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Synopsis  Eukaryotes have evolved myriad ways of uniting gametes during sexual reproduction. A repeated pattern is the
convergent evolution of a mating system with the fusion of larger gametes with smaller gametes (anisogamy) from that of fusion
between morphologically identical gametes (isogamy). In anisogamous species, sexes are defined as individuals that produce
only one gamete type. Although sexes abound throughout Eukarya, in fungi there are no biological sexes, because even in
anisogamous species, individuals are hermaphroditic and produce both gamete types. For this reason, the term mating types
is preferred over sexes, and, thus defined, only individuals of differing mating types can mate (homoallelic incompatibility). In
anisogamous fungal species, there is scant evidence that there are more than two mating types, and this may be linked to genetic
constraints, such as the use of mating types to determine the inheritance of cytoplasmic genomes. However, the mushroom fungi
(Agaricomycetes) stand out as having both large numbers of mating types within a species, which will allow nearly all individuals
to be compatible with each other, and reciprocal exchange of nuclei during mating, which will avoid cytoplasmic mixing and
cyto-nuclear conflicts. Although the limitation of mating types to two in most fungi is consistent with the cyto-nuclear conflicts
model, there are many facets of the Agaricomycete life cycle that also suggest they will demand a high outbreeding efficiency.
Specifically, they are mostly obligately sexual and outcrossing, inhabit complex competitive niches, and display broadcast spore
dispersal. Subsequently, the Agaricomycete individual pays a high cost to being choosy when encountering a mate. Here, I
discuss the costs of mate finding and choice and demonstrate how most fungi have multiple ways of reducing these costs,
which can explain why mating types are mostly limited to two per species. Nevertheless, it is perplexing that fungi have not
evolved multiple mating types on more occasions nor evolved sexes. The few exceptions to these rules suggest that it is dictated
by both molecular and evolutionary constraints.

Introduction

Sex is a near-ubiquitous phenomenon among eukary-
otic species, but sexes are not. Sex supplies numerous
functions in the evolutionary stability of species, such as
removal of deleterious mutations, facilitation of adapta-
tion via natural selection, repair of DNA lesions, and in
generating diversity to counteract pathogens (Agrawal
2006; Otto 2009; Roze 2012). Sexes, however, only ex-
ist when a species has individuals who specialize in
the production of different-sized gametes (Billiard et al.
2011; Beukeboom and Perrin 2014). The basic premise
of sex as the formation of a diploid via fusion of haploid
gametes followed by reversion to haploidy via meiosis is
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essentially unchanged across all eukaryotes and has ap-
parently a single origin (Lenormand et al. 2016). On the
other hand, sexes have evolved numerous times (Umen
and Coelho 2019), and there is extreme variation among
organisms in the process of sexuality, including how ga-
metes find each other, the genetic mechanisms that con-
trol which gametes can fuse, and morphological and
behavioral elaborations due to sexual selection. These
variations provide a fascinating window into the im-
portance of sex in fueling diversification, but they also
create a conundrum. Why is sex so common across eu-
karyotic lineages that have evolved myriad means of fa-
cilitating it when it demands cost relative to apomixis

© The Author(s) 2023. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved.

For permissions, please e-mail: journals.permissions@oup.com

¥20z Aenuer ¢o uo Jasn uebiyol Jo Ausienun Ag $509/ 1 2/226/7/€9/2191./qol/wod dno olwapede//:sdiy woly papeojumoq


mailto:tyjames@umich.edu
mailto:journals.permissions@oup.com

Evolution of mating types in fungi

(Box 1) or parthenogenesis (Lehtonen et al. 2012; Otto
2009)? And why do many lineages evolve sexes, but they
mostly come in twos (Hurst 1996)?

The fungal kingdom provides an excellent frame-
work within which to understand much about the evo-
lution of sex (Billiard et al. 2011; Lee et al. 2010).
Fungi display a wide range of mating systems, are well-
characterized genetically and physiologically, and can
be easily manipulated in the lab. Because of the exten-
sive information on fungal mating systems, the compre-
hensive investigation of sex in fungi should provide in-
sights into the major question of the nature and num-
ber of sexes. While sexes predominate in animals and
may be found in plants and other protist lineages, they
are mostly absent in fungi (Kondrashov 1997; Billiard
et al. 2012). Fungi instead are either isogamous or
when anisogamous are hermaphroditic, with individ-
uals producing both sizes of gametes. That is not to
say that fungi are free-wheelers with no barriers to out-
crossing. Rather, genetic control of fungal mating exists
in the form of mating types, and individuals of the same
mating type are unable to mate. Mating types are the
manifestation of genes at mating-type loci (MAT), and
typically in fungi one or two loci each comprised of a
couple or few genes is enough to direct a cell to produce
a particular mating type (Heitman et al. 2013).

Just as for the case of sexes, mating types, when
present, usually come in pairs. Even in isogamous or-
ganisms such as the alga Chlamydomonas and baker’s
yeast Saccharomyces, there are only two mating types.
The fact that this is so should be unacceptable, because
in the process of finding a mate, the rarity of a sex pro-
vides a strong advantage via negative frequency selec-
tion (Iwasa and Sasaki 1987; May et al. 1999). For ex-
ample, if a new mating type were to arise via muta-
tion, then it would immediately have access to mat-
ings with many more individuals than the pre-existing
mating types. Why then are two mating types so com-
mon? This topic has received considerable attention,
with explanations ranging from genomic constraints
on creating new alleles, dynamics of mate finding and
choice, and mutation accumulation at sex determining
loci (Billiard et al. 2011). Some of the best insights come
from observations of the few organisms that actually
have more than two mating types, most prominently,
the mushroom fungi (Agaricomycetes), the ciliates, and
plasmodial slime molds. One leading hypothesis is that
mating types themselves may have evolved to modulate
the conflict between inheritance of nuclear and cyto-
plasmic genomes due to their different modes of trans-
mission, the organelle inheritance model (Hurst and
Hamilton 1992; Hutson and Law 1997). The theory pos-
tulates that competition between cytoplasmically inher-
ited genomes can be minimized by the evolution of a
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nuclear type that both suppresses transmission of its
own cell’s organelles and can preferentially mate with
cells that are not suppressors. In such donor-recipient
models of cytoplasmic transmission, more than two
mating types are unlikely to be maintained because of
an unstable hierarchy of inheritance (Hurst 1996). The
best, albeit correlative, data to support this hypothesis
is the fact that in both organismal groups with large
numbers of mating types (Agaricomycetes and ciliates)
mating occurs via nuclear exchange between gametes,
thus avoiding mixing of cytoplasmic genomes, which
are urged by natural selection to compete to the detri-
ment of the zygote. Compelling as this argument is, it is
not supported by the many species with biparental or-
ganellar inheritance in single celled eukaryotes, such as
Saccharomyces, and it does not explain why there are not
more than two mating types in hermaphroditic species.

