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Abstract

Sexual reproduction is ubiquitous throughout the eukaryotic kingdom, but the capacity of
pathogenic fungi to undergo sexual reproduction has been a matter of intense debate. Pathogenic
fungi maintained a complement of conserved meiotic genes but the populations appeared to be
clonally derived. This debate was resolved first with the discovery of an extant sexual cycle

and then unisexual reproduction. Unisexual reproduction is a distinct form of homothallism that
dispenses with the requirement for an opposite mating-type. Pathogenic and non-pathogenic
fungi previously thought to be asexual are able to undergo robust unisexual reproduction. We
review here recent advances in our understanding of the genetic and molecular basis of unisexual
reproduction throughout fungi and the impact of unisex on the ecology and genomic evolution of
fungal species.
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One of the defining characteristics of eukaryotic life is the ability to reproduce sexually.
Sexual reproduction was likely an attribute of the most recent common ancestor of all

extant eukaryotic lineages (Baldauf, 2003; Baldauf, Roger, Wenk-Siefert, & Doolittle, 2000;
Cavalier-Smith, 2004; Dacks & Roger, 1999; Derelle et al., 2006; Fritz-Laylin et al., 2010;
Patterson, 1999; Ramesh, Malik, & Logsdon Jr, 2005; Simpson & Roger, 2004). Less than
1% of angiosperm plants and just 0.1% of characterized animals are thought to lack the
ability to undergo meiosis and indeed, since the first sexual fungus Syzygites megalocarpus
was described, eukaryotic microorganisms have been discovered to be not just sexual or
asexual but homothallic, that is self-fertile, as well as heterothallic, self-incompatible (Asker
& Jerling, 1992; Blakeslee, 1904; Vrijenhoek, 1998; White, 1978; Whitton, Sears, Baack,
& Otto, 2008). In fungi, heterothallic species are self-sterile and require two partners

with compatible mating types to initiate the sexual cycle, while homothallic species are
self-fertile and can initiate sexual reproduction between cells of the same mating type and, in
some species, even from a single cell or between cells descended from a single cell.
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Fungal organisms possess diverse sexual strategies for both homothallic reproduction and
maintaining heterothallic incompatibility. Fungi establish cell identify using either a bipolar
mating type system, that is one locus that produces two mating types, or tetrapolar

mating type system, that is two loci that are able to produce many mating types. The
basidiomycetous fungus Ustilago maydis has a tetrapolar mating system with the two
mating type loci, aand b, located on different chromosomes. The @ mating locus encodes
pheromones and pheromone receptors involved in mate recognition and cell fusion during
mating (Boélker, Urban, & Kahmann, 1992). The & locus encodes bE and bW, homeodomain
proteins, that heterodimerize to regulate the expression of genes required for filamentous
growth and completion of meiosis (Kadmper, Reichmann, Romeis, Bolker, & Kahmann,
1995; Kronstad & Leong, 1990; Schulz et al., 1990). There are two alleles of the a locus
and at least 25 alleles of the & locus; mating requires cells to carry different alleles at both
the aand & loci. As a result, meiotic segregants can mate with only 25% of the products of
the cross. In contrast, the budding yeast Saccharomyces cerevisiae possesses a mating type
system with features common to bipolar fungi; cells that inherit the MAT7a idiomorph are
a-cells, and those that inherit MATa are a-cells. MATa and MATa are idiomorphs as they
encode non-allelic genes, al and a2 in MAT7a and al in MATa. The two idiomorphes of
the MAT locus encode critical DNA binding proteins that regulate expression of cell identity
genes throughout the genome. Mating between a- and a-cells rsults in cellular and nuclear
fusion to generate an a/a diploid that can undergo meiosis in which any given segregants
can mate with 50% of the progeny of the cross.

Mating type systems enable self-recognition and incompatibility in heterothallic fungi,
however homothallic species overcome self-incompatibility through three general
mechanisms. S. cerevisiae is an example of the first homothallic mechanism, as only one
allele is expressed from the active MAT locus, while two additional silent MAT cassettes are
present and enable mating-type switching through gene conversion of the MAT locus. Thus,
mating type switching enables even a clonal population to mate but only after conversion

to opposite mating type haploid cells. More recent work has revealed a second mechanism
of homothallism, the presence of both mating types in a single genome, at either linked

or unlinked loci. Sordaria macrospora, a filamentous ascomycete, contains tandem copies

of the MATA and MATa loci allowing expression of both mating type loci in its genome
and self-fertility (Debuchy & Turgeon, 2006; Pdggeler, Risch, Kiick, & Osiewacz, 1997).
The third type of homothallism, unisex, in which the requirement for an opposite mating
type is dispensed with entirely, has most recently been discovered. While the molecular
mechanisms and phylogenetic extent of unisex are not yet fully elucidated, new research has
revealed that unisexual fungi are an important and medically relevant subset of homothallic
fungi.

Homothallism in Ascomycetes and Basidiomycetes

Of the two major fungal divisions, the relative frequency of homothallism is higher in

the Ascomycetes than in the Basidiomycetes (Whitehouse, 1949). This higher frequency
of homothallism in Ascomycetes could be a reflection of the differences in the self-
incompatibility systems in the two groups of fungi. In Ascomycetes, self-sterility is
governed by a bipolar (unifactoral) system, while for the majority of the Basidiomycetous
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species self-incompatibility is controlled by a tetrapolar (bifactoral) system. Thus, if self-
fertility evolved from ancestral self-sterility, theoretically this transition would require less
change in the incompatibility system in Ascomycetes than in Basidiomycetes. However,

it should be noted that homothallism has also been identified in Basidiomycetous species
that are close relatives of self-sterile species with tetrapolar mating systems. In addition,
the debate about whether the ancestral state of the mating system in Ascomycetes and
Basidiomycetes is homothallism or heterothallism is yet to be settled, with incongruent
and inconclusive results generated by studies of different groups of species (Galagan et al.,
2005; Gioti, Mushegian, Strandberg, Stajich, & Johannesson, 2012; Inderbitzin, Harkness,
Turgeon, & Berbee, 2005; Nygren et al., 2011; Rydholm, Dyer, & Lutzoni, 2007).

Remarkably, there are fungal species that have the ability to transition between
heterothallism and homothallism. For example, S. cerevisiae Ho* strains can undergo mating
type switching and are homothallic, while naturally occurring /0™ strains are heterothallic.
Among the fungal species that show plasticity in their reproductive modes are two important
human pathogenic fungi, Candida albicans and Cryptococcus neoformans. Both species
have bipolar mating systems and can undergo heterothallic reproduction between cells

with opposite mating types. However, if appropriate conditions are present, unisexual
reproduction can also be initiated and completed involving cells of the same mating type

in the absence of cells of the opposite mating type.

S. cerevisiae is the classic example of homothallism using mating type switching. It had
been long debated whether S. cerevisiae is homothallic or heterothallic, as both modes of
reproduction were observed in this species (Hicks & Herskowitz, 1977; Hicks, Strathern, &
Herskowitz, 1977; X. Lin & Heitman, 2007; Lindegren & Lindegren, 1943a, 1943b, 1944;
Winge, 1935; Winge & Laustsen, 1937; Winge & Roberts, 1949). It turned out that both
arguments are correct, and it depends on which strain is under examination. S. cerevisiae
has a unifactorial self-incompatibility system, and the mating type is governed by the allele
at the active mating type (MAT) locus. In addition to the active MAT locus, there are also
two silent MAT cassettes, HML and HMR, in the genome that contain two compatible
MAT alleles. HML and HMR are normally kept silent by a modified chromatin structure
that requires the action of the Sir protein complex. However, during mitosis, a special
endonuclease encoded by the gene HQO initiates a gene conversion process that replaces the
existing allele at the active MAT locus with the opposite allele from one of the two silent
MAT cassettes. Colonies established by an Ho™ strain will contain cells with compatible
MAT alleles at the active MAT locus. Therefore Ho* strains are homothallic. On the other
hand, there are naturally occurring ho™ S. cerevisiae strains that are unable to undergo
mating type switching and are heterothallic (McCusker, 2006).

