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Abstract

It is striking that, while central to sexual reproduction, the genomic regions determining sex or
mating-types are often characterized by suppressed recombination that leads to a decrease in the
efficiency of selection, shelters genetic load, and inevitably contributes to their genic
degeneration. Research on model and lesser-explored fungi has revealed similarities in
recombination suppression of the genomic regions involved in mating compatibility across
eukaryotes, but fungi also provide opposite examples of enhanced recombination in the genomic
regions that determine their mating types. These contrasted patterns of genetic recombination
(sensu lato, including gene conversion and ectopic recombination) in regions of the genome
involved in mating compatibility point to important yet complex processes occurring in their
evolution. A number of pieces in this puzzle remain to be solved, in particular on the unclear
selective forces that may cause the patterns of recombination, prompting theoretical developments
and experimental studies. This review thus points to fungi as a fascinating group for studying the
various evolutionary forces at play in the genomic regions involved in mating compatibility.
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1. Introduction

A decade ago an alarming hypothesis captured public imagination: men were going to
become extinct within the next 5-10 million years (Marshall Graves, 2002). Behind this
prediction was the degeneration of the male-specific Y chromosome. The Y chromosome,
which was once an autosome carrying a sex-determining gene, has indeed experienced
repeated and expanding stages in its accumulation of mutations relative to its homologous X
chromosome. Degeneration of gene content and mutation accumulation are consequences of
the lack of crossing-over during meiosis, because it is through such recombination that
chromosomes with fewer deleterious mutations than the minimum number in the population
can be produced (Graves, 2006; Bergero and Charlesworth, 2009) (Fig. 1a). It was thus first
reasoned by Hermann Muller that, in the absence of recombination, chromosomes
containing the fewest deleterious mutations would be regularly lost from the population by
chance, which would lead to an irreversible and increasing loss in coding capability over
time (Muller, 1964; Bergero and Charlesworth, 2009) (Fig. 1b). Although extensions of this
model, known as “Muller’s ratchet,” have been formulated [e.g., (Kondrashov, 1982)], they
all predict a connection between the suppression of recombination and the accumulation of
mutations. Furthermore, large regions united by recombination suppression prevent selection
from acting independently upon variation in separate loci, causing hitchhiking of deleterious
mutations together with positive selection of a beneficial allele [i.e., Hill-Robertson
interference (Gillespie, 2000)].

Suppression of recombination and the consequent molecular degeneration around genes
controlling sexual compatibility is not unique to humans as it is found in other animals,
plants, and in the fungi (Hood, 2002; Fraser and Heitman, 2004a, b; Whittle et al., 2011,
Hood et al., 2013; Fontanillas et al., 2015). An apparent irony is found in that the very
elements regulating genetic exchange between individuals are themselves largely excluded
from the benefits of this recombination (Idnurm, 2011), especially because sex does not
have to be determined genetically but can be through, as examples, environmental sex
determination or sequential hermaphroditism (Bachtrog et al., 2014; Beukeboom and Perrin,
2014).

There may be processes that counter the trend toward degeneration and the
recombinationally-inert nature of mating-type or sex chromosome regions. In one view, the
nonreciprocal transfer of DNA sequence achieved through gene conversion may counter-act
some of the deleterious effects of suppressed recombination (Marais et al., 2010; Trombetta
et al., 2010), but this phenomenon remains rare in the regions where crossing-over
frequencies are low (Bachtrog, 2013). A process of cyclical renewal of sex-determining
regions has also been suggested, where new regions evolve to control the process of mating
when old sex chromosomes become too degraded (Mank and Avise, 2009; Blaser et al.,
2014). However, as recent studies expand both the diversity of species and the genetic tools
for documenting recombination, there are some rare exceptions in which presumed dead
spots of genetic exchange permit recombination.

Regions controlling mating compatibility are in some cases associated with suppressed
recombination while in other cases they harbor crossing-over hotspots (Burgoyne, 1982; Yi
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and Li, 2005; Hsueh et al., 2006; Brick et al., 2012; Sarbajna et al., 2012; Jakociunas et al .,
2013; Bolton et al., 2014). The evolutionary drivers for these contrasted relationships
between recombination and mating-type determination are still unclear. That is, the regions
controlling sex determination or mating compatibility take a broad range of values in their
association with either recombination suppression or enhancement.