As an alternative or additional explanation, it has
been investigated if mating type number is controlled
by the dynamics of mate finding and union of gametes
(Iwasa and Sasaki 1987). In their models, under most
conditions mating type numbers advance to infinity,
which seems appropriate given the effects of natural se-
lection. However, when the cost of finding a mate is low,
such as when it is relatively easy to find a conspecific
and to determine their compatibility, mating type num-
bers collapse to two. It is important to understand what
the “cost of mating” means in such models. According
to their model, the cost is paid by waiting around for a
mate or in the energy put into finding a mate, such that
at some point, an individual may never find a mate if it
is too choosy or unlucky. This model would predict that
species that could signal mate preference at long dis-
tance, have high motility, or have some degree of self-
compatibility would be those with the lowest cost for
finding a mate. Because this topic has been poorly cov-
ered in the literature, in this paper, I explore the idea
that the cost of mate finding may explain some of the
trends in mating systems in fungi.

Background on fungal mating systems

The fungi are a diverse kingdom of an estimated
3-5 million species and 13 phyla (Blackwell 2011;
Hawksworth and Liicking 2017). A majority of the
species diversity lies in the subkingdom Dikarya com-
prised of the phyla Ascomycota and Basidiomycota, and
this group includes the lichens, many molds, mush-
rooms, and yeasts (James et al. 2020). The name Dikarya
derives from a special heterokaryotic cell type, the
dikaryon, that forms from the mating of compatible
mating types. In these mated cells, the two nuclei of
the mating partners divide synchronously, and the cells
are functionally diploid, though the two nuclei remain

¥20z Aenuer ¢o uo Jasn uebiyol Jo Ausienun Ag $509/ 1 2/226/7/€9/2191./qol/wod dno olwapede//:sdiy woly papeojumoq



\ Asco-
mycota
\
Dikarya
i \

T.Y.James

(L) Neurospora (H)
Corylophomyces (J)
Ascosphaera (1)
Saccharomyces (E)
Schizosaccharomyces (E)

‘ { Schizophyllum (K)

Cryptococcus (F)

Puccinia (H)

L R UL
) Basidios— Ustilago (G)
mycota Rhizophagus (K)
g ? Muéoro- [ Mucor (D)
Fungi mycota Conidiobolus (D)
sp
(K) Allomyces (B)
Ol I & ) ° Synchytrium (A)
Monoblepharis (C)
ce | o eo |oe " .
Animalia

Fig. | The diversity of gamete fusion in fungi. lllustrated are the many modes in which gametes undergo sex. Fusion with motile gametes
can be (A) isogamous (e.g., Synchytrium), (B) anisogamous (Allomyces), or (C) oogamous (Monoblepharis). (D) Hyphal fusions leading to
single-cell zygotes are common in pin molds (Mucor) and entomopathogens (Conidiobolus). (E) Isogamous fusion of yeasts through the

formation of mating projections followed by budding (Saccharomyces and Schizosaccharomyces). (F) Cytoplasmic fusion of yeasts can also
occur solely in conjugation tubes (Ustilago), or (G) may be through the mating-type-specific production of a conjugation tube followed by
nuclear migration (Cryptococcus). (H) Many Ascomycota and rusts are hermaphroditic and have fertilization of a trichogyne through an
aerially dispersed spermatium or spore (Neurospora and Puccinia). (I) Some hyphal fusions can be through movement of nuclei from barely

distinctive trichogynes and antheridia (Ascosphaera). (J) Laboulbeniales are unusual among fungi in showing dioecy with male and female
thalli. Male thalli produce spermatia that fertilize trichogynes produced by females. Spores (sp) are often asymmetrically septate
(Corylophomyces). (K) Hyphal fusion may result in the formation of a heterokaryon, such as in a typical mushroom mating, isogamous
hyphae exchange nuclei after fusion and form a dikaryon (Schizophyllum), or in AMF fungi where a highly multinucleate heterokaryon forms
(Rhizophagus). (L) Phylogeny of representative genera showcasing the distribution of the various mating patterns across the fungal tree of

life. Phylogeny is approximated based on James et al. (2020).

separated. These heterokaryotic cell types are very dif-
ferent between Ascomycota and Basidiomycota, how-
ever. The dikaryotic stage in Ascomycota is very limited
in duration and space, generally forming on the surface
of a supporting haploid mycelium. In most Basidiomy-
cota, on the other hand, the dikaryotic cell type is ex-
tensive and has a vegetative role separate from sexual
reproduction; it may be the dominant stage of the life
cycle.

Fungal gametes range across a diversity of morpholo-
gies. Isogamous gametes can be pairs of motile cells fus-
ing, pairs of non-distinctive hyphae fusing, or fusion of
single celled yeasts. Fertilization may also be anisoga-
mous: specialized receptive hyphae fertilized by aerially
dispersed cells, a motile cell fertilizing an immotile cell,
or unequally sized motile gametes (Fig. 1). In the case
of anisogamy, a number of terms are used to describe
the different roles that connotate sexes, based on stereo-

typical male-female roles associated with sexes, but not
necessarily prescriptive of any dichotomy. In this pa-
per, I will use these terms as needed, but I will also
discuss how these terms are antiquated and could lead
to a bias in how we view these systems. Male—female
terms may refer to the size, wherein the male gamete
is smaller than the female, as in the swimming gametes
of Allomyces (Fig. 1B), or it may refer to dispersal, such
as spermatia, which are small cells dispersed by wind
or insects that fertilize immotile trichogynes or female-
hairs (Nieuwenhuis and Aanen 2012). Following cell fu-
sion, nuclear migration is often observed. For nuclei
that enter into a cell, the migrating nucleus is ascribed
a male function, whereas the cell receiving of the nu-
cleus the female function. Despite these asymmetries,
in nearly all of the cases where mating is anisogamous
in fungi, there are no sexes to speak of; instead, the
fungi show a clear pattern of hermaphroditism, where
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both male and female roles are conducted by the same
individual.