A similar mating type switching system has been identified in another model yeast, the
fission yeast Schizosaccharomyces pombe. The two mating type switching systems in S.
cerevisiae and S. pombe share similarities in that: 1) there are three mating type cassettes
present on the same chromosome, with one of them being active and the other two silenced,
and 2) efficient unidirectional switching through gene conversion is initiated by a DNA
lesion during mitosis. However, significant differences also exist between the two systems.
First, the two species differ in the structure, sequence, as well as the nature of the genes
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encoded within MAT. In addition, the DNA lesion that initiates switching differs between
the two systems. While a DSB is provoked by the Ho endonuclease in S. cerevisiae,

the switch-initiating lesion in S. pombe appears to require a certain unusual type of
replication-induced break that involves a nick and possibly retention of ribonucleotides from
the primer of an Okazaki fragment (Arcangioli & de Lahondes, 2000; Dalgaard & Kilar,
1999; Kaykov & Arcangioli, 2004; Vengrova & Dalgaard, 2004, 2006). Furthermore, the
underlying mechanisms for the silencing of the two silent MAT cassettes also appear to be
different between S. cerevisiae and S. pombe. It is thus apparent that the similar mating type
switching systems have evolved independently in the two lineages.

Remarkably, it has recently been shown that another budding yeast, K/uyveromyces lactis,
also undergoes mating type switching through yet another mechanism that is distinct from
S. cerevisiae and S. pombe (Barsoum, Martinez, & Astrém, 2010). K. /actis has lost the
Ho endonuclease gene and was thought to switch stochastically by mitotic gene conversion.
However, recently it was discovered that a special protein, a3, is essential for switching

in K. lactis. a3 is homologous to transposases and the amino acids conserved among
transposases are required for successful mating type switching in K. /actis, suggesting a3
originated through domestication of a transposase (Barsoum et al., 2010). The fact that
several similar yet distinct homothallic mating systems involving mating type switching
have evolved independently in different fungal lineages suggests there are selection
pressures that favor selfing, at least under certain circumstances.

Homothallism in fungi could also be achieved through the co-existence of compatible MAT
alleles within one individual. The compatible MAT alleles could be located in different
nuclei (i.e. bi-nuclei spore, so-called pseudo-homothallism), within the same nucleus but
separated from each other (e.g. A. nidulans), or within the same nucleus and fused together
(e.g. Cochliobolus sp.). Several basidiomycetous species produce heterokaryaotic spores,
such as Agrocybe semiorbicularis, Conocybe tenera for. bispora, Coprinus ephemerus, and
Aleurodiscus canadensis (Raper, 1966). These species produce 2-spored basidia. Following
meiosis, two nuclei migrate into each of the two spores. Germination of each individual
spore can establish dikaryotic mycelia, and in most cases, form clamp connections (Raper,
1966). In these pseudo-homothallic species, occasionally there are spores that produce stable
mycelia that lack clamp connections. Further mating analyses using these “non-homothallic”
individuals suggest the existence of an underlying bipolar self-incompatibility system in
each of these species (Raper, 1966). Thus, it is likely that homothallism by the production of
heterokaryotic spores is derived from an ancestral bipolar mating system. Similar examples
of pseudo-homothallism based on the production of heterokaryotic spores with underlying
bipolar incompatibility also occur in several Ascomycetous species, such as Neurospora
tetrasperma and Podospora anserina (Ames, 1934; Dodge, 1927; Dodge, Singleton, &
Rolnick, 1950; Raper, 1966).

There are also a few Basidiomycetous species that are homothallic without clamp
connections, such as Calocera cornea, Coprinus ephemeroides, Octojuga pleurotelloides,
Octojuga pseudopinsitus, and Filobasidiella depauperata (Raper, 1966; Rodriguez-Carres,
Findley, Sun, Dietrich, & Heitman, 2010). ~ depauperata appears to be an obligate sexual
species that is closely related to the human pathogenic Cryptococcus species complex. £
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depauperata spores are uninucleate, and each germinated spore establishes a monokaryotic
mycelia that lacks clamp connections but produces basidia decorated with four long spore
chains (Kwon-Chung et al., 1995; Rodriguez-Carres et al., 2010). It is likely that the
obligate selfing in £ depauperata evolved from an ancestral bipolar self-incompatibility
system. However, it is not yet clear how this transition was achieved, although analyses of
genes located within the MAT locus of C. neoformans suggest they have been involved in
extensive chromosomal rearrangements, such as translocations and inversions (Fraser et al.,
2004; Rodriguez-Carres et al., 2010).

Unisexual Reproduction in Pathogenic Fungi

The numerous and distinct fungal life cycles illustrate the plasticity of reproductive
strategies fungi employ in nature to preserve the benefits of sexual reproduction. The
transition between the traditional heterothallic sexual cycle requiring mating to take place
between different mating type cells and homothallic cycles that allow more promiscuous
mating are common and occur throughout the fungal kingdom. Individual isolates of the
same species are capable of choosing between a homothallic or a heterothallic lifestyle that
will either ameliorate the cost of mating or will fit the environmental needs of the species
and allow them to expand and survive in hostile niches. The frequent transitions illustrate
the balance between outcrossing and inbreeding, or between vegetative growth and increased
frequency of sexual reproduction, are likely a response to specific environmental cues that
favor one or the other strategy.

Pathogens such as C. neoformansand C. albicans highlight a conundrum for mycologists;
both have extant sexual cycles yet they generate largely clonal populations in nature. C.
neoformans has an opposite a-a sexual cycle that induces a dimorphic transition from yeast
growth to hyphae (Kwon-Chung, 1975, 1976a, 1976b). However, the predominance of the
a mating type in clinical and environmental isolates led to the hypothesis that this species
might have been largely asexual. Recent studies revealed that a mating type isolates of C.
neoformans evolved a self-fertile strategy and are able to complete a unisexual cycle in the
absence of an opposite mating partner (X. Lin, Hull, & Heitman, 2005). Population studies
show that unisexual reproduction occurs in several of the lineages of the Cryptococcus
species and it is likely an important strategy for reproduction in nature (Bui, Lin, Malik,
Heitman, & Carter, 2008; Fraser et al., 2005; X. Lin et al., 2007; X. Lin et al., 2009; Ni et
al., 2013).

Similarly, C. albicanswas considered to be a strictly asexual species for over a century.
Yet the discovery of the mating-type like (MT7L) loci, MTLa and MTLa, the presence

of mating- and meiosis-specific genes in the genome, the isolation of a and a mating
competent strains, and finally the discovery that the white-opaque transition dramatically
enhances mating established the presence of a parasexual cycle (Bennett & Johnson,
2003; Hull & Johnson, 1999; Hull, Raisner, & Johnson, 2000; Lockhart et al., 2002;
Magee & Magee, 2000; Miller & Johnson, 2002). C. albicans also undergoes unisexual
reproduction in the absence of the Barl protease (Alby, Schaefer, & Bennett, 2009).
However, despite retaining many meiotic genes, meiosis has yet to be observed in C.
albicans (Sherwood & Bennett, 2009). Other pathogenic Candida species are missing key
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meiotic regulators, and yet undergo extant meiotic sexual cycles (Reedy, Floyd, & Heitman,
2009; Sherwood & Bennett, 2009). Cryptococcus and Candida species serve as excellent
examples of reproductive plasticity that allows cryptic sexual cycles to enable outcrossing
and inbreeding, generating genetic diversity or preserving genetic configurations that confer
a fitness advantage in a specific environmental niche.

C. neoformans is able to undergo unisexual reproduction and generate genetic diversity, even
in clonal populations of pathogenic fungi (Ni et al., 2013). From a medical perspective,
unisexual reproduction poses a challenge for confronting and controlling emerging new
strains that have been found to be either hypervirulent or resistant to current antifungal
treatments (Fraser et al., 2005; Ni et al., 2013). Similar studies on pathogenic parasites
reveal that unisexual reproduction is widespread in pathogenic microbes, and can generate
“superbugs” that are resistant to current treatments and responsible for local outbreaks
(Heitman, 2006, 2010; Wendte et al., 2010).