This article outlines three contrasted situations regarding recombination associated with
regions that control mating compatibility; suppressed recombination, enhanced
recombination, and non-homologous or non-reciprocal exchange that may counteract
molecular degeneration. We outline some of the puzzles about these relationships between
mating-type determination and recombination, and we suggest possible explanations. Recent
discoveries in fungi provide valuable insights into the evolutionary genomics of sexual
compatibility. While previous articles have highlighted the similarities between fungal
mating-type chromosomes and the sex chromosomes in other eukaryotes (Fraser and
Heitman, 2004a, b; Menkis et al., 2008; Whittle and Johannesson, 2011), here we focus on
the evolutionary causes for these similarities, point out the evolutionary differences, and
highlight questions that remain to be answered.

2. Fungi are key model organisms for understanding the evolutionary

genomics of sexual compatibility systems

The fungi are a large group of eukaryotes, with estimates of the total number of species in
the millions (Blackwell, 2011). Mating has long been studied in fungi because they are
tractable model organisms (Kniep, 1919; Gdumann, 1952), and the spores produced from
sexual processes in the pathogen fungal species can be infectious propagules. Mating
compatibility is determined by chromosomal regions that are referred to as the mating-type
loci. Many species have a single mating-type locus that encodes alternate transcription
factors that regulate expression of pheromone and pheromone receptor genes as well as
genes involved in post-mating compatibility (Debuchy et al., 2010). Pheromones are used
for partner recognition and attraction. Some basidiomycete species have incorporated the
genes that encode the pheromone and pheromone receptor proteins into the mating-type
locus (Raudaskoski and Kothe, 2010). With the exceptions discussed below, crossing-over is
not known to occur within the mating-type loci, where the intercompatibility of alternate
alleles maintains the divergent forms and even ancient trans-specific polymorphisms (Devier
et al., 2009; van Diepen et al., 2013), to the extent that homology is sometimes difficult to
recognize or has been questioned (Metzenberg and Glass, 1990; Debuchy et al., 2010). This
feature resembles the mammalian sex chromosomes, yet in fungi the mating compatibility of
the cell type can be defined by as little as 1 kb of DNA rather than the majority of the
chromosome (Butler, 2007).

The fungal system in which mating can only occur between individuals of different mating
types is called heterothallism (Fig. 2). A bipolar system of mating where a single genetic
locus governs mating type (Fig. 2) is found in heterothallic ascomycetes, heterothallic
Mucoromycotina species and a few heterothallic basidiomycetes. Most often such bipolar
systems harbor only two alleles, and thus at the population level yield individuals of two
mating types (Billiard et al., 2011). Most basidiomycete fungi exhibit a tetrapolar mating
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system; mating is controlled by two loci, with mating being possible only between haploid
cells carrying different alleles of both loci (Fig. 2). In these species tightly-linked genes that
encode pheromones and pheromone receptors regulate cell fusion. The second locus encodes
homeodomain proteins that function in non-self recognition, controlling post-fusion
compatibility (Feldbriigge et al., 2004). These two loci, encoding pheromones/receptors and
homeodomain proteins, can be linked to form a single locus (a system called bipolarity,
because only two haploid mating types are produced) or in crosses they may segregate
independently (a system called tetrapolarity because the diploid, being heterozygous at both
loci, can produce four mating type combinations after meiosis). The independent segregation
of the two mating type loci in tetrapolar systems is associated with high levels of allelic
polymorphism, yielding potentially thousands of mating types (Casselton and Olesnicky,
1998; Brown and Casselton, 2001; Nieuwenhuis et al., 2013). Multiple mating types being
determined by one locus are found in other eukaryotes, such as self-incompatibility in
angiosperms, ciliates and tunicates (Hurst et al., 1992). Likewise, the existence of a two-
locus system to determine mating types is not just an oddity of mushrooms, as it is also
found in the self-incompatibility systems of some angiosperms (Barrett and Shore, 2008;
Klaas et al., 2011) and the mating-type systems of tunicates and social amoebae (Harada et
al., 2008; Bloomfield et al., 2010).