Mating types, therefore, control only the compatibil-
ity of gametes, and not the type of gametes an individ-
ual produces. For example, the model mold species Neu-
rospora crassa has two mating types A and a, and mat-
ing occurs when micro or macroconidia of one mat-
ing type land on a trichogyne of the other mating type
(Fig. 1H). Two mating types per species predominates
in the Ascomycota, and all species have only one MAT
locus, which encodes either high mobility group box
or homeodomain motif transcription factors (Lee et al.
2010). In the Basidiomycota, many species have two
MAT loci, one of which encodes homeodomain tran-
scription factors and another that encodes G protein-
coupled pheromone receptors and pheromones (Kiies
etal. 2011). Basidiomycota groups, including the smuts
(Ustilaginomycotina) and jelly fungi (Tremellomycetes:
Agaricomycotina), have a pattern wherein the home-
odomain locus has many alleles and the pheromone
receptor locus has only two, the so-called modified
tetrapolar system (Coelho et al. 2017). In contrast, for
the mushroom-forming fungi (Agaricomycetes: Agari-
comycotina), there has been a wide proliferation in mat-
ing types at both loci, and this provides a very high
outcrossing efficiency, the probability that two random
haploid individuals will be mating compatible (Kiies et
al. 2011; James 2015). The two-locus system provides no
benefit to outcrossing efficiency, and though it reduces
inbreeding among full sibs by 50%, the full advantages
of such a system are unclear.

Outside the Dikarya, there are at least 11 phyla of less
speciose, mostly microscopic fungi, and there is less in-
formation on mating systems and mating types. Where
known, the pin molds (Mucoromycotina) have a single
locus with two mating types, and for the majority of the
other phyla, there is little information on mating types
outside the insect parasite Coelomomyces (Idnurm et al.
2007).

Anisogamy and mating types as options
for control of organellar inheritance

Anisogamy creates a scenario where one gamete con-
tributes more of the cytoplasm and is also expected
to be the donor of the organellar genomes. Overall,
there is not extensive data on mitochondrial inheritance
throughout the fungi, though some systems have been
well studied (Xu and Li 2015; Mendoza et al. 2020). In
general, mitochondrial inheritance is largely found to
be uniparental in fungi as in other eukaryotes (Wilson
and Xu 2012). This is true for most Ascomycota with
anisogamy, such as the pink bread mold Neurospora, as
well as the isogamous yeasts Cryptococcus and Ustilago.
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Biparental inheritance is observed in some isogamous
species, such as the yeasts Saccharomyces and Schizosac-
charomyces. The Agaricomycetes show the unusual pat-
tern of nuclear exchange without cytoplasmic fusion,
making mtDNA inheritance biparental as a whole but
spatially uniparental (Wilson and Xu 2012).

For isogamous eukaryotes, such as Chlamydomonas,
Physarum, and some yeasts, it is observed that mat-
ing types control the uniparental inheritance of or-
ganellar genomes as predicted by the organellar inher-
itance hypothesis for the origination of sexes (Hurst
and Hamilton 1992). In these isogamous species, uni-
parental mtDNA is typically ensured by degradation of
mtDNA or mitochondria from one parent (Basse 2010;
Xu and Li 2015). Over time, mating types could readily
turn into sexes by incorporating genes into the MAT loci
that influence the size of gametes, which could reinforce
organellar inheritance and improve assortative mating
(Billiard et al. 2011). Despite this possibility, there is
little evidence that organellar inheritance drives fungal
mating types to diverge genetically into different sexes.

Understanding the cost of mating in
fungi

We find ourselves now poised to address the question
of why aren’t more fungal species mating type diverse,
given that the system is rife for invasion by rare alleles?
Specifically, why is it that so few groups have evolved
numerous mating types? Although the reciprocal mi-
gration of nuclei in Agaricomycetes is consistent with
organellar inheritance model, the idea that mating ki-
netics could explain patterns of fungal mating systems
needs better exploration. Mating kinetics dictates the
process of locating and choosing a mate. Iwasa and
Sasaki (1987) found that multiple modes of mating ki-
netics create scenarios where mating types can prolifer-
ate to infinity. In one model, the cost of mating is high;
specifically, the model dynamics work such that each in-
dividual gets one shot at mating, and only if they en-
counter a compatible individual they can mate. At first
blush, this seems to be similar to the mating dynamics
of mushrooms and many other highly dispersed (broad-
cast) fungi where dispersal distances are wide. At the
other extreme is a model with mating kinetics where the
cost of mating is low such that all individuals encounter
each other multiple times and will eventually find a mate
unless there are no more remaining compatible mates
in the population. This seems appropriate perhaps for
humans but may have little analogy in fungi. The gen-
eral impression, therefore, is that the cost of mating
skews high for fungi, and the kinetics of mate find-
ing implies that many individuals will go unmated. In
the following sections, we will explore how many fungi
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circumvent these costs, whether the Agaricomycetes are
unusual among fungi in the cost they bear, and what
mating system anomalies teach us about the genetic
constraints.