Cryptococcus neoformans

The basidiomycetous fungi Cryptococcus neoformans and its sibling species are the

most common fungal agents of meningoencephalitis, which is fatal if untreated. The
pathogenic species of Cryptococcus comprise four serotypes based on capsular antigens: C.
neoformans (serotype D), Cryptococcus neoformans var. grubii (serotype A), and the sister
species Cryptococcus gattii (serotypes B and C) (Hull & Heitman, 2002). C. neoformans
serotypes A and D are prevalent worldwide but most commonly infect immunocompromised
individuals while C. gattiiis usually restricted to tropical and subtropical regions and is

able to infect immunocompetent individuals (Ellis & Pfeiffer, 1990; Speed & Dunt, 1995).
These pathogenic Cryptococcus species are typically found as haploid yeasts in nature and
inside the host. They comprise two mating types, a and a, and display a well-defined sexual
cycle. In response to nutrient limitation, cells of opposite mating type secrete pheromones
that are sensed by the pheromone receptors and initiate the formation of conjugation

tubes expanding towards the pheromone source. Pheromone production triggers a cell-cell
fusion event; however, the nuclei remain separate, producing a dikaryon that undergoes a
dimorphic transition to filamentous hyphae. The hyphae grow and produce yeast cells, called
blastospores, via budding, which harbor the same DNA content as the hyphal compartment.
At the apex of the hyphae specialized structures (basidia) are formed where nuclear fusion
occurs, followed by meiosis. Multiple rounds of mitosis and budding produce four chains of
basidiospores [reviewed in (Heitman, 2006, 2010; Heitman, Sun, & James, 2013; Idnurm et
al., 2005)].

Sexual reproduction and virulence are linked as the cycle can generate and disperse
Cryptococcus spores in the environment. Infection is thought to be acquired by inhalation of
spores, which are readily aerosolized and of an ideal size to lodge in the alveoli of the lung
to cause pulmonary infection. Both spores and yeast are capable of causing fatal infections
in mice, and particles small enough to be spores are found in air samples from Cryptococcus
outbreak locations on Vancouver Island. Taken together, these observations support the
hypothesis that spores are infectious propagules of Cryptococcus (Giles, Dagenais, Botts,
Keller, & Hull, 2009; Kidd, Bach, et al., 2007; Kidd, Chow, et al., 2007; Springer, Saini,
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Byrnes, Heitman, & Frothingham, 2013; Velagapudi, Hsueh, Geunes-Boyer, Wright, &
Heitman, 2009).

Cryptoccoccus exhibits an extant sexual cycle under laboratory conditions with readily
observed production of hyphae and spores. However, natural populations exhibit such a
marked bias towards mating type a that it is not clear how relevant these laboratory
conditions are for environmental populations. A small number of environmental and clinical
isolates are diploid hybrids of serotype A and D (aADa, a ADa isolates) that harbor

both mating types and serve as indirect evidence of mating in nature (Lengeler, Cox, &
Heitman, 2001; Litvintseva, Lin, Templeton, Heitman, & Mitchell, 2007). However, the
population of environmental and clinical isolates sampled thus far is almost exclusively of
mating type a, raising doubts about the frequency of a-a heterosexual reproduction that
occurs in nature (Lengeler et al., 2001; Litvintseva et al., 2007). The first isolate of mating
type a was isolated from a clinical sample belonging to the highly pathogenic serotype

A group (Lengeler, Wang, Cox, Perfect, & Heitman, 2000). Further genotyping of ~3,000
strains showed that only 3 were MATa isolates that also exhibited low competence for
mating (Keller, Viviani, Esposto, Cogliati, & Wickes, 2003; Viviani, Nikolova, Esposto,
Prinz, & Cogliati, 2003). Frequencies of mating type alleles do vary considerably between
geographically isolated populations. For instance, a sub-Saharan African population of C.
neoformans is comprised of ~25% mating type a individuals (Litvintseva et al., 2003).
MATa isolates from this population exhibit evidence of recombination, and are robustly
fertile under laboratory conditions (Litvintseva et al., 2003). The presence of these MATa
isolates is geographically restricted and the opportunities for a-a heterosexual reproduction
beyond this locale seems likely to be severely limited in nature.

As the vast majority of Cryptococcus isolates are mating type a, it was thought that

the organism was asexual and reproduced mitotically. The absence of a sexual cycle was
hypothesized to have evolved concomitantly with the emergence of the highly pathogenic
isolates. The same notion was advanced and popularized for many other pathogenic
eukaryotic microorganisms, including C. albicans, and eukaryotic parasites. This theory
was fundamentally challenged by evidence of sexual recombination in natural populations
that are exclusively of mating type a (Brandt, Hutwagner, Kuykendall, & Pinner, 1995;
Xu, Vilgalys, & Mitchell, 2000). Extensive genotyping and sequencing revealed evidence
for both clonal expansion and recombination in serotype A and D isolates from sub-
Saharan Africa and the United States (Litvintseva, Kestenbaum, Vilgalys, & Mitchell, 2005;
Litvintseva et al., 2003).

Mating type a isolates were observed to form hyphae, basidia, and spores upon culture

on mating media; however due to the absence of an opposite mating partner this process
was considered to be strictly mitotic and asexual, and was termed monokaryotic or haploid
fruiting (Wickes, Mayorga, Edman, & Edman, 1996). Monokaryotic fruiting shares many
characteristic features with sexual reproduction, including the production of infectious
spores, and was eventually discovered to be a sexual cycle involving cells of one mating
type (X. Lin et al., 2005). In a process similar to heterosexual reproduction, nutrient
limitation induces a dimorphic transition from yeast to hyphae in cells of one mating type.
Unisexual hyphae grow to form basidia at the tips, where meiosis and multiple rounds
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of mitosis produce abundant spores. In response to nutrient limitation, haploid cells can
generate hyphae that grow to produce the basidium where a late endoreplication event
occurs and produces a transient diploid nucleus that undergoes meiosis and sporulation.
Diploidization can also occur early during a-a mating, either through endoreplication or
cell-cell fusion between genetically different or clonal cells. In this case the diploid cells
initiate the formation of diploid hyphae that lead to basidia where meiosis and budding
occurs to produce haploid spores (X. Lin et al., 2005). Unisexual reproduction generates
a mixture of haploid and diploid hyphae, reflecting either a late or an early diploidization
event, indicating considerable plasticity in unisexual reproduction (Feretzaki & Heitman,
2013).

Unisexual reproduction is a sexual cycle that involves ploidy changes (IN—2N—1N)

and hyphal development. Unisexual rates of recombination are similar to those observed

in heterosexual reproduction, suggesting that both sexual programs are meiotic cycles

(X. Lin et al., 2005). Deletion of the highly conserved meiotic factors Spol1l or Dmcl
severely impairs sporulation during unisexual and heterosexual reproduction (Feretzaki &
Heitman, 2013; X. Lin et al., 2005). Spo11 induces double strand breaks on the homologous
chromosomes that initiate recombination, while Dmcl is responsible for repairing DNA
breaks by facilitating the invasion of DNA strands leading to the formation of Holliday
junctions. Both genes are dispensable for hyphal and basidia development but critical for
meiosis and sporulation, providing further evidence that unisexual reproduction is an extant
sexual meiatic cycle.

Unisexual reproduction was initially observed only in a mating type cells, and thus it was
thought the cycle was restricted to the a mating type. Further analysis revealed that some
MATa isolates also possess the ability to undergo unisexual reproduction (Hull & Heitman,
2002; X. Lin, Huang, Mitchell, & Heitman, 2006; Tscharke, Lazera, Chang, Wickes, &
Kwon-Chung, 2003). Subsequent studies revealed that hyphal development is a quantitative
trait and a scan of ~25% of the genome identified five major QTLs that orchestrate

hyphal initiation and elongation during unisexual reproduction. The MAT locus is the

most prominent of the five QTLs, and the MAT7a allele is linked to increased unisexual
reproduction (X. Lin et al., 2006). This is perhaps not surprising as numerous regulatory
molecules of unisexual and heterosexual reproduction are encoded by the mating type
locus (Feretzaki & Heitman, 2013; X. Lin et al., 2005; X. Lin, Jackson, Feretzaki, Xue, &
Heitman, 2010). Pheromone production and sensing genes activate the pheromone-sensing
pathway, highly conserved in fungi, which controls unisexual reproduction through the
G-protein activated MAP kinase cascade (Figure 1) (Hsueh, Lin, Kwon-Chung, & Heitman,
2011). The pheromone receptors are coupled to G-protein signaling subunits that transfer
the signal to the downstream kinases. Upon pheromone stimulation the G-proteins activate
the signal transduction protein Ste20a/a that then triggers the three-tiered phosphorylation
cascade of the major kinases Stella/a (MAPKKK), Ste7 (MAPKK), and Cpkl (MAPK)
(Davidson, Nichols, Cox, Perfect, & Heitman, 2003; Hsueh et al., 2011).