The opposite condition of heterothallism is called homothallism, under which mating is
possible between mitotic descendants of the same haploid genotype (Fig. 2). Homothallism
can be achieved by different mechanisms: 1) switching such as in ascomyete yeasts, in
which non-allelic recombination regularly replaces the active cassette in the mating-type
locus by a copy of the alternative transcription factor gene(s) that is present elsewhere in the
genome (Haber, 2012); 2) the presence of both mating-type alleles in a haploid genome
(Beatty et al., 1994; Paoletti et al., 2007; Gioti et al., 2012); and 3) the possibility, in the
absence of mating, for endoduplication to restore the diploid condition or fusion between
two haploid nuclei carrying the same mating-type allele (Glass and Smith, 1994; Lin et al.,
2005; Wik et al., 2008). Some fungi exhibit a particular system where post-meiotic nuclei of
opposite mating types are packaged into spores for dispersal so that restitution of the diploid
condition can always occur, with no requirement of finding another compatible mate
(Billiard et al., 2011, 2012). This situation has long been called pseudo- or secondary-
homothallism based on observation of mating compatibility in vitro, but actually
corresponds to a heterothallic breeding system of molecular non-self recognition, with
automixis being favored as a mating system.

Taken together, the fungi display a variety of systems for mating-type determination and
mating compatibility. These are associated with different, and even opposite, scenarios
regarding the extent of recombination around the genes essential for mating compatibility.
We outline below the three most contrasting and puzzling situations.
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3. Three impacts of recombination associated with mating type

3.1 Recombination suppressed around mating-type loci — driving forces and evolutionary
consequences

In plants and animals, suppression of recombination on sex chromosomes is considered to
have evolved due to the benefit of linking together multiple genes involved in sex
determination, with the further suppression of recombination linking genes that display
antagonistic effects in the opposite sex (Bergero and Charlesworth, 2009). The linking of
sexually-antagonistic genes is often viewed as occurring in successive steps, creating
“evolutionary strata” of ages of linkage and thus degrees of divergence that are usually
observed between sex chromosomes (Bergero and Charlesworth, 2009). However, this
adaptive explanation for the stepwise increase in the region of recombination cessation is
more difficult to apply to fungi because mating types are, with few exceptions (Dettman et
al., 2003), not associated with male/female function. In addition, the fungal mating type has
generally been considered to have little influence on the fitness of individuals in any part of
the life cycle other than mate recognition (Brasier, 1999), with some exceptions that are
described later. Selection for linking dozens or hundreds of additional genes to the mating-
type loci due to antagonistic selection on mating-type is therefore difficult to imagine.

Yet, recombination is suppressed over substantial distances of 100s of kbp to several mbp
around the mating-type loci of several fungi, e.g., Neurospora tetrasperma (Menkis et al.,
2008; Ellison et al., 2011), Microbotryum spp. (Hood, 2002; Hood et al., 2013; Badouin et
al., 2015; Fontanillas et al., 2015; Whittle et al., 2015), Ustilago hordei (Bakkeren and
Kronstad, 1994), Cryptococcus spp. (Fraser and Heitman, 2004b), and Podospora anserina
(Grognet et al., 2014). The evolutionary forces resulting in the cessation of recombination
appear to differ among fungi. Recombination suppression in some basidiomycetes may have
evolved due to the benefit of linking the two mating loci, as the pheromone/receptor genes
and the homeodomain genes are found at the edges of the region of suppressed
recombination, e.g., in U. hordei and Cryptococcus spp. (Billiard et al., 2012; Nieuwenhuis
et al., 2013), and within the region of suppressed recombination in Microbotryum spp. (Petit
et al., 2012; Badouin et al., 2015; Fontanillas et al., 2015). Such a linkage of the pre- and
post-mating compatibility genes may be advantageous under certain conditions
(Nieuwenhuis et al., 2013; Vuilleumier et al., 2013). First, when diploid selfing (i.e., mating
between products of meiosis of a given diploid individual) is favored, linkage of
compatibility factors may be beneficial because it results in the production of a larger
proportion of inter-compatible haploid mating-types. Noting that compatibility requires
differences at both pheromone/receptor genes and homeodomain genes, any given haploid in
a linked bipolar system is compatible with 50% of the other meiotic products from its
diploid parent, versus compatibility with 25% in an unlinked tetrapolar system. Second, a
similar force may select for linkage between the pre- and post-mating-type loci in
outcrossing basidiomycete species when there are few mating-type alleles in the population
(Billiard et al., 2011; Nieuwenhuis et al., 2013).

