Trichaptum
abietinum. Mycologia 95, 416e425.

Kay, E., Vilgalys, R., 1992. Spatial distribution and genetic rela-
tionships among individuals in a natural population of the
oyster mushroom Pleurotus ostreatus. Mycologia 84, 173e182.

Kellner, R., Vollmeister, E., Feldbr€ugge, M., Begerow, D., 2011.
Interspecific sex in grass smuts and the genetic diversity of
their pheromone-receptor system. PLoS Genet. 7, e1002436.

http://refhub.elsevier.com/S1749-4613(15)00040-8/sref15
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref15
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref15
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref15
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref16
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref16
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref16
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref16
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref16
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref17
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref17
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref17
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref18
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref18
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref18
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref18
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref18
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref18
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref18
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref18
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref19
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref19
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref19
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref19
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref20
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref20
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref20
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref20
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref21
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref21
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref21
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref22
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref22
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref22
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref23
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref23
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref23
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref24
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref24
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref24
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref24
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref25
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref25
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref25
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref26
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref26
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref26
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref26
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref27
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref27
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref28
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref28
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref28
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref28
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref29
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref29
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref29
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref29
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref29
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref30
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref30
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref30
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref30
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref31
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref31
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref31
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref31
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref32
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref32
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref32
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref33
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref33
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref33
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref33
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref33
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref33
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref34
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref34
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref34
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref35
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref35
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref35
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref36
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref36
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref36
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref36
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref37
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref37
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref37
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref37
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref37
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref37
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref37
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref38
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref38
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref38
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref38
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref39
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref39
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref39
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref40
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref40
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref40
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref41
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref41
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref41
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref41
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref42
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref42
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref42
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref43
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref43
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref43
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref43
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref43
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref43
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref43
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref44
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref44
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref44
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref44
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref44
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref45
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref45
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref45
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref46
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref46
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref46
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref46
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref46
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref47
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref47
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref47
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref48
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref48
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref48
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref48
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref49
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref49
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref49
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref49
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref49
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref50
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref50
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref50
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref50
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref51
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref51
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref51
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref52
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref52
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref52
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref52
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref52
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref53
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref53
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref53
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref53
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref53
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref54
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref54
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref54
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref54
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref54
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref54
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref54
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref55
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref55
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref55
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref55
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref55
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref55
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref56
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref56
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref56
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref56
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref56
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref57
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref57
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref57
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref57
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref58
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref58
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref58
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref58
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref59
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref59
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref59
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref59


Why mushrooms have evolved to be so promiscuous 177
Kile, G.A., 1983. Identification of genotypes and the clonal devel-
opment of Armillaria luteobubalina Watling & Kile in eucalypt
forests. Aust. J. Bot. 31, 657e671.

Kitamoto, Y., Shishida, M., Yamamoto, H., Takeo, K., Masuda, P.,
2000. Nuclear selection in oidium formation from dikaryotic
mycelia of Flammulina velutipes. Mycoscience 41, 417e423.

Kronstad, J.W., Staben, C., 1997. Mating type in filamentous fungi.
Annu. Rev. Genet. 31, 245e276.

K€ues, U., 2000. Life history and developmental processes in the
basidiomycete Coprinus cinereus. Microbiol. Mol. Biol. Rev. 64,
316e353.

K€ues, U., Badalyan, S.M., Gießler, A., D€ornte, B., 2015. Asexual
sporulation in Agaricomycetes. In: Wendland, J. (Ed.), The
Mycota, Growth, differentiation and development, third ed.,
vol. 1. Springer, Berlin (in press).

K€ues, U., G€ottgens, B., Stratmann, R., Richardson, W.V.J.,
O’Shea, S.F., Casselton, L.A., 1994. A chimeric homeodomain
protein causes self-compatibility and constitutive sexual
development in the mushroom Coprinus cinereus. EMBO J. 13,
4054e4059.

K€ues, U., James, T.Y., Heitman, J., 2011. Mating type in basidio-
mycetes: unipolar, bipolar, and tetrapolar patterns of sexu-
ality. In: P€oggeler, S., W€ostemeyer, J. (Eds.), Evolution of fungi
and fungal-like organisms, The Mycota XIV. Springer Verlag,
Berlin, pp. 97e160.

Kuhlmann, H.W., Brunen-Nieweler, C., Heckmann, K., 1997.
Pheromones of the ciliate Euplotes octocarinatus not only
induce conjugation but also function as chemoattractants. J.
Exp. Zool. 277, 38e48.