Few genetic differences between unisexual and heterosexual reproduction have been
identified thus far. The first pathway specific elements to be discovered were the mating-
type-specific SX/1a and SX/2a genes, which encode homeodomain transcription factors
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that control mating-type identify and sexual development. Sxila and Sxi2a are required
for heterosexual reproduction but are dispensable for unisexual reproduction (Hull, Boily,
& Heitman, 2005; Hull, Davidson, & Heitman, 2002). These differences suggest divergent
unisexual and heterosexual pathways with distinct downstream effectors of cell identity or
sexual development.

The pheromone-signaling pathway is a critical regulator of mating in fungi and plays an
essential role in recognizing and responding to opposite mating type cells (reviewed in
(Jones & Bennett, 2011)). The pathway is structurally and functionally conserved among
fungi closely (Ustilago maydis) and distantly (S. cerevisiaeand C. albicans) related to
Cryptococcus and thus the majority of these components were identified in Cryptococcus
through homology-based approaches. However, the downstream pathway of the pheromone-
signaling cascade exhibits significant rewiring since its divergence from the most recent
common ancestor shared with S. cerevisiae. The major transcription factor target of the
pheromone signaling cascade is Stel2 in S. cerevisiae, however, in Cryptococcus Stel2 is
dispensable for hyphal development during both unisexual and heterosexual reproduction
(Fields & Herskowitz, 1985; Hartwell, 1980; Yue et al., 1999).

The major transcription factor target of pheromone sensing in Cryptococcus is the High
Mobility Group (HMG) protein Mat2 (X. Lin et al., 2010). Mat2, along with other
components of the pathway, is required for cell-cell fusion indicating an early role

during hyphal development. Mat2 induces pheromone production and subsequently triggers
pheromone evoked responses by binding directly to a cis-regulatory sequence in the
promoter region of the pheromone genes known as the pheromone-response element (PRE)
(Kruzel, Giles, & Hull, 2012). The transcriptional circuit of the pheromone cascade became
more complex with the identification of Znf2, a novel zinc finger transcription factor. Znf2 is
required for hyphal development, however it is dispensable for cell-cell fusion. Surprisingly,
deletion of the gene increases the efficiency of cell fusion events during heterosexual
reproduction and stimulates pheromone expression during unisexual reproduction (X. Lin
et al., 2010). All of these components are essential for hyphal development during both
unisexual and heterosexual reproduction. The only known exceptions are Sxila and Sxi2a,
which are required for heterosexual but not unisexual reproduction. It is surprising that no
other components of the pheromone-signaling or response pathway have been identified as
uniquely essential for either the unisexual or heterosexual pathways, especially given these
pathways’ role in restricting heterothallic systems to the heterosexual cycle. It may be that
there are additional components that act downstream of the mating pathway to specifically
regulate unisexual but not heterosexual reproduction. Further experimentation will allow the
identification of these hypothesized factors and further elucidate the pathways.

The components of the mating pathway are highly conserved in C. neoformans and the
sibling species C. gattii. Unisexual reproduction was first directly observed for laboratory
strains of the C. neoformans serotype D lineage (X. Lin et al., 2005). More recent evidence
suggests that unisexual reproduction also occurs in C. neoformans serotype A. Genotypic
analysis of diploid serotype AD hybrid strains revealed a homozygous a/a mating type
locus (e ADa)) produced via mating between mating type a isolates of different serotypes
(X. Lin et al., 2007). Moreover, independent population genetic studies revealed evidence of
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recombination in serotype A isolates from trees in India and infected animals in Australia
that were derived exclusively from mating type a populations (Bui et al., 2008; Hiremath et
al., 2008). Under laboratory conditions, a AAa diploids generate abundant hyphae but few
spores when cultured solo on mating media, indicating that unisexual reproduction occurs
in this population. Robust hyphal growth but a paucity of spore production could suggest
either a limited unisexual cycle or a defect of these isolates, which have been growing for
extended periods in the intermediate diploid state. This diploid intermediate or unisexual
product is relatively common in the population; screening ~500 environmental and clinical
isolates found that ~8% were diploid, the majority of which were a AAa diploids (X. Lin et
al., 2009)

C. gattii, the sibling species of C. neoformans, thought to be restricted to tropical and
subtropical regions, is emerging as a pathogen of significant global public health importance
(Byrnes, Bartlett, Perfect, & Heitman, 2011; Datta et al., 2009). Of particular interest is

the link between sexual cycles with both the increasing geographic range of outbreaks

and virulence (Byrnes et al., 2010; Fraser et al., 2005; Voelz et al., 2013). Although C.
gattii undergoes heterosexual reproduction under laboratory conditions, like C. neoformans
the natural population is predominantly MATa., providing further evidence of a correlation
between unisexual reproduction and pathogenesis (Byrnes et al., 2010; Fraser et al., 2005;
Fraser, Subaran, Nichols, & Heitman, 2003). Geographically isolated populations from
Eucalyptus trees in Australia exhibit similar evidence of recombination in both a-a mixed
populations and exclusively a. mating type populations (Saul, Krockenberger, & Carter,
2008). Moreover, the strains associated with the ongoing outbreak of meningoencephalitis
on Vancouver Island and in the Pacific Northwest are exclusively mating type a haploids
that are fertile under laboratory conditions. Genotypic analysis suggests that the genotype
associated with the outbreak could be the progeny of unisexual reproduction between two a
mating type parents (Fraser et al., 2005; Fraser et al., 2003). In addition, the identification
of an a/a diploid intermediate and the isolation of particles small enough to be spores
present in air samples from Vancouver Island further supports that C. gatt/f undergoes
unisexual reproduction in nature (Fraser et al., 2005; Kidd, Chow, et al., 2007). These
studies show that unisexual reproduction occurs in nature in several independent lineages,
and may facilitate the expansion of the geographic range of pathogens and contribute to the
production of infectious spores.

Candida albicans

C. albicans is the most common human fungal pathogen, normally associated with
asymptomatic commensal colonization of the gastrointestinal tract and oral and vaginal
mucosa of most of the world’s population. C. albicans is not commonly a burden in
immunocompetent hosts but candidiasis of the oral cavity and candidemia leading to
colonization of internal organs and central nervous system are prevalent and cause serious
infections in immunocompromised individuals (Klein et al., 1984). Diagnosis of candidemia
is frequently too late for antifungal treatments to be effective, leading to mortality rates
between 30% and 50% (Kibbler et al., 2003; Pfaller, Jones, Messer, Edmond, & Wenzel,
1998). Until recently C. albicanswas thought to be an obligate diploid organism with an
asexual lifecycle. However, the identification of the AM/TL locus and the isolation of mating
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competent partners led to the discovery of a parasexual cycle (Hull & Johnson, 1999; Hull
et al., 2000; Xie et al., 2013) Two diploid cells of the opposite mating type fuse to produce
a transient tetraploid that undergoes stochastic chromosome loss to return to a diploid or
aneuploid state (Bennett & Johnson, 2003; Legrand et al., 2004; Magee & Magee, 2000).

Sequencing of C. albicans clinical isolates revealed that the MTL locus contains highly
conserved genes involved in mating, including the idiomorphic transcriptional regulators
of cell identity al, a2, al, and a2 (Hull & Johnson, 1999). The C. albicans MTL locus

is larger than closely the related ascomycetous fungus S. cerevisiae MAT locus, harboring
additional genes that encode phosphatidylinositol kinases (P/K), oxysterol binding proteins
(OBP), and poly A polymerases (PAP). Almost 90% of environmental and clinical diploid
isolates are heterozygous at the MTL, harboring both mating types (a/a) and do not mate
(Miller & Johnson, 2002; Tavanti et al., 2005). Genetic manipulation to induce gene deletion
or homozygosis of the chromosome containing the MTL locus generates mating competent
strains (MTLala, MTLala, MTLA/a, MTLA/A) and these strains mate successfully in
infected animals and the laboratory (Hull & Johnson, 1999; Magee & Magee, 2000).