Anisogamy can reduce the cost of finding
a mate

Anisogamy allows the production of cheap gametes,
which can foster a greater chance at being dispersed
over long distances and a better chance at outcompeting
other males (Parker 1982; Lehtonen and Kokko 2011).
A prerequisite for anisogamy may be the evolution of
multicellularity and a high energetic cost of produc-
ing gametes. While a decrease in the size of one ga-
mete and copious production may lead to wasted ga-
metes, it may increase the overall proportion of individ-
uals that mate in a population, thus reducing the cost of
mate finding. Anisogamy is only observed in multicel-
lular fungi, and in many cases, small male gametes that
may be cheaply produced have evolved. Classic exam-
ples of cheap male gametes are spermatia produced by
rust fungi and Pezizomycotina, e.g., Neurospora. Asex-
ual conidia of molds, such as Neurospora, appear to have
a dual function as both asexual propagules and male ga-
metes (Backus 1939; Zimmerman et al. 2016). Produc-
tion of cheap gametes is therefore a major way of reduc-
ing the cost of mate finding in fungi, but it is not one
that Agaricomycetes often employ.

Locating a mate is costly but signaling
can help

There are numerous modes by which fungi find mates,
each with different opportunities for selection (Fig. 1).
In the case of motile gametes, motility provides a mech-
anism wherein gametes can actively search for mates. In
the model water mold Allomyces, powerful pheromones
are used to attract the male and female gametes to each
other (Olson 1984). Such strong signaling reduces the
overall cost of mate finding as less time needs to be
spent swimming to find compatible gametes. Lack of
species-specificity, however, may relate to tendency for
Allomyces to form interspecific hybrids (Emerson and
Wilson 1954). A second dominant mode involves the
aforementioned trapping of spermatia or spores on a re-
ceptive mycelium. This mode is common in Dikarya,
and after the deposition of the male gamete, signal-
ing between male and female gametes occurs via dif-
fusible mating-type-specific pheromones as evidenced
by chemotropism between spermatia and trichogynes
(Bistis 1981; Bobrowicz et al. 2002). It is likely that
pheromone receptors and pheromones are constitu-
tively expressed by both spermatia and trichogynes, and
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upregulation of male signal via secreted pheromones
occurs once a compatible mate is encountered (Seibel et
al. 2012). These pheromones and their cognate seven-
pass transmembrane G-protein-coupled receptors are
produced by essentially all Dikarya, and they are key in
reducing costs of mate finding.

The final mode of locating a mate is one of fu-
sion of hyphae or yeast cells. In yeast fungi, the secre-
tion and use of mating pheromones for attraction are
well documented (Merlini et al. 2013), and extracellular
pheromones are apparently used for mate finding in pin
molds (Mucoromycotina). However, in hyphal Dikarya,
as useful as it might appear for chemical signaling via
secretion to distinguish partners, it is unclear whether
pheromones are used for mate finding. For example,
in the mushroom fungi, pheromones involved in mate
compatibility recognition are also believed to play a role
primarily after cell fusion between potential mates, and
secretion of pheromones is debated (Kiies 2015). It is
possible that other non-mating-type chemical signals
are involved. If extracellular signals are not commonly
used to find mates in fungi as they grow through their
habitats, it may be because the signals are easy to fake
and cheating and parasitism occurs via false signals. Or
it is possible that there is not enough diversity in se-
quence in the system to support multiple species sig-
nals and chemotaxis. Simplicity of signal diversity has
its costs. As an example, the trisporic acid signal used
by Mucoromycotina leads to homing and mating be-
tween highly unrelated species (Blakeslee and Cartledge
1927). Moreover, there are sexual parasites (Parasitella)
that use trisporic acid signals to trick hosts into cell fu-
sion (Schultze et al. 2005).

Locating a high-quality mate is useful for any sex-
ual encounter. Signaling by chemical cues can not only
help in finding a mate could also foster sexual selection.
Could signaling work to advertise individual fitness
much like it does in other organisms, e.g., bird song?
It is conceivable that signaling strength via lipopeptide
pheromones could indicate cellular vigor and a high-
quality mate, but such a signal could lead to cheaters
that falsely advertise their fitness by over-investing in
pheromone production (Rogers and Greig 2008). Sex-
ual selection is readily detected in fungi, particularly
when genotypes are allowed to be choosy, and while the
traits being selected are still unknown, pheromone sig-
naling is a leading candidate (Nieuwenhuis and Aanen
2012).

Apomixis as the simplest fix to costly
mate finding

Apomixis eliminates the cost of finding a mate. Many
fungi display apomixis, but obligate apomixis is not ob-
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served as a long-term strategy for fungi (Nieuwenhuis
and James 2016), despite some fungi showing no mor-
phological evidence of any amphimixis (i.e., sex). In-
stead, a dominant mode of reproduction across fungi
is one of facultative apomixis or mixed reproductive
strategies. Apomixis may occur via asexual spores (pri-
marily conidia) formed by individual mycelia, which
can then be dispersed and clonally propagate individ-
uals into other locales. A mixed strategy with asex-
ual sporulation effectively allows a genotype to explore
multiple habitats before needing to find a suitable mate.
However, apomixis has a severe cost in the longer term
due to clonal organisms having an inability to adapt
quickly and accumulating deleterious mutations that
cannot be removed by sexual recombination (Judson
and Normark 1996). Another major mode of mixed
mating is called homothally. In this system, a genetic in-
dividual arising from a single spore is able to reproduce
sexually in the absence of another partner. Homoth-
allism does not prevent outcrossing from happening,
but instead outcrossing can happen without barriers of
mating types within a species (Attanayake et al. 2014).
Multiple modes of homothallism are possible, including
mating type switching, haploid fertility, and presence
of compatible mating type alleles in the same genome
(Wilson et al. 2015). Homothallism can be shown to
be beneficial in reducing costs of mate finding in na-
ture. One scenario in which finding a mate might be
costly is when colonizing a new territory. Such expecta-
tion defines Baker’s Law as the idea that invasive species
are selected to be more selfing (Cheptou 2012). A re-
cent example of this Baker’s Law in fungi comes from
a study showing the North American invasion of the
death cap mushroom Amanita phalloides is character-
ized by a form of homothallism called haploid fruiting
that is only observed in the invasive but not the native
range (Wang et al. 2023).