In N. tetrasperma and Microbotryum spp., recombination is suppressed along most of the
mating-type chromosomes (Hood, 2002; Hood et al., 2013; Badouin et al., 2015; Fontanillas
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et al., 2015; Whittle et al., 2015), and selection for linkage of the mating-type locus to the
centromere may have been a contributing factor (Menkis et al., 2008; Hood et al., 2013). In
N. tetrasperma, suppressed recombination between the mating-type locus and the
centromere ensures that mat A and mat a will segregate at the first division of meiosis, to
package meiotic products of different mating type into a single ascospore for dispersal (Raju
and Perkins, 1994). This is achieved through the cytological feature of nuclear movement
following meiosis in N. tetrasperma that brings together non-sister daughter nuclei of
meiosis Il. Thus, recombination suppression provides the species with the ability to readily
self, since compatible nuclei coexist in the vegetative mycelia emerging from germinated
ascospores (Menkis et al., 2008). In addition, the linkage of the mating-type to the
centromere may be beneficial in these species under automixis (i.e., intra-tetrad mating or
meiotic parthenogenesis), as it allows the restoration of heterozygosity linked to all
centromeres and to mating type, which may shelter deleterious mutations or provide
conditions for maintaining heterosis (Hood and Antonovics, 2004).

In the face of suppressed recombination causing reduced efficiency of selection and
degeneration, the question remains why mating-type loci in some fungi have evolved to
encompass so many genes (over 20 in Cryptococcus, more than 200 in P. anserina and over
a thousand in N. tetrasperma and Microbotryum spp.), instead of just the essential
compatibility genes and/or the centromere. The mechanism to suppress recombination is
often the formation of chromosomal inversions (Ellison et al., 2011), ironically caused
precisely by unequal crossing-overs, although in some cases the non-recombining regions
have remained collinear such as in P. anserina (Grognet et al., 2014). Because few of the
genes within these large non-recombining regions seem to be involved in mating-type
determination (Bakkeren and Kronstad, 1994; Lengeler et al., 2002; Fraser et al., 2004;
Menkis et al., 2008; Badouin et al., 2015; Fontanillas et al., 2015), one may hypothesize that
selection would favor their escape into recombining regions where they would not suffer
from Muller’s ratchet and Hill-Robertson interference that reduce the power of selection.
These cases of non-collinear mating-type chromosomes may represent transient conditions,
and selection against genic degeneration may favor the escape of these genes trapped within
mating-type loci perhaps by selection for further rearrangements or retrotransposition, as
occurred on animal sex chromosomes (Bachtrog, 2013).

The most straightforward hypothesis for explaining large regions of suppressed
recombination would seem to be that there is antagonistic selection on mating types for
other traits than just mating-type determinism. In fact, some studies have reported mating-
type specific traits in fungi, such as gene expression profiles (Samils et al., 2013; Grognet et
al., 2014), virulence (Kwon-Chung et al., 1992; Nielsen et al., 2005), or mitochondrial
inheritance (Billiard et al., 2011, 2012). In N. tetrasperma, data on mating-type biased gene
expression indicate patterns of expression divergence associated with growth on different
nutrient regimes, suggesting that individuals of different mating types differ in their fitness
optima under different growth conditions (Samils et al., 2013). The latter finding is also
supported by a rapid diversification of the mating-type biased expression, leading to the
speculation that the rapid divergence of expression is due to selection for a diversification of
strains of different mating types (Whittle et al., 2014). In the human pathogen Cryptococcus
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neoformans alternate mating types also can exhibit different life history trait optima, such as
differences in hyphal growth rates and virulence in animal models (Kwon-Chung et al.,
1992; Nielsen et al., 2005; Lin et al., 2006, 2008). However, these mating-type specific
differences in gene expression or traits may alternatively result from degeneration in some
alleles linked to one mating type rather than from antagonistic selection (Fontanillas et al.,
2015).

In fact, as haploids of different mating-types need to co-occur in the same ecological niche
for mating, it would seem suboptimal that mating types would be selected for different
virulence or fitness optima. In addition, the main model of antagonistic pleiotropy between
sexes does not seem to apply in fungi for explaining that regions of suppressed
recombination encompass several genes around the mating type loci. However, there are
alternative hypotheses (Ironside, 2010). For example, in inbred populations, as is strikingly
the case for the automictic N. tetrasperma, P. anserina and Microbotryum spp., suppression
of recombination can help to shelter deleterious, recessive alleles (Oudemans et al., 1998;
Hood and Antonovics, 2000; Thomas et al., 2003), which has been predicted to occur in
successive steps (Antonovics and Abrams, 2004; Johnson et al., 2005). Ironically, in the
long term this expansion of recombination suppression will lead to further accumulation in
the load of deleterious substitutions and insertions.