Lee, S.C., Ni, M., Li, W., Shertz, C., Heitman, J., 2010. The evolution
of sex: a perspective from the fungal kingdom. Microbiol. Mol.
Biol. Rev. 74, 298e340.

Lin, F.-C., Wang, W.-Z., Sun, Y., Cai, Y.-J., 2003. Analysis of the
mating type factors in natural population of Lentinula edodes in
China. Mycosystema 22, 235e240.

Lindsey, J.P., Gilbertson, R.L., 1977. Some aspects of bipolar het-
erothallism and other cultural characters of Poria carnegiea.
Mycologia 69, 761e772.

Mallett, K.I., Harrison, L.M., 1988. The mating system of the fairy
ring fungus Marasmius oreades and the genetic relationship of
fairy rings. Can. J. Bot. Rev. Can. Bot. 66, 1111e1116.

Malloure, B.D., James, T.Y., 2013. Inbreeding depression in urban
environments of the bird’s nest fungus Cyathus stercoreus (Ni-
dulariaceae: Basidiomycota). Heredity 110, 355e362.

Martin, K.J., Gilbertson, R.L., 1978. Decay of douglas-fir by Spar-
assis radicata in Arizona. Phytopathology 68, 149e154.

McClelland, C.M., Chang, Y.C., Varma, A., Kwon-Chung, K.J., 2004.
Uniqueness of the mating system in Cryptococcus neoformans.
Trends Microbiol. 12, 208e212.

Mehdiabadi, N.J., Kronforst, M.R., Queller, D.C.,
Strassmann, J.E., 2010. Phylogeography and sexual macro-
cyst formation in the social amoeba Dictyostelium giganteum.
BMC Evol. Biol. 10, 17.

Mellon, F.M., Casselton, L.A., 1988. Transformation as a method of
increasing gene copy number and gene-expression in the
basidiomycete fungusCoprinus cinereus. Curr. Genet. 14, 451e456.

Mikheyev, A.S., Mueller, U.G., Abbot, P., 2006. Cryptic sex and
many-to-one coevolution in the fungus-growing ant symbio-
sis. Proc. Natl. Acad. Sci. U. S. A. 103, 10702e10706.

Moriyama, Y., Kawano, S., 2003. Rapid, selective digestion of
mitochondrial DNA in accordance with the matA hierarchy of
multiallelic mating types in the mitochondrial inheritance of
Physarum polycephalum. Genetics 164, 963e975.

Mukhin, V.A., Votintseva, A.A., 2002. Basidiospore germination
and conidial stages in the life cycles of Fomes fomentarius and
Fomitopsis pinicola (Fungi, Polyporales). Pol. Bot. J. 47, 265e272.

Murata, H., Ohta, A., Yamada, A., Narimatsu, M., Futamura, N.,
2005. Genetic mosaics in the massive persisting rhizosphere
colony “shiro” of the ectomycorrhizal basidiomycete Tricho-
loma matsutake. Mycorrhiza 15, 505e512.

Murphy, J.F., Miller Jr., O.K., 1997. Diversity and local distribution
of mating alleles in Marasmiellus praeacutus and Collybia sub-
nuda (Basidiomycetes, Agaricales). Can. J. Bot. 75, 8e17.

Neuhauser, K.S., Gilbertson, R.L., 1971. Some aspects of bipolar
heterothallism in Fomes cajanderi. Mycologia 63, 722e735.

Nieuwenhuis, B.P.S., Billiard, S., Vuilleumier, S., Petit, E.,
Hood, M.E., Giraud, T., 2013a. Evolution of uni- and bifactorial
sexual compatibility systems in fungi. Heredity 111, 445e455.

Nieuwenhuis, B.P.S., Debets, A.J.M., Aanen, D.K., 2011. Sexual
selection in mushroom-forming basidiomycetes. Proc. R. Soc.
B. Biol. Sci. 278, 152e157.

Nieuwenhuis, B.P.S., Debets, A.J.M., Aanen, D.K., 2013b. Fungal
fidelity: nuclear divorce from a dikaryon by mating or mono-
karyon regeneration. Fungal Biol. 117, 261e267.

Nieuwenhuis, B.P.S., Nieuwhof, S., Aanen, D.K., 2013c. On the
asymmetry of mating in natural populations of the mushroom
fungus Schizophyllum commune. Fungal Genet. Biol. 56, 25e32.

Nobre, T., Koopmanschap, B., Baars, J.J.P., Sonnenberg, A.S.M.,
Aanen, D.K., 2014. The scope for nuclear selection within
Termitomyces fungi associated with fungus-growing termites is
limited. BMC Evol. Biol. 14.

No€el, T., Huynh, T.D.H., Labarere, J., 1991. Genetic variability of
the wild incompatibility alleles of the tetrapolar basidiomy-
cete Agrocybe aegerita. Theor. Appl. Genet. 81, 745e751.

O’Donnell, S., Lawrence, M.J., 1984. The population genetics of the
self-incompatibility polymorphism in Papaver rhoeas. IV. The
estimation of the number of alleles in a population. Heredity
53, 495e507.