Habitat matters: niches and dispersal
mechanisms modulate costs

Agaricomycetes are dominant components of micro-
bial communities of many habitats, but perhaps no-
toriously: plant roots, soil, and in decaying wood. All
of these habitats have in common a complexity in mi-
crobial diversity that would predict challenging mate
finding, which may have selected for outcrossing effi-
ciency. Habitat clearly matters, and fungal groups with
fewer mating types might have ecological parameters
that would reduce the cost of mate finding. Some ex-
amples will show that this might be the case. Consider
Neurospora, the bread mold, whose true habitat appears
to be as an early succession post-fire mold on vegetation
or trees (Jacobson et al. 2004). Other fungi, such as the
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whiskey fungus Baudoinia compniacensis, halophiles
such as Wallemia, fungi occurring in utility poles, fruit
juice, gut fungi, or indoor fungi might all experience re-
duced competition from other species by adaptions to
specific niches and would therefore be expected to have
less trouble finding mates after colonization. Among the
Agaricomycetes, some of the “extremophilic” species,
such as the dry rot fungus known to inhabit basements
(Serpula lacrymans) are known to have reduced mat-
ing types (Skrede et al. 2013). Highly specific biotrophic
species should also not bear the cost in finding a mate.
This logic that habitat specificity reduces habitat com-
plexity and narrows the physical space over which mat-
ing partners must find each other predicts the observed
lower numbers of MAT alleles in the rusts and smuts,
species that otherwise have the same mating type locus
arrangements as the Agaricomycetes with many alleles
(Coelho et al. 2017).

The flip side of this coin is the cost of dispersal. In
order to take advantage of the reduced costs of find-
ing a mate, dispersal into the more specific niches must
be more efficient. Animal dispersal of fungi is common
and can replace more passive methods such as wind dis-
persal. Numerous examples of mechanisms to facilitate
adaptive dispersal of fungi into their hosts exist. Pro-
duction of scents, as in the stink horn fungi, or produc-
tion of spores inside nectar, as in some rust spermago-
nia, are both means of attracting insects for dispersing
spores or gametes. Coprophilous fungi may have spe-
cific adaptations to be deposited into dung. For exam-
ple, bird’s nest fungi have spores dispersed as a packet
with a sticky cord to reduce drag and wrap around veg-
etation that will be consumed by an herbivore and ulti-
mately pass through them into their habitat of choice
(Brodie 1975). Despite these obvious adaptations, the
overall impression of fungal dispersal might appear
more superfluous and even maladaptive, with Agari-
comycetes apparently the most wasteful. Mushroom in-
dividuals can produce unfathomably large numbers of
spores (Hassett et al. 2015), the majority of which have
nothing to do with anything, except perhaps to serve
as food for amoebae and arthropods. Accuracy has lost
the war to a broadcast strategy. Yet, spores are effectively
cheap, and there is likely intense pressure on coloniza-
tion as priority effects clearly can dictate fungal com-
munities (Hiscox et al. 2015).

The dikaryon of Agaricomycetes reduces the
cost of finding a perfect mate

I have established that the high number of mating types
in Agaricomycetes is associated with reciprocal nuclear
migration, consistent with the organellar inheritance
model for the origins of mating types. In the previous
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sections, I outlined ways in that costs of mate finding in
fungi are reduced, most of which do not apply to Agari-
comycetes. Instead, it is the long-lived dikaryon phase of
the Agaricomycetes that reduces some of this cost and
facilitates, or even demands, the high outcrossing ef-
ficiency. Agaricomycetes maintain the competency for
mating throughout their entire lifecycle because they
lack specific gamete structures, and instead, the nucleus
functions as the gamete. For this reason, the cost of pro-
ducing gametes can be very low, and importantly, game-
togenesis is not a programmed development. Instead, all
nuclei in the vegetative mycelium are capable of mating.

Because the nuclei within a dikaryon have not
yet committed to karyogamy and meiosis, they may
switch partners in a type of mating called dikaryon-
monokaryon (di-mon), heterokaryon-homokaryon
(he-ho), also known as the Buller phenomenon (An-
derson and Kohn 2007). When dikaryotic mycelia
of Agaricomycetes encounter monokaryotic mycelia,
the nuclei of the dikaryon can fertilize by donating
nuclei into the monokaryotic mycelium, thus creating
new associations. These di-mon matings are typically
subject to sexual selection and may foster competition
among nuclei (Nieuwenhuis and Aanen 2012; Auxier
et al. 2022), and usually one nucleus is favored as being
the one to enter into the monokaryon. These di-mon
matings, therefore, reduce the cost of mate finding by
allowing mating to be a reversible process. Fluidity
in mating partners would suggest that species could
function more of as collectives of nuclear genotypes
with a large degree of fluidity in associations over space
(namely mycelia with many nuclei all recognizing each
other as distinct, but cooperating), and this would be
only possible in a system with multiple mating types.
Also limited to species with multiple mating types is
mating between more than two partners. In Agari-
omycetes species with heterokaryons comprised of cells
of more than two nuclei, it has been shown that even
three or four nuclei of different mating types can reside
in a single cell (Johannesson and Stenlid 2004; James
et al. 2009; Carlson et al. 2017). Despite the potential
for dynamism of individuals, evidence for mycelial
collectives is actually scant, and indeed in many species
the dikaryon is a highly stable association, as evidenced
by fairy rings or logs with the same dikaryotic genotype
isolated from extreme ends (Kay and Vilgalys 1992;
Hiltunen et al. 2019).

Remating is also facilitated in Agaricomycetes by the
production of asexual conidia by heterokaryons. This
phenomenon is not seen in all species, and indeed coni-
diation is far less common and abundant than in the As-
comycota (Kiies et al. 2016). However, when produced,
conidia of heterokaryons are shown to often break down
the association of mated nuclei by packaging only one
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or one type of nucleus into the spore, and therefore the
mycelium germinating from such conidia may return to
homokaryotic (James et al., 2008, 2011). In this way, the
cost of mating may be reduced, better partners may be
had, and mating may not necessarily culminate in meio-
sis.

Rule breakers challenge our
understanding of fungal mating

Up to this point, I have often stated that fungi do not
actually have sexes, and instead have mating types. I
also discussed Agaricomycetes as if they are the only
group with more than two mating types in a species. On
these two points, there are exceptions, and these excep-
tions provide clues to the genomic, physiological con-
straints, and evolutionary constraints that force the gen-
eral paradigm.