Alternatively, such large regions of recombination suppression may be hypothesized to
protect co-adapted gene complexes, i.e., that suppressed recombination is favored for linking
alleles with antagonistic effects, but not in direct association with mating types, instead with
the adaptation to different selection regimes (Navarro and Barton, 2003). Linkages would be
selected for reasons independent of mating types, and different mating-types would bear the
same co-adapted complexes, but linkage would be maintained over longer evolutionary
times when they include mating types, due to balancing selection on mating types (Ironside,
2010). In the highly specialized and sympatric plant pathogenic Microbotryum species for
instance, one hypothesis is that a suite of genes having co-adapted alleles for host plant
specialization are located within the mating-type chromosome. Combinations allowing
higher fitness on a given host plant could be selected to be linked altogether by avoiding
breaking beneficial allelic combinations in the face of interspecific gene flow (Navarro and
Barton, 2003). Both mating-type chromosomes would have the same genes involved in
adaptation on a given host within a Microbotryum species, but the linkage of such genes to
regions determining mating compatibility in each host-specialized species would allow these
genes to display suppressed recombination over longer time frames compared to if they were
on autosomes, because negative frequency-dependent selection maintain mating types in
balanced frequencies (Ironside, 2010).

3.2 Recombination enhanced adjacent to mating-type loci and independent assortment

In contrast to the situations outlined in section 3.1, recombination frequencies are extremely
high in association with mating-type regions in some fungi, including independent
assortment of the component factors on different chromosomes or recombination enhancers
in regions that flank mating-type loci (Fig. 3).
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In the tetrapolar basidiomycetes the two mating-type loci, containing the pheromone/
receptor and homeodomain protein genes, can be located on different chromosomes and thus
experience independent assortment (Kues et al., 2011; Nieuwenhuis et al., 2013). Such
independent assortment of two mating-type loci has been interpreted as evidence of
selection for discrimination against inbreeding because mating compatibility is being
determined by a larger number of independently-segregating, haploid self-incompatibility
loci (Billiard et al., 2011, 2012). However, as noted above, whether such a selective process
would function to promote outcrossing over diploid-selfing would depend on the level of
polymorphism for mating-type alleles in the population. For example, if there is no mating-
type diversity among diploid genotypes, the transition from bipolarity to tetrapolarity serves
only to decrease the compatibility of random gamete pairs from 50% to 25% regardless of
whether they are derived from the same or different diploid parents. When there is
polymorphism for intercompatible mating-type alleles, then random gamete compatibility
under tetrapolarity will rise above 25%; however, the interdependent drivers of outcrossing
(e.g., benefits such as Fisher-Muller effects) and of multiallelism at mating types (e.g.,
negative frequency-dependent selection) remain difficult to disentangle (Billiard et al., 2011,
2012; Nieuwenhuis et al., 2013).

In ascomycetous yeasts like Saccharomyces cerevisiae and Schizosaccharomyces pombe, a
particular mode of mitotic recombination and associated transposition enhancers has
evolved around the active mating-type locus to allow mating-type switching. Mating-type
switching is a process by which a strain of one mating-type can change to the opposite
mating-type, with the replacement of active mating-type transcription factor genes by one of
the two alternative quiescent mating-type loci also present in the genome. At least in the
case of the yeasts in the Saccharomycotina, it appears that the systems of one active and two
silent loci likely evolved from a simpler situation that used chromosome inversions brought
about by identical DNA sequence in two regions, as observed in Hansenula polymorpha and
Pichia pastoris (Hanson et al., 2014; Maekawa and Kaneko, 2014). Independent
domestications of transposable elements have occurred in yeast lineages that allow more
complex forms of non-allelic recombination events (Butler et al., 2004; Barsoum et al.,
2010; Rajaei et al., 2014). Mating-type switching is one form of homothallism, which may
be advantageous because it allows the haploid cell lineage to be compatible for the sexual
cycle with any mitotic cell lineage in the population, it allows recombination within a clonal
lineage, or can generate karyotypic variants that may be favored by selection (Billiard et al .,
2011, 2012).