Olesnicky, N.S., Brown, A.J., Dowell, S.J., Casselton, L.A., 1999. A
constitutively active G-protein-coupled receptor causes mat-
ing self-compatibility in the mushroom Coprinus. EMBO J. 18,
2756e2763.

Parker, G.A., 1978. Selection on non-random fusion of gametes
during the evolution of anisogamy. J. Theor. Biol. 73, 1e28.

Petersen, R.H., 1974. Rust fungus life-cycle. Bot. Rev. 40, 453e513.
Phadke, S.S., Zufall, R.A., 2009. Rapid diversification of mating

systems in ciliates. Biol. J. Linn. Soc. 98, 187e197.
Pilotti, C.A., Sanderson, F.R., Aitken, E.A.B., 2003. Genetic struc-

ture of a population of Ganoderma boninense on oil palm. Plant
Pathol. 52, 455e463.

Power, H.W., 1976. Forces of selection in evolution of mating
types. Am. Nat. 110, 937e944.

Puhalla, J.E., 1970. Genetic studies of b incompatability locus of
Ustilago maydis. Genet. Res. 16, 229e232.

Raffle, V.L., Anderson, N.A., Furnier, G.R., Doudrick, R.L., 1995.
Variation in mating competence and random amplified poly-
morphic DNA in Laccaria bicolor (Agaricales) associated with 3
tree host species. Can. J. Bot. Rev. Can. Bot. 73, 884e890.

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

Raper, J.R., Krongelb, G.S., Baxter, M.G., 1958. The number and
distribution of incompatibility factors in Schizophyllum. Am.
Nat. 92, 221e232.

Raudaskoski, M., 2015. Mating-type genes and hyphal fusions in
filamentous basidiomycetes. Fungal Biol. Rev. 29, 179e193.

Rayner, A.D.M., 1991. The challenge of the individualistic myce-
lium. Mycologia 83, 48e71.

Rayner, A.D.M., Franks, N.R., 1987. Evolutionary and ecological
parallels between ants and fungi. Trends Ecol. Evol. 2, 127e133.

Roberts, C.T., Orias, E., 1973. Cytoplasmic inheritance of chlor-
amphenicol resistance in Tetrahymena. Genetics 73, 259e272.

Ross, I.K., 1976. Nuclear migration rates in Coprinus congregatus e

a new record? Mycologia 68, 418e422.
Schirawski, J., Heinze, B., Wagenknecht, M., Kahmann, R., 2005.

Mating type loci of Sporisorium reilianum: novel pattern with
three a andmultiple b specificities. Eukaryot. Cell 4, 1317e1327.

http://refhub.elsevier.com/S1749-4613(15)00040-8/sref60
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref60
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref60
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref60
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref61
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref61
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref61
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref61
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref62
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref62
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref62
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref63
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref63
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref63
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref63
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref63
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref64
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref64
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref64
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref64
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref64
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref64
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref64
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref65
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref65
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref65
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref65
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref65
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref65
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref65
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref65
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref66
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref66
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref66
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref66
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref66
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref66
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref66
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref66
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref66
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref67
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref67
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref67
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref67
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref67
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref68
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref68
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref68
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref68
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref69
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref69
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref69
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref69
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref70
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref70
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref70
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref70
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref71
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref71
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref71
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref71
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref72
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref72
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref72
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref72
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref73
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref73
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref73
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref74
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref74
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref74
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref74
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref75
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref75
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref75
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref75
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref76
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref76
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref76
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref76
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref77
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref77
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref77
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref77
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref78
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref78
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref78
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref78
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref78
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref79
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref79
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref79
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref79
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref80
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref80
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref80
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref80
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref80
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref81
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref81
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref81
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref81
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref82
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref82
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref82
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref83
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref83
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref83
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref83
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref84
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref84
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref84
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref84
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref85
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref85
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref85
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref85
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref86
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref86
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref86
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref86
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref87
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref87
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref87
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref87
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref88
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref88
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref88
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref88
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref88
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref89
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref89
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref89
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref89
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref89
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref90
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref90
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref90
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref90
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref90
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref91
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref91
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref91
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref92
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref92
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref93
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref93
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref93
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref94
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref94
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref94
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref94
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref95
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref95
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref95
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref96
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref96
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref96
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref97
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref97
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref97
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref97
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref97
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref98
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref98
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref99
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref99
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref99
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref99
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref100
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref100
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref100
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref101
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref101
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref101
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref102
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref102
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref102
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref103
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref103
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref103
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref104
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref104
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref104
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref105
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref105
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref105
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref105


178 T. Y. James
Schmidt, O., Moreth-Kebernik, U., 1991. Monokaryon pairings of
the dry rot fungus Serpula lacrymans. Mycol. Res. 95,
1382e1386.