Most of the models of number of sexes predict that
sexes can increase to infinity or decrease to two, with
intermediate numbers unlikely (Iwasa and Sasaki 1987;
Hurst 1996). If population genetic constraints are the
cause for only two mating types, one might predict
that intermediate numbers of mating types between
two and many as might be occasionally detected as
mating types are created but ultimately fated to be
lost by selection or drift. In fact, there is mounting
evidence of long-term stability of three mating types
in many smut fungi (Ustilaginomycotina: Basidiomy-
cota). Sporisorium reilianum is a smut fungus known
to have 3 alleles at the P/R MAT locus and at least 5
alleles at the HD MAT locus, providing an outbreed-
ing efficiency of at least 53% in a randomly mating
population (Schirawski et al. 2005). Phylogenetic data
show that the three mating types have been around
for millions of years suggesting they are at a stable
equilibrium (Kellner et al. 2011; Coelho et al. 2017).
Sporisorium, other smuts, jelly fungi, and basidiomyce-
tous yeasts are haploid in the yeast phase and convert
into a filamentous mycelium after mating and cytoplas-
mic fusion (Fig. 1F). As mentioned, use of extracellu-
lar pheromones for signaling may pose challenges for
creating diversity and maintaining species specificity.
Indeed, in interspecific mating tests with the Ustilag-
inaceae smuts, pairings between isolates of different
mating type led to either attempted or successful hy-
phal fusion and the formation of hybrids, most likely
which would be of low pathogenicity or reproductively
isolated, given the up to 100 mya divergence of some
species pairs (Kellner et al. 2011). These data hint that
the origin of new alleles may be limited by genomic ar-
chitecture rather than population processes, since new
receptor and pheromone alleles have to emerge on the
same haplotype.

¥20z Aenuer ¢o uo Jasn uebiyol Jo Ausienun Ag $509/ 1 2/226/7/€9/2191./qol/wod dno olwapede//:sdiy woly papeojumoq



Evolution of mating types in fungi

The arbuscular mycorrhizal fungi (Glomeromy-
cotina) have been a fascinating sexual conundrum as
they have been described as heterokaryotic (Kuhn et
al. 2001; Ropars and Corradi 2015), yet they had also
been considered “ancient asexual scandals” having no
evidence for morphological sex in any portion of their
life cycles (Judson and Normark 1996). However, re-
cent evidence provides a strong indication that Glom-
eromycotina may have a mating system with at least six
mating types (Ropars et al. 2016). The nuclear composi-
tion of heterokaryotic isolates is similar to some Agari-
comycetes, wherein the mycelium is comprised of two
nuclear types, but these types may not be equally repre-
sented in the mycelium (Kokkoris et al. 2021). Whether
these fungi undergo cytoplasmic mixing during mat-
ing versus nuclear migration is important for resolving
the organellar inheritance model for the maintenance
of two sexes. Some insights are already available. Pair-
ing of germinating spores in the lab, suggests geneti-
cally distinct isolates can fuse and apparently undergo
nuclear and mitochondrial exchange or at least tran-
sient mixing (Croll et al. 2009; de la Providencia et al.
2013; Purin and Morton 2013). Heteroplasmy of mito-
chondrial markers would suggest cytoplasmic mixing,
contradicting predictions of the organellar inheritance
model, but crosses need to be conducted with consider-
ation of the new MAT locus model.

The rule of no sexes in fungi is actually broken by
a fascinating group called the Laboulbeniales (Pezi-
zomycotina: Ascomycota). These fungi are ectopara-
sites of arthropods, particularly mites, and insects. De-
velopment is limited to production of small thalli of
few to dozens of cells and no mycelial growth. Many
species are hermaphroditic, producing both trichogy-
nes and spermatia. However, some species are dioe-
cious, where individual thalli are either female and pro-
duce only a trichogyne or male and produce only sper-
matia (Benjamin and Shanor 1950; Benjamin 1986).
Laboulbeniales are notorious for showing high speci-
ficity to hosts, including in some cases showing speci-
ficity to the species, sex of host, and even body site
(Benjamin and Shanor 1952; Sundberg et al. 2018;
Haelewaters et al. 2022). Such specificity could greatly
reduce the cost of mate finding. Contrary to expec-
tations, a well-known dioecious species, Laboulbenia
formicarum, is found on multiple genera of ants and
even is associated with invasive ant species (Espadaler et
al. 2011), breaking with Baker’s Law. Understanding the
mating genetics of Laboulbeniales is a critical gap due to
their uncultivability, and it may be that they have plas-
tic or environmentally determined sex development. In-
terestingly, many Laboulbeniales spores are two celled,
and the location of the septum (rarely symmetric) (Fig.
1J) could influence sexual development. Another pos-
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sibility is that individuals are constitutively female and
produce a pheromone that converts immature thalli
into the compatible male sex. This mode of develop-
ment would be similar to that observed in the Oomycete
Achlya ambisexualis in that secreted hormones stimu-
late the development of other individual’s gametes and
drive sexual differences (Raper 1940). A final possibility
would be that ascospores segregating haploid males and
females are always co-dispersed as a spore pair, which
would reduce any issues in mate finding.

The agent of chalkbrood disease of bees, Ascosphaera
apis (Eurotiomycetes), is considered dioecious because
strains of different mating type are reported to grow at
different rates and differ in production of female (as-
cogonia) or male (nucleus donating) gametes (Spiltoir
1955; Mraz et al. 2021). This species produces “spore
balls” in which the ascospores are produced inside a
packet and probably codispersed as intercompatible
progeny, reducing the cost of mate finding (Aronstein
and Murray 2010). The genetics behind this dioecy has
not been explored, though the mating-type genes are
typical for Ascomycota (Aronstein et al. 2007). Codis-
persal of both mating types may select for differences to
evolve that facilitate mate finding and specialization of
mating types to improve mate finding among progeny,
a type of functional homothallism at the diploid level.