Aside from the ectopic recombination associated with mating-type switching, in some
species the regions flanking the mating-type loci can exhibit greatly enhanced homologuous
recombination mediated through crossing-over hotspots. For example, in the basidiomycete
C. neoformans recombination is suppressed over a large (~120 kb) mating type-determining
region (Lengeler et al., 2002), flanked on either side by hot spots for recombination 10-50
times the genome-wide average frequency (Hsueh et al., 2006). This enhanced
recombination rate is not just a physical consequence of a large region with suppressed
recombination, because it is also observed in experimental diploids that are homozygous for
mating type, and is instead due to the presence of GC-rich motifs (Hsueh et al., 2006; Sun et
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al., 2014). The evolutionary explanation for these GC-rich recombination hotspots remains
undetermined.

An interesting parallel to C. neoformans are the recombining regions at both edges of the
mammalian sex chromosomes, called the “pseudo-autosomal regions.” These also constitute
hotspots of recombination, being the only defined intra-chromosomal region where
recombination occurs in 100% of the cells (Burgoyne, 1982; Yi and Li, 2005; Brick et al.,
2012; Sarbajna et al., 2012). The occurrence of at least one crossing-over event per
chromosome is thought to facilitate chromosome segregation at meiosis (Whitby, 2005), but
it may also be selected for by the benefits that favor recombination (Otto et al., 2011). In P.
anserina an obligate and single crossing-over between the mating-type region and the
centromere allows heterokaryotic ascospores to be produced that carry sister nuclei of
meiosis |1 that are of opposite mating types. Upon ascospore germination, the resulting
mycelia will therefore be able to undergo sex without waiting for a mate (Grognet et al.,
2014); this is automixis as the two nuclei enclosed in ascospores result from a single meiosis
event (Lewis and John, 1963). It is striking that automixis functions in concert with mating-
type determination in N. tetrasperma and M. violaceum by preventing recombination
between the mating-type locus and the centromere, while in P. anserina this is achieved by
an obligate crossing-over.

3.3 Recombination and gene conversion within MAT — mechanisms of mating-system
transition and counteracting molecular degeneration

The accumulation of deleterious mutations in regions of suppressed recombination may be
counteracted by gene conversion. Gene conversion is a mechanism of non-reciprocal
transfer of DNA sequences between homologous or non-homologous sites of high sequence
similarity, such that both copies are the same after conversion. Although this does not
constitute recombination per sg, it yields similar results of information transfer between
homologous chromosomes. Gene conversion between mating-type alleles has been
suggested in fungi with large regions of suppressed recombination linked to mating-type
loci, such as in N. tetrasperma (Menkis et al., 2010), M. violaceum (Fontanillas et al. 2015)
and C. neoformans (Sun et al., 2012a).

In N. tetrasperma, introgression from a related species, freely recombining around its
mating-type locus, has also been observed on the mating-type chromosomes with suppressed
recombination. The correlation between introgression and a weaker signal of molecular
degeneration suggests that introgression is adaptive in reinvigorating the genome from the
negative effects of recombination suppressions (Sun et al., 2012b).

An unusual recombination feature is present within the mating-type locus of Sclerotinia
sclerotiorum. In this ascomycete, a region of the mating-type locus is inverted every meiotic
generation (Chitrampalam et al., 2013). There is no apparent benefit to this process;
however, this is one example in which a mating-type locus is capable of high frequency
recombination.

Further evidence of recombination associated with mating-type regions exists in homothallic
species that appear to have originated from heterothallic ancestors by non-homologous
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crossing-over event between mating-type alleles. These non-homologous recombination
events brought together both mating-type alleles in the same haploid genome, which
conferred both mating-type functions and thus universal mating compatibility in most
ascomyecetes (Gioti et al., 2012). Such a rearrangement to the genomic structures affecting
mating compatibility may confer an advantage when waiting for a compatible haploid mate
is costly (Billiard et al., 2011), as it confers a universal compatibility for mating, and
therefore increases the chance to find a compatible mate (Billiard et al., 2011, 2012). Such
events of unusual recombination can cause changes in breeding systems from heterothallism
to homothallism as observed in Aspergillus nidulans (Paoletti et al., 2007), Neurospora spp.
(Ellison et al., 2011; Gioti et al., 2012), S. sclerotiorum (Chitrampalam et al., 2013),
Grosmannia clavigera (Tsui et al., 2013), and Zygosaccharomyces rouxii (Watanabe et al.,
2013). Meiotic crossing-over events that reorganize the mating-type locus as a step toward
homothallism likely occurred between the homologous chromosomes bearing the mating-
type regions.