Snetselaar, K.M., Mims, C.W., 1992. Sporidial fusion and infection
of maize seedlings by the smut fungus Ustilago maydis. Myco-
logia 84, 193e203.

Tangthirasunun, N., Silar, P., Bhat, D.J., Chukeatirote, E.,
Wikee, S., Maharachchikumbura, S.S.N., Hyde, K.D., Wang, Y.,
2014. Morphology and phylogeny of Chaetospermum (asexual
coelomycetous Basidiomycota). Phytotaxa 175, 61e72.

Ullrich, R.C., 1977. Natural distribution of incompatibility factors
in basidiomycetous fungi. Mycologia 69, 714e719.

Ullrich, R.C., Raper, J.R., 1974. Number and distribution of bipolar
incompatibility factors in Sistotrema brinkmannii. Am. Nat. 108,
507e518.

Van Driel, K.G.A., Humbel, B.M., Verkleij, A.J., Stalpers, J.,
M€uller, W.H., Boekhout, T., 2009. Septal pore complex
morphology in the Agaricomycotina (Basidiomycota) with
emphasis on the Cantharellales and Hymenochaetales. Mycol.
Res. 113, 559e576.

Walther, G., Garnica, S., Weiss, M., 2005. The systematic rele-
vance of conidiogenesis modes in the gilled Agaricales. Mycol.
Res. 109, 525e544.
Walther, G., Weiss, M., 2008. Anamorphs in the Strophariaceae
(Basidiomycota, Agaricales). Botany 86, 551e566.

Wells, K., Wong, G., 1985. Interfertility and comparative morpho-
logical studies of Exidiopsis plumbescens from the west coast.
Mycologia 77, 285e299.

Wong, A., Wolfner, M.F., 2012. Evolution of Drosophila seminal
proteins and their networks. In: Singh, R.S., Xu, J.,
Kulathinal, R.J. (Eds.), Evolution in the Fast Lane: Rapidly
Evolving Genes and Genetic Systems. Oxford University Press,
Oxford, U.K, pp. 144e152.

Wong, G.J., Wells, K., 1985. Modified bifactorial incompatibility in
Tremella mesenterica. Trans. Br. Mycol. Soc. 84, 95e109.

Wong, G.J., Wells, K., 1987. Comparative morphology, compati-
bility, and interfertility of Auricularia cornea, Auricularia poly-
tricha, and Auricularia tenuis. Mycologia 79, 847e856.

Xu, J., Wang, P., 2015. Mitochondrial inheritance in basidiomycete
fungi. Fungal Biol. Rev. 29, 209e219.

Xu, J.P., 1995. Analysis of inbreeding depression in Agaricus bis-
porus. Genetics 141, 137e145.

Youngman, P.J., Anderson, R.W., Holt, C.E., 1981. Two multiallelic
mating compatibility loci separately regulate zygote formation
and zygote differentiation in the myxomycete Physarum poly-
cephalum. Genetics 97, 513e530.

http://refhub.elsevier.com/S1749-4613(15)00040-8/sref106
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref106
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref106
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref106
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref107
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref107
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref107
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref107
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref108
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref108
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref108
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref108
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref108
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref109
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref109
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref109
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref110
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref110
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref110
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref110
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref111
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref111
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref111
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref111
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref111
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref111
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref111
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref112
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref112
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref112
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref112
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref113
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref113
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref113
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref114
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref114
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref114
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref114
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref115
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref115
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref115
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref115
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref115
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref115
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref116
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref116
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref116
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref117
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref117
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref117
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref117
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref118
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref118
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref118
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref119
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref119
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref119
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref120
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref120
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref120
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref120
http://refhub.elsevier.com/S1749-4613(15)00040-8/sref120

	Why mushrooms have evolved to be so promiscuous: Insights from evolutionary and ecological patterns
	1. Introduction. Why are mushrooms considered promiscuous?
	2. Evolutionary hypotheses and patterns to explain promiscuity
	Mating types vs. sexes
	The role of mating types in controlling outbreeding/inbreeding ratios
	What organisms have multiple mating types?
	Major hypotheses on the origin and maintenance of promiscuity and their predictions
	The mating kinetics model
	The origins models
	The selfish nucleus model
	Synopsis and prognosis

	3. Ecological and morphological patterns that are expected to correlate with mating type number
	Habitat preference
	Effective population size
	Spore dispersal mechanism
	Cytology
	Presence of asexual spores
	Mating system

	4. Conclusions
	Acknowledgments
	References