Cryptococcus  neoformans sensu lato  (Tremel-
lomycetes; Basidiomycota) is a special fungus that
has received a great deal of attention due to its role as a
human pathogen and a model system for understand-
ing pathogenicity, signaling, and mating. Its life cycle
is dimorphic with mating of yeast leading to develop-
ment of dikaryotic hyphae that undergo meiosis. This
clinically relevant species presents multiple phenomena
that buck the rules for mating systems in fungi. There
are two mating types in C. neoformans s. L, and these
are programmed by a complex ~100 kb mating type
locus with ~20 genes that mostly differ between the a
and o mating types (Fraser et al. 2004). This species
also shows a nascent form of dioecy. Mating between
a and o cells involves the secretion of corresponding
pheromones; however, this is followed by the develop-
ment of a conjugation tube towards the a type by the
type (but not vice versa; Fig. 1G), and the migration of
the o nucleus into the a cell post-fusion (McClelland et
al. 2004). The dikaryotic hyphae then emerge from the a
cell, and this typically leads to inheritance of cytoplasm
from the a cell, a phenomenon that is well established
(Yan et al. 2004). The presence of the large mating-type
locus (unusual for fungi) is coincident with this mating
behavior and provides ample room for the development
of morphological and behavioral differences between
mating types. Dioecy or mating-type-specific roles
may yet be rule rather than the exception, even in
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isogamous mating. Recently, it was shown that chem-
ical differences in the pheromones secreted between
the a and « mating types of Saccharomyces cerevisiae
lead to partitioning of mate finding roles (Anders et al.
2021).

Mating types promote outcrossing by ensuring het-
eroallelism at mating. But what if it did not? Crypto-
coccus neoformans s. I. has two more surprising find-
ings, same-mating-type sex and pseudosex. Evidence
both in the lab and in nature now shows that fusion
between cells of the same mating type can occur, al-
beit at much lower rates than that of heteroallelic pairs,
and that same-mating-type fusion is increased ~1000 in
the presence of a compatible mating types, which pre-
sumably provides a pheromone signal (Lin et al., 2005,
2007, 2009). Same-mating-type sex also leads to fila-
mentation and apparently normal meiosis, albeit at a
slightly reduced recombination rate (Roth et al. 2018).
The recently discovered pseudosexual process in C. ne-
oformans found in some cases mating could trigger the
development of sexual structures, yet only one of the
two partner’s genetic information was incorporated into
the offspring (Yadav et al. 2021). Although these two
unusual phenomena are only known from one genus of
fungi, when phenomena are found in 1 of the 10 or so
major model genera of fungi, it begs the question as to
how widespread they might be. It also forces a recon-
sideration of how important sexual identity is for gov-
erning the mating process—there are no hard and fast
rules.

The use of gender and sex terms in
mycology

The concept of sexes explains much about behavior as-
sociated with the sexual process in eukaryotes, particu-
larly animals. As discussed in the Symposium Sex, Sci-
ence, and Society: Sex Diversity and Variation hosted
at the 2023 Society for Integrative and Comparative Bi-
ology, scientists may develop preconceived ideas about
the importance of sexual differences and focus on bi-
nary divisions within species to the detriment of un-
derstanding sexual variation within species, such as in-
tersex individuals, sex switching, and hermaphroditism.
In mycology, terms associated with the sexes are used
widely. They are associated with ideas that both are
grounded in the ultimate definition of sex, such as ga-
mete size, but also on roles that we as humans often as-
sign to sexes, such as choosiness, reception of gametes,
and nurturing roles, which are easily shown to be mal-
leable even in animals, for example, internal fertiliza-
tion and paternal care in seahorses (Stolting and Wil-
son 2007). For this reason, it is advisable to review and
restrict the use of sex terms appropriately. Trichogy-
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nes and spermatia (fungal terms of female and male
gametangia) of hermaphroditic rusts and ascomycetes
pass the muster as they are associated with gamete size.
Male and female roles during mating of isogamous ba-
sidiomycetes would not. It is not the author’s inten-
tion to provide any rubric for the treatment of these
terms, but to ask fungal biologists to seriously consider
whether the use of stereotypical sex roles of animals
when discussing fungal biology is an important clari-
fication, an over-simplification, or a misappropriation.
Failing to consider this may miss some of the aspects
of fungal biology that make this kingdom unique and
have led to their massive success in terms of diversi-
fication and ecosystem prevalence. Even in a clear-cut
case of smaller male and larger female gametes of the
water mold Allomyces, these terms should be appropri-
ate, but they provide little information as the mitochon-
drion appears to be inherited from the male gamete
(Borkhardt and Olson 1983). What more will we miss if
we make assumptions about the male and female roles
of gametes and individuals because we have “assigned”
them based on equivalency in other kingdoms?

Conclusions and future directions

In this paper, I highlighted how the cost of finding
a mate predicts the diversity of mating-type genes by
showcasing the numerous ways fungi have evolved to
reduce this cost. In a kingdom of some 5 million species,
virtually anything goes. Yet, by and large, fungi go with-
out sexes and instead have mating types that cannot be
distinguished morphologically. And while anisogamy
and hermaphroditism are common, they nearly al-
ways co-occur. Both isogamous and anisogamous fun-
gal species have, generally, two mating types, and in
many cases, their mating-type-determining loci con-
trol cytoplasmic inheritance. The Agaricomycetes stand
as the great exception. Members of this group have a
huge diversity of mating types, affording a high out-
breeding efficiency. That the group is the only one that
has the high diversity and also has evolved reciprocal
nuclear exchange conforms with the organellar inher-
itance model for the maintenance of only two mating
types. So mating in fungi has much in common with
mating in other eukaryote groups, and the study of
fungi has much to teach us about why sexes exist and
why both sexes and mating types mostly come in twos.
Fungi also show numerous ways in which binary sexes
are not the norm for many species, via homothallism,
hermaphroditism, matings between multiple partners,
to pseudosex, and same mating type mating.

Changes in our planetary ecosystem have coincided
with the diversification of certain groups of fungi and
the strategies they employ for dispersal (Berbee et al.
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Fig. 2 The interactions of dispersal mechanisms and niche
preferences over geologic time highlight how the costs of mating
have shaped fungal mating type diversity. Shown are very broad
patterns in terms of transitions in fungal habitat since their early
diversification began approximately | billion years ago (Berbee et
al. 2020). Early diverging lineages of fungi were primarily aquatic
and dispersed gametes and spores actively via flagellated cells. To

find each other, gametes likely required a strong pheromone signal.