Muitotic recombination within mating-type loci has been demonstrated, albeit under
laboratory conditions, by targeted mutation by replacement with selectable markers of genes
within mating-type loci in fungi, with examples from the Mucoromycotina, Ascomycota and
Basidiomycota lineages, such as reported in Shen et al., 2002; EI-Khoury et al., 2008; Li et
al., 2011; Grognet et al., 2014. These experiments provide additional lines of evidence that
mating-type loci are not by default impaired for crossing over, although with a caveat that
meiotic recombination may use pathways that are similar to mitotic crossing over but also
those that are specific to meiosis (Kohl and Sekelsky, 2013).

4. Concluding remarks and future directions

The genes involved with mating compatibility are structurally arranged in a diversity of
ways in fungi, which has resulted in a range of effects on recombination. There may be
highly localized regions of meiotic recombination or conversely a great expansion of linkage
that incorporates the majority of the chromosome. Fungi thus represent a fascinating group
to study the evolutionary causes and consequences of recombination suppression and
enhancement, being tractable systems, with their relative simplicity of mating compatibility
mechanisms and their small genomes.

Many interesting questions remain to be investigated about the evolution of mating-type
chromosomes in fungi. In particular, the question of why so many genes not involved in
mating-type determination are sometimes trapped within non-recombining mating-type loci
in fungi deserves further investigations. The contrasted patterns of cross-over and mating-
type are based on examples from a small number of species. We thus also need a broader
survey of the diversity of fungal systems that have been little studied to be able to begin to
draw generalities. Further experimental work should address the adaptive significance of
traits (e.g., tetrapolarity and outcrossing, recombination suppression or hotspots) versus non-
adaptive explanations (Ironside, 2010). The discoveries from such studies promise to
enlighten understanding of the evolution of sex-determination regions of genomes from a
new perspective.
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» Mating type loci and sex chromosomes are associated with suppressed
recombination.

«  Exceptions to recombination suppression are known in the fungi.

»  Some fungal mating systems rely on or include increased recombination
frequencies.

Fungal Biol Rev. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Idnurm et al.

Page 17

Recombination

Muller’s ratchet

—

Frequency in the
population

0 1 2 3 4 5 6 7 8

Number of deleterious mutations per
chromosome

Fig 1.

(A?) Ilustration of recombination as a mechanism for purging deleterious mutations. A
crossing-over event between two chromosomes carrying different deleterious mutations (a
and b) produces a chromosome free of deleterious mutations (A and B). (B) Illustration of
the concept of Muller’s ratchet. Without recombination, the number of deleterious mutations
per chromosome increases over time in the population, and the chromosomes free of
deleterious mutations will be lost by chance. The dark blue shading shows a theoretical
original state, with a given mean and variance for the number of deleterious alleles per
chromosome in a population. The light blue shading shows the resultant state after many
generations without recombination, illustrating the Muller’s ratchet effect of an increase in
the mean number of deleterious mutations.
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Fig 2.

Di%"ferent breeding systems in the fungi. Homothallism means that each haploid is
compatible with all other haploids and heterothallism is when only cells of different mating
types can mate. Bipolarity qualifies heterothallism where the mating type is determined by a
single locus while under tetrapolarity mating can only occur when the two mating-type loci
carry different alleles. Letters A and B indicate mating-type loci and numbered subscripts
indicate alternate alleles, where they occur.
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Fig 3.
Patterns of recombination suppression or enhancement associated with mating-type loci

(MAT) of fungi. Recombination may be enhanced in association with the mating-type loci of

fungi, through non-allelic mating-type switching or by allelic recombination hotspots. A
“silent” MAT indicates a potentially coding region placed within a transcriptionally
quiescent part of the genome. If these regions are recombined into the active parts they are

functional. Recombination may be suppressed, in examples in the basidiomycetes in which

the two sex-determination regions are linked and/or by linkage to the centromere.
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