A further breakthrough in understanding mating was the discovery of a link to the
phenotypic white-opaque cell-type switch. The switch from a white to an opaque cell
enhances mating efficiency one million-fold (Miller & Johnson, 2002). The white-opaque
switch was initially described two decades ago, where virulent white cells spontaneously
switched to avirulent opaque cells (Slutsky et al., 1987). The phenotypic switch from

white to opaque is driven by the transcription factor Worl (white-opaque regulator 1)
through a positive feedback loop, during which Wor1 binds its own promoter to increase

its transcription 40-fold (Huang et al., 2006; Zordan, Galgoczy, & Johnson, 2006). WOR1
transcription is repressed by the MTL al-a?2 heterodimer in heterozygous diploid cells,
which causes MTLal/a clinical isolates to repress white-opaque switching and mating
(Figure 2) (Miller & Johnson, 2002). Other transcriptional regulators promote white-opaque
switching, including Czf1 and Wor2, which act in concert with Worl to down-regulate the
expression of Efgl, a promoter of the white phenotype (Lachke, Srikantha, & Soll, 2003;
Vinces, Haas, & Kumamoto, 2006; Zordan, Miller, Galgoczy, Tuch, & Johnson, 2007). In
addition to genetic control, numerous environmental cues affect white-opaque switching.
Opaque cells, but not white cells, colonize skin where mating occurs, perhaps because

the opaque phenotype is unstable at higher physiological temperatures (Kvaal et al., 1999;
Lachke et al., 2003; Slutsky et al., 1987). In addition, despite the instability of opaque cells
at high temperatures, elevated CO5 and high concentration of N-acetylglucosamine promote
white-opaque switching, conditions that mimic the environment of the Gl tract where mating
is likely to occur (Dumitru et al., 2007; Huang, Srikantha, Sahni, Yi, & Soll, 2009; Huang et
al., 2010; Hull et al., 2000).

Sexual development of C. albicans is driven by pheromones that activate the highly
conserved pheromone signaling cascade. Just as in S. cerevisiae, pheromones bind to

the receptors (Ste2 or Ste3), which activate the coupled trimeric G protein complex

and the downstream Cst20 kinase (Magee, Legrand, Alarco, Raymond, & Magee, 2002).
Subsequently, the signal triggers the sequential phosphorylation of the MAP kinase cascade
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components Stell (MAPKKK), Hst7 (MAPKK), and Cek1/Cek2 (MAPKS) (Chen, Chen,
Lane, & Liu, 2002; Magee et al., 2002).

The same MAPK pathway operates in both white and opaque cells, but the response to
pheromones is quite different. In opaque cells, pheromone binding leads to the formation of
conjugation tubes and cell-cell fusion, while white cells respond to pheromone by increasing
adhesion and forming biofilms (Daniels, Srikantha, Lockhart, Pujol, & Soll, 2006; Lockhart,
Daniels, Zhao, Wessels, & Soll, 2003). The differential response to pheromones led to

the hypothesis that, although opaque and white cells share the same pathway, the main
transcription factor target is different. It was initially proposed that MAPK signaling
activates the Cph1 transcription factor, the homolog of S. cerevisiae Ste12, which mediates
the expression of mating specific genes in opaque cells, while in white cells pheromone
signaling was proposed to activate Tecl, which orchestrates the expression of genes involved
in adhesion and biofilm formation (Sahni et al., 2010; Yi et al., 2008). Although Tecl is
required for pheromone-induced biofilm formation, evidence has been presented that Cphl
is the sole transcriptional target of the pheromone signaling cascade in both white and
opaque cells. The downstream targets of Cph1 diverge in white and opaque cells, mediating
the expression of genes required for biofilm formation and mating (including pheromone
secretion and sensing), respectively (C. H. Lin et al., 2013). All of these components are
essential for pheromone production in C. albicans and deletion of the genes severely impairs
mating; however, their function is unknown during unisexual reproduction. Marked strains
of a/a or a/a opaque cells co-cultured with opposite mating type cells produce marked
unisexual mating products as well as heterosexual mating products, indicating that unisexual
reproduction can occur in both a/a and a/a backgrounds in the presence of high pheromone
concentrations (Alby et al., 2009). Based on these and other findings we can infer that the
same pheromone signaling cascade likely operates in both a/a and a/a opaque cells during
heterosexual and unisexual reproduction.

The specialized mating competent opaque cells respond to pheromones to produce
conjugation tubes that lead to cell-cell fusion and nuclear fusion to generate a uninucleate
tetraploid cell (Bennett, Miller, Chua, Maxon, & Johnson, 2005). In contrast, white cells,
which are unable to mate, respond to pheromone sensing by activating a specialized
transcriptional pathway regulating biofilm formation (Sahni et al., 2009). If white cells
are mating incompetent, it raises the question of the purpose of the white cell response

to pheromones. The pheromones secreted have limited diffusion range, particularly the
prenylated 14 amino acid MFa secreted by a cells. Opaque cells are rare in natural Candida
populations; thus the majority of the population, comprised of white cells, forms biofilms
in response to pheromones produced by minority opaque cells, facilitating a pheromone
gradient that enables distant mating competent cells to locate opposite mating partners
(Daniels et al., 2006). The initial steps of mating between opaque cells closely mirrors S.
cerevisiae sexual reproduction and putative regulators of cell fusion may have conserved
functions in C. albicans (Bennett, Uhl, Miller, & Johnson, 2003; Lockhart et al., 2003).

Unlike S. cerevisiae, which undergoes meiosis and sporulation to produce asci with four
spores, C. albicans can mate to produce an a/a/a/a tetraploid but neither meiosis nor
asci with spores have been observed. Although tetraploid C. albicans cells are stable,
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certain conditions induce a parasexual cycle. During parasex ploidy is reduced through
stochastic chromosome loss that returns tetraploid cells to the diploid or near diploid state,
generating considerable aneuploidy in the process (Bennett & Johnson, 2003). Although
meiosis is absent, the parasexual cycle generates genetic recombination and gene conversion
in the progeny (Forche et al., 2008). Moreover, SPO11, the meiosis specific gene whose
product is responsible for initiating recombination by inducing DNA double strand breaks,
is dispensable for parasexual ploidy reduction; however, it is required for the observed
recombination during concerted chromosome loss. Given that SPO11 is a highly conserved
meiotic “toolkit” gene conserved across eukaryotes it suggests that a meiosis-like process
may be operating during the parasexual cycle, although it has also been suggested that
Spoll may have been reconfigured to play a novel mitotic recombination role, as it is
expressed in mitotically dividing cells (Forche et al., 2008).

C. albicans has well-established heterosexual mating between a/a and a/a cells followed by
parasexual reduction; however, MLST analysis indicated that the populations of C. albicans
are predominantly clonal, hinting that outbreeding is rare in nature (Odds et al., 2007). This
raised the question of how prevalent white-opaque switching and heterosexual mating is

in natural populations. However, in addition to opposite-sex mating, C. albicans utilizes an
alternate mating pathway between cells of the same mating type (Alby et al., 2009). Unlike
S. cerevisiae, where the cells express only one of the two pheromones, opaque a/a cells are
able to express and secrete both a- and a-mating pheromones (Alby et al., 2009; Bennett &
Johnson, 2006). Typically, the aspartyl protease Barl degrades the a pheromone produced
by a/a cells and prevents auto-activation of the mating pathway in the absence of the a/a
mating partner (Figure 2) (Schaefer, Cote, Whiteway, & Bennett, 2007). However, in the
absence of this protease, a/a cells produce and respond to a pheromone and initiate mating
through autocrine pheromone signaling. The a. pheromone secreted by a/a cells binds

the Ste2 pheromone receptor, stimulating the mating pathway and leading to pheromone
responses. Cell and nuclear fusion occurs producing an a/a/a/a tetraploid that undergoes
stochastic chromosome loss to return to the a/a diploid or aneuploid state, while undergoing
some limited recombination (Alby et al., 2009). Cell fusion of a/a cells can also be induced
by a minority of a/a cells that serve as donors of a pheromone in a ménage a trois mating.
Inactivation of Barl might also occur in certain environmental niches such as the acidic
environment of the vaginal mucosa, where lower pH could inhibit Barl and induce unisexual
reproduction /in vivo. A striking morphological difference between the heterosexual and
unisexual cycle is that the a/a/a/a tetraploid undergoes an opaque-white switch due

to the expression of the al/a2 heterodimer (that inhibits opaque-specific transcriptional
regulators) generating white sterile cells, while the a/a/a/a tetraploid remains opaque. The
production of mating pheromones is crucial to the induction of unisexual reproduction,

as in Cryptococcus species, however the specific mechanisms of pheromone production
and sensing are significantly different, emphasizing the diversity and independent origin of
unisexual reproduction in the two species.

C. albicans, long thought to be an obligate diploid, was recently discovered to be capable
of producing haploid cells (Hickman et al., 2013). The obligate diploid hypothesis was
proposed and historically suggested to result from balanced recessive lethal mutations that

Adv Genet. Author manuscript; available in PMC 2022 April 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roach et al.

Page 14

may be present throughout the genome. Haploid C. albicans cells have been observed only
under selective laboratory conditions and in some chromosomes contained alleles from only
one parental homolog, consistent with a limited number of haploid deleterious or lethal
mutations. These haploids are proposed to arise through a concerted chromosome loss
mechanism, similar to that of the tetraploid parasexual cycle (Bennett & Johnson, 2003;
Hickman et al., 2013). As with diploids homozygous at the MTL locus, the haploid cells,
which have a single copy of either the MT7La or MTLa idiomorphs, efficiently switch from
white to the opaque state and undergo heterosexual but not unisexual mating (Hickman
etal., 2013). C. albicans haploids are inherently unstable and undergo autodiploidization
during propagation. The mechanism of autodiploidization is as yet unknown, although it is
not thought to involve homothallic mating, as neither haploid white or opaque cells of the
same mating type were able to mate on mating media. Haploids exhibit a reduced growth
rate and attenuated virulence, although this fitness defect was rescued by mating but not
autodiploidization, leading to the hypothesis that a burden of recessive mutations may be the
cause of slow growth, and not the ploidy state of the cells.

Although recent studies revealed genetic evidence of recombination in clonal populations of
C. albicans, the frequency of unisexual reproduction in nature remains unclear. Unisexual
reproduction has been observed only in fertile opaque homozygous a/a or a/a cells, while
the majority of clinical and environmental isolates are sterile white heterozygous a/a cells
unable to switch to the opaque state /n vitro. However, it is possible that certain conditions
may stimulate white-opaque switching of a/a cells /in vivo. Lower levels of hemoglobin in
an /n vitromodel alter the expression of al, a2, a1, and a2, which cause white a/a cells

to behave phenotypically as a/a cells, inducing white-opaque switching and heterosexual
reproduction (Pendrak, Yan, & Roberts, 2004). These white a/a cells are mating competent,
leading to the hypothesis that unisexual reproduction can also occur under conditions in the
mammalian host. When an a/a cell switches to a/a, Barl may function to allow the new a
cell to escape the cell-cycle arrest invoked by the pheromone produced by the a progenitor,
however unisex is also repressed by the activity of Barl (Chan & Otte, 1982). Unisexual
and heterosexual reproduction are both maintained in C. albicans and Barl may regulate the
balance between inbreeding and outbreeding with each strategy generating genetic diversity
in response to environmental cues in respective niches.

It is now appreciated that pheromones govern unisexual reproduction and general
intercellular communication. Pheromones are implicated in both heterothallic and
homaothallic reproduction in a variety of fungi (Paoletti et al., 2007; Spellig, Bolker,
Lottspeich, Frank, & Kahmann, 1994). Surprisingly, C. albicans pheromone/receptor
binding, which regulates the pheromone cascade, exhibits considerable plasticity. Mutations
in much of the 13 amino acid sequence of the a mating pheromone did not affect signaling
or unisexual reproduction of a/a cells. Moreover, C. albicans can respond to a variety

of pheromone analogs, including pheromones from the related species C. dubliniensis, C.
parapsilosis, and C. tropicalis, which are able to bind to the receptor and induce unisexual
reproduction in C. albicans WT opaque cells and biofilm formation in white cells (Alby

& Bennett, 2011; Chen et al., 2002; Magee et al., 2002). This suggests that alternative
pheromones may activate the pathway and promote homothallism in niches inhabited by
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diverse flora. C. albicans, C. dubliniensis, C. parapsilosis, and C. tropicalis co-inhabit the
oral cavity of healthy individuals, providing just such a diverse niche in nature (Daniels et
al., 2006; Ghannoum et al., 2010; Lockhart et al., 2003; Martins et al., 2010; Melton et al.,
2010). It is hypothesized that similar signals from the host or other microbiota may stimulate
C. albicans’ promiscuous pheromone receptor and signaling cascade to drive biofilm
formation and unisexual reproduction in WT cells, as interspecies pheromone-signaling

may ameliorate the repression of the Barl protease if these cross-species pheromones are
resistant to Barl cleavage.

The Neurospora genus provides an interesting case study for the evolution of mating
systems and unisex. The genus contains species with multiple mating systems including
heterothallism, homathallism, and pseudohomothallism (Wik, Karlsson, & Johannesson,
2008). By examining the synteny of the matloci of homothallic NMeurospora species and
comparing them to the mat loci of closely related heterothallic species, it was discovered that
the matlocus is conserved among heterothallic species belonging to distinct phylogenetic
clades (Figure 3) (Gioti et al., 2012). However, the mat loci in the homothallic species
have undergone distinct chromosomal rearrangements, suggesting the ancestral state in
Neurospora is heterothallism and homothallism has evolved independently in different
lineages (Gioti et al., 2012). Of four transitions from heterothallism to homothallism
examined in Neurospora species, three involve acquisition of compatible mat alleles into
the same haploid genome. In two species, N. pannonicaand N terricola, unequal crossover
events or chromosomal translocations are hypothesized to have led to the linkage of the
mat A and mat aloci on a single chromosome. In the N. sublineolata genome, conversely,
the mat loci are unlinked but both present in a haploid. Interestingly, the N. sublineolata
matA locus contains a novel retrotransposon, suggesting the transition from heterothallism
to homothallism might have been facilitated by these selfish genetic elements (Gioti et al.,
2012).

Neurospora also contains a homothallic species with a single mating-type locus in the
population. N. africana retains only the mat A genes: a mat aidiomorph has not been
discovered in the population and is not required for mating (Glass & Smith, 1994). The mat
Aidiomorph is conserved in sequence and arrangement between homothallic N, africana
and heterothallic A. crassa. It is not yet known what genetic mechanism enabled self-fertility
but N. africana lacks any requirement for a contribution from an opposite mating-type cell,
similar to other unisexual organisms. Intriguingly, N. africanais not unique. Three closely
related species that share with A. africana a monophyletic origin, N. galapagosensis, N.
dodgei, and N. lineolata, are also homothallic and have only one mating type idiomorph
(Gioti, Stajich, & Johannesson, 2013; Glass, Metzenberg, & Raju, 1990; Nygren et al., 2011;
Wik et al., 2008). This raises the possibility that the ancestor to these species was unisexual
and this sexual cycle has persisted over significant evolutionary timescales.
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Cryptic Unisexual Species

It is difficult to ignore the pattern of historical thought about the lifecycles of fungi thought
to be asexual. It was often observed that each populations were asexual and clonal, often
with just a single idiomorph at the mating type locus but retaining well-conserved meiotic
genes. Further investigation of population genetics revealed evidence of recombination
before discovery of a cryptic sexual cycle. We hypothesize that this pattern may be relevant
to additional fungal species, including pathogenic species, which are thought to be clonal
and lack a recognized sexual cycle. 7. rubrum has long been thought to be clonal, however
signatures of recombination were detected (Graser, Kihnisch, & Presber, 1999). Only one
mating type idiomorph has been reported, but both mating and meiosis genes are well
conserved, suggesting that there might be an extant unisexual cycle (Kano et al., 2013; Li,
Metin, White, & Heitman, 2010; Martinez et al., 2012). Alternaria species are important
agricultural pathogens that were first reported as clonal, however evidence now suggests
there may be a cryptic sexual or unisexual cycle (Peever et al., 1999; Simmons, 1999). Two
highly conserved mating type idiomorphs are found in Alternaria alternata, in addition to
ample evidence of recombination both between opposite mating type populations and in
populations with a single mating type (Berbee, Payne, Zhang, Roberts, & Turgeon, 2003;
Stewart, Kawabe, Abdo, Arie, & Peever, 2011; Stewart et al., 2013). Following a similar
trajectory, evidence of recombination in populations of Batrachochytrium dendrobatidis, a
global zoonotic pathogen thought to be asexual, was discovered (Farrer et al., 2013; Farrer
etal., 2011; James et al., 2009; J. A. T. Morgan et al., 2007). While the mating type locus
has not yet been identified, meiotic genes are present and conserved in the B. dendrobatidis
genome (Halary et al., 2011). Ashbya gossypifis a preduplication filamentous ascomycete
closely related to S. cerevisiae (Dietrich et al., 2004; Simmons, 1986, 1999). The A. gossypii
genome contains three identical unlinked copies of MATa, a truncated MAT7a, and a single
complete MATa loci (Dietrich, Voegeli, Kuo, & Philippsen, 2013; Wendland & Walther,
2011). The standard lab strain contains only MATa loci, but pheromone sensing is not
required for A. gossypiito sporulate, as strains deleted for the a-pheromone receptor STE2
or the a-pheromone receptor STE3still are able to sporulate (Wendland & Walther, 2011).
Strains deleted for the mating transcription factor S7TE12exhibited increased sporulation,
further complicating the question of what, if any sexual or unisexual cycle A. gossypii
engages in (Wendland, Dunkler, & Walther, 2011). A detailed investigation may yield
evidence of heretofore-unrecognized heterothallic or homothallic sexual cycles in these
species.

Evolutionary Origin of Unisex

Transitions between heterothallism to homothallism, and an increased potential for
inbreeding, are common throughout the fungal kingdom (Debuchy & Turgeon, 2006; Gioti
et al., 2012; Inderbitzin et al., 2005; Yun, Berbee, Yoder, & Turgeon, 1999). Homothallism
may be hypothesized to confer long-term evolutionary costs, primarily because the selfing
population will inevitably experience reduced effective recombination rates and population
size, and consequently have reduced efficacy of purifying selection and become more prone
to genetic drift (Charlesworth & Wright, 2001; Hill & Robertson, 1966; Otto & Lenormand,
2002; Pollak, 1987), which could lead to genomic maladaptation, including the spread

Adv Genet. Author manuscript; available in PMC 2022 April 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roach et al.

Page 17

of deleterious selfish genetic elements (e.g. transposable elements) as well as accelerated
rates of protein evolution or decay. However, given the frequency with which species have
become homothallic, we must consider that homothallism could be a neutral mutational
event (Lynch, 2007). When a mutation occurs that reduces self-incompatibility, there may
be no immediate negative or positive selection on that mutation. Mitotically dividing fungal
populations show a spectrum of high frequency mutations, including both adaptive and
neutral changes (Lang et al., 2013). Mutations conferring self-compatibility may occur in
species and a homothallic sexual cycle could then be fixed stochastically by drift or carried
to fixation by linked adaptive mutations.

Against this neutral hypothesis, it must be considered that changes from a heterothallic

to homothallic sexual cycle impact a species’ life cycle and genome in remarkable ways.

As predicted by population genetic theory, homothallic Meurospora species show relaxation
of purifying selection in protein-coding genes, reduced efficiency in silencing transposable
elements, as well as reduced codon usage bias in highly expressed genes (Gioti et al.,

2013). Additionally, a study of genome sequences from 16 yeast species in the family
Saccharomycetaceae found that the MAT locus appears to be a deletion hotspot, in that the
distance between MAT and HML is gradually eroding over evolutionary time as genes near
MAT are repeatedly deleted, truncated, and transposed (Gordon et al., 2011). The authors
proposed that this evolutionary erosion of the yeast sex chromosomes is caused by accidents
occurring during mating type switching, coupled with the selection pressure to keep MAT
and HML on the same chromosome. There is ample evidence supporting the hypothesis that
selfing can have long-term negative effects. On the other hand, self-fertility assures sexual
reproduction, which could provide short-term and even long-term benefits to the species
such as generation of spores that can better cope with harsh environments and generation

of novel genotypes through meiosis (Table 1). The reproductive strategy being selected

for in a particular species depends on interactions among many factors, including both
environmental (e.g. nutrient availability) and biological (e.g. population structure). Given all
of the long-term disadvantages potentially associated with selfing, the fact that many species
maintain the ability to undergo homothallic reproduction and selfing suggests the conditions
that favor homothallism may be widespread.

Unisex Increases the Opportunities for Meiosis

That most eukaryotes reproduce sexually during their life cycle is puzzling when
considering the two-fold cost of sex (Maynard Smith, 1978; Williams, 1975). The first cost
is genome dilution; each allele will be passed on to each daughter during clonal division but
has just a 50% chance to be passed on during sexual reproduction. The second cost is that
each daughter requires contributions from two parents while a single mother can produce a
daughter mitotically. This is typically thought of as a cost of males but other mating systems
have similar costs (Lloyd, 1988). Homothallic reproductive strategies such as unisex may
have initially evolved, in part, to avoid the two-fold cost of modern sex.

The ubiquity of sex must be the result of significant advantages to counterbalance the
costs of sex (Bell, 1982; Williams, 1975). Hermann Muller recognized that asexually
dividing populations faced a fundamental challenge; their genomes would gradually
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accumulate deleterious mutations in an irreversible manner, termed Muller’s Ratchet
(Figure 4) (Felsenstein, 1974; Haldane, 1937; Muller, 1932, 1964). Every individual in a
population would eventually suffer a harmful mutation, and selection will not be sufficient
to maintain fitness without the ability to recombine and purge deleterious mutations.
Sexual reproduction allows organisms to use recombination to purge the genome of these
deleterious mutations to avoid Muller’s Ratchet. In the few species with characterized
unisexual pathways, both sexual and unisexual cycles utilize the same post cell-fusion
meiotic and recombinational pathways (Bui et al., 2008; Feretzaki & Heitman, 2013; X.
Lin et al., 2005). Therefore, unisexual reproduction, like heterosexual sexual reproduction,
can be hypothesized to allow populations to avoid Muller’s Ratchet but this remains to be
documented experimentally. Using unisex to access recombination is especially important
for pathogenic species, where a host might be colonized by a small number of cells of a
single mating type.

Sex increases genetic and phenotypic diversity of populations and species through
recombination (Dobzhansky, Levene, Spassky, & Spassky, 1959; Levene, 1959; Spassky,
Spassky, Levene, & Dobzhansky, 1958; Spiess, 1959). Recombination is not the only
mechanism for unisex to promote fungal genetic diversity; however, diversity is also
generated through aneuploidy in fungi, which can be deleterious in many eukaryotes
(Pavelka et al., 2010; Selmecki, Forche, & Berman, 2010; Torres et al., 2010; Torres et al.,
2007). Aneuploidy is a facilitator of fungal responses to changing or stressful environmental
conditions (Dunham et al., 2002; Rancati et al., 2008; Yona et al., 2012). In addition,

in fungal pathogens such as C. neoformans and C. albicans, aneuploid chromosomes
commonly confer antifungal drug resistance (Selmecki, Dulmage, Cowen, Anderson, &
Berman, 2009; Selmecki, Forche, & Berman, 2006; Sionov, Lee, Chang, & Kwon-Chung,
2010). Unisexual reproduction is able to generate de novo genetic diversity and aneuploidy
(Ni et al., 2013). In C. neoformans, changes in pathogenic phenotypes were observed in
~7% of the progeny of unisexual reproduction and two-thirds of these variant progeny
were aneuploid for at least one chromosome and aneuploidy was the cause of their variant
phenotype. Understanding how unisex generates genetic and phenotypic diversity, and how
this enables pathogens to adapt to new environments and medical interventions, is of
particular importance in dealing with emerging and established fungal pathogens.

Transitioning from a heterothallic to homothallic sexual cycle changes the gene flow and
selection dynamics of a population, in particular presenting new barriers to the invasion

of selfish genetic elements. Transposons have been found in all organisms with sequenced
genomes but there is still some debate as to the way they invade populations. Transposons,
like all selfish genetic elements, are fundamentally sexually transmitted parasites of a
genome. Invasion of these selfish elements relies on being transmitted to offspring at a
frequency higher than expected under Mendelian segregation. Population genetic models
predict that a change from outcrossing to selfing will reduce the effectiveness of this selfish
strategy in diploid organisms, as increased homozygosity of these deleterious transposons
will increase the strength of selection in the population until the elements are purged from
the genome (Boutin, Le Rouzic, & Capy, 2012; Wright, Ness, Foxe, & Barrett, 2008; Wright
& Schoen, 1999). Comparisons between selfing and outcrossing species of plants, as well
as hermaphroditic and outcrossing nematodes, found that selfing lineages had significantly
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fewer transposable elements in their genomes (Dolgin, Charlesworth, & Cutter, 2008; M. T.
Morgan, 2001). A change to a unisexual cycle may leverage increased selection to reduce
the number of transposons in the genome.

The switch to homothallism is likely to lead to increased opportunities for meiosis and

the significant meiotic transcriptional changes and marshaling of genomic defenses. Some
fungal species recognize repeated sequences and utilize a repeat induced point-mutation
(RIP) or methylation induced premeiotically (MIP) mechanism to disable transposons

that are highly active during the sexual cycle (Graia et al., 2001; Hamann, Feller, &
Osiewacz, 2000; Hua-Van, Hericourt, Capy, Daboussi, & Langin, 1998; Ikeda et al., 2002;
Nakayashiki, Nishimoto, lkeda, Tosa, & Mayama, 1999; Neuveglise, Sarfati, Latge, &
Paris, 1996; E. U. Selker & Stevens, 1985). RIP detects linked and unlinked sequences

that are repeated two or more times in the genome and causes G-C to A-T transition
mutations, efficiently degrading duplicated genetic elements, although RIP is less efficient in
selfing populations (Cambareri, Jensen, Schabtach, & Selker, 1989; E. U. Selker, Cambareri,
Jensen, & Haack, 1987). MIP targets similar duplicated sequence for methylation and
silencing prior to meiosis (Barry, Faugeron, & Rossignol, 1993; Faugeron, Rhounim, &
Rossignol, 1990; Freedman & Pukkila, 1993; Goyon & Faugeron, 1989).

In addition to silencing repeated sequences, unpaired DNA is targeted for modification

and repression during meiosis. A new insertion of a transposon in a haploid will have no
match on the homologous chromosome during mating. This unpaired DNA activates the
RNA.I response to silence all homologs of the unpaired DNA (Aramayo & Metzenberg,
1996; Janbon et al., 2010; Shiu & Metzenberg, 2002; Shiu, Raju, Zickler, & Metzenberg,
2001; Son, Min, Lee, Raju, & Lee, 2011). RNAi silencing is significantly upregulated
during heterosexual cycles suppressing new transposon insertions in meiosis. In addition

to suppressing transposable elements, RNAI can increase phenotypic diversity during
environmental challenges. Cryptococcus uses RNAI to epigenetically silence repeated genes
and generate phenotypic diversity. This silencing can be activated during mitotic or meiotic
growth, however the silencing is 250 times more efficiently during heterosexual and
unisexual reproduction cycles (Wang, Darwiche, & Heitman, 2013; Wang et al., 2010; Wang
etal., 2012).

Outcrossing enhances the advantages of recombination, through increasing the genetic
diversity of populations while decreasing the risk of a diploid carrying a homozygous
deleterious mutation that recombination cannot restore. Plants and animals often have
molecular and developmental systems to impede diploid selfing, such as dioecy. Fungi such
as Cryptococcus determine sexual compatibility by their haploid genotypes and typically
cannot inhibit diploid selfing. Though predominately diploid, Candlida species can grow

and are competent to mate as haploids or diploids. Restriction of mating to opaque,
homozygous MT7L locus cells combined with a paucity of haploids in the natural population
is likely to effectively promote outcrossing during heterosex because M7L a/a cells do

not undergo meiosis to produce mating compatible haploids. In addition to genetic or
molecular mechanisms, outcrossing can be promoted through developmental strategies, such
as wide dispersal of spores (Murphy & Zeyl, 2010; Wright et al., 2008). Fungal heterosexual
reproduction promotes genetic diversity and outcrossing through incompatibility with
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cells of the same mating type and the depression of haploid selfing. One cost of self-
incompatibility is a relative dearth of potential mating partners in the populations. In bipolar
species with equal frequencies of MAT alleles the chance of any two cells being compatible
is 50% but for those species with skewed MAT distributions the chances that any two

cells are mating compatible is much lower. These tradeoffs make heterothallism, or obligate
outcrossing, a high risk and high reward strategy. Some portion of the population may not
be able to find a compatible mating partner but because there is no chance of selfing, the
progeny of successful matings will have higher genetic diversity.

Unisexual reproduction has arisen in fungal species that are both predominantly diploid,
such as Candida species, or haploid, such as Crypfococcus species. The costs posed by
incompatibility with same mating type partners is reduced when all cells are available for
mating through unisex for predominantly haploid species (Iwasa & Sasaki, 1987). If an
opposite-mating type partner is not available, a same mating type partner or even a daughter
can be a unisexual partner. Haploids expend considerable resources signaling, responding,
and interacting with potential mating partners in the often stressful conditions that prompt
mating (Xu, 2005). Unisexual haploids may be able to expend less energy finding suitable
mates, and any haploid encountered will be compatible. Unisexual reproduction may have
contradictory effects on the genetic diversity of species by increasing the number of
successful matings with unrelated same mating type partners while also making daughters
available for mating, increasing inbreeding depression. The benefits of increased outcrossing
are even more pronounced in a species like C. neoformans, a species with uneven mating
type ratios (Halliday et al., 1999; Kwon-Chung & Bennett, 1978; Litvintseva et al., 2005;
Yan, Li, & Xu, 2002). The changes in outcrossing rate will be more modest in species

that grow predominately as diploid, undergoing meiosis and returning quickly to the diploid
state, as even in diploids that are strictly heterothallic spores produced by a diploid are

able to mate with sisters. A unisexual cycle does increase the proportion of other siblings
from a single meiotic event that a spore is compatible from 50% to 100%. When diploids
carry lethal or deleterious recessive mutations, as C. albicans does, this promiscuity may

be even more critical to enable unfit haploids to return to the favored diploid state. After
sporulation, these deleterious mutations can render a portion of the opposite mating type
haploids inviable or unsuitable for mating. Unisex allows a greater number of haploids to
return to the favored diploid condition in such circumstances.

Several fungi with identified unisexual cycles grow mitotically primarily as haploids. While
the full impact of ploidy on evolution and response to selection is not yet clear, a diploid
cell clearly has several evolutionary advantages over the haploid (Gerstein & Otto, 2009;
Haldane, 1937). First, diploids simply have twice the genetic material for mutation to act
upon. Each gene is present twice and each copy is replicated during cell division providing
additional substrate on which mutation can act (Orr & Otto, 1994). This doubling of
mutational targets is especially important if the population facing selection is small, such
as during an incipient infection (Zeyl, Vanderford, & Carter, 2003). Secondly, haploids face
a challenge when confronting selective pressure that diploids avoid. Any genetic changes

a haploid suffers are immediately expressed and potentially impact the phenotype. It may
not be possible for haploids to acquire certain phenotypes or genetic changes directly. A
new phenotype may require several genetic changes, one or more of which are detrimental
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but act epistatically or combinatorially to be advantageous. Any one of the changes may

be detrimental, and subject to strong negative selection in haploids, but once several
mutations occur, the changes are advantageous. It is difficult for haploids to cross these
selective valleys to reach a global peak. On the other hand, diploids are able to complement
initially deleterious heterozygous mutations with a dominant wild-type allele and carry those
mutations for generations until the epistatic or compensatory