As terrestrial biota developed by the Silurian, fungi colonized land
and terrestrial organisms, such as arthropods, and mating was
between hyphae that found each other through pheromone
signaling. As land plants diversified, so did fungi, and fungi used
aerial dispersal to colonize plant tissues as endophytes, epiphytes,
and pathogens. The importance of finding a mate chemically was
reduced for most fungi, which was traded for habitat specificity.
Modern terrestrial ecosystems have a large percentage of their

biomass in Agaricomycetes, which are major components of wood

and soil habitats. These habitats are extremely diverse, and these
fungi find mates by producing copious numbers of spores in
combination with a high outbreeding efficiency ensured by high
numbers of mating-type alleles.

2020) (Fig. 2). Early diverging fungal lineages had
motile gametes when life was more aquatic focused.
As terrestrial life proliferated, fungi flourished on land,
but met the challenge of finding mates and substrates;
asexual sporulation with diverse adaptations for specific
hosts and substrates and isogamy may have dominated.
Then, as large plants began to dominate the landscape,
both spores and gametes took to the wind, and in many
cases propagules assumed dual roles as gametes and for
spores clonal propagation. In doing so, the cost of find-
ing a mate remained low in most of these species, and
homothallism may have evolved when costs were too
high. Agaricomycete diversification is coincident with
the diversification of Angiosperms and woody debris
and led to the evolution of diverse and prolific sporo-
carps for aerial dispersal (Varga et al. 2019). Agari-
comycetes also largely avoid clonality in favor of ob-
ligate sexuality, a trait that makes them not only the
most genetically diverse among the fungi but perhaps

amongst all eukaryotes (Baranova et al. 2015).
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Continued study of fungal mating systems in a
broader phylogenetic and ecological context promises
to provide fertile grounds for testing whether the sce-
nario outlined in the previous paragraph holds merit.
Research on fungi is not just for mycologists; questions
regarding sexual identity, sexual selection, the relation-
ship between ecology and mating systems, and much
more are all research areas for which the diversity and
simplicity of fungi have much to offer. I conclude with
a few areas in immediate need of further research.

1. Until recently, it was nearly impossible to test the
organelle inheritance model as there was presum-
ably a single origin of multiple mating types in
the fungi (Agaricomycetes), but it appears that the
Glomeromycotina is also multiallelic (Ropars et al.
2016). The theory could be tested by determining
whether reciprocal nuclear migration without cyto-
plasmic mixing also occurs in Glomeromycotina as
it does in Agariomycetes.

2. With the emergence of single-cell genomic sequenc-
ing methods, it would now be possible to deter-
mine whether males of Laboulbeniales are geneti-
cally or epigenetically differentiated from females.
These data are needed to understand whether sexes
could be programmed using the genetic architecture
used to create mating types in other fungi.

3. Agaricomycetes genomes encode a large number of
“pheromone” receptors, but it is still unclear what
role they actually play in the sexual cycle (Wirth
et al. 2021). The dogma is that pheromones are
not secreted, yet when pheromone and cognate re-
ceptor of Agaricomycetes are expressed in budding
yeast, the proteins facilitate extracellular mate find-
ing (Fowler et al. 1999). Understanding whether the
pheromones are secreted can help understand how
mates are found, whether true and false sexual signal-
ing can occur, and why it is that the Agaricomycetes
are the only species to produce a highly diverse set of
pheromones alleles.

4. The early stages of mating among Agaricomycetes in
the wild are poorly known. Agaricomycetes isolated
from nature are almost always dikaryotic (e.g., Kay
and Vilgalys 1992), but not always (Crockatt et al.
2008). How often are spores of mushrooms acting as
spermatia to fertilize monokaryotic mycelia or to dis-
place resident nuclei from mycelia? How frequently
are Agaricomycete heterokaryons comprised of more
than two nuclear types, and what effect does this have
on genome plasticity and stability?

5. Can conidia in Agaricomycetes reduce the cost of
finding a mate? Conidia are poorly studied as com-
ponents of the Agaricomycete life cyle (Kiies et al.
2016), and they may function both as spermatia or

¥20z Aenuer ¢o uo Jasn uebiyol Jo Ausienun Ag $509/ 1 2/226/7/€9/2191./qol/wod dno olwapede//:sdiy woly papeojumoq



932

as dispersal to new habitats. According to the mating
kinetics model, species that produce conidia would
have a lower cost of mate finding and would be
expected to have reduced mating type diversity rel-
ative to those that lack conidia.

Box 1: Glossary of technical terms.

Anisogamy: sexual reproduction involving fusion of
gametes of different sizes.

Apomixis: asexual reproduction without gamete fu-
sion.

Buller phenomenon: mating between a dikaryon and
a monokaryon in which a nucleus from the dikaryon
migrates into the monokaryon, also known as di-mon
mating.

Dikaryon: a cell type produced after mating of mem-
bers of Dikarya (Ascomycota and Basidiomycota) in
which the two nuclei of the mating partners do not
fuse but undergo synchronous mitosis.
Heterothallism: mating system in which sexual repro-
duction involves outcrossing.

Homothallism: mating system in which sexual repro-
duction occurs by individuals that are self-fertile
Isogamy: sexual reproduction involving fusion of ga-
metes of the same size.

Mating types: phenotypic groups of individuals that
differ with respect to their ability to mate with other
individuals. Normally, only individuals of differing
mating types are able to mate.

Mating-type locus: a genomic region that determines
the mating type of an individual.

Oogamy: sexual reproduction involving a motile ga-
mete and a larger immotile gamete (egg).

Organelle inheritance model: model explaining the
evolution of sexes or mating types to reduce cyto-
plasmic competition by enforcing uniparental inheri-
tance.

Spermatium: a fungal gamete that is dispersed by wind
or insects to fertilize a trichogyne.

Trichogyne: a receptive hypha that functions as a
female gamete to receive the nucleus from a sper-
matium.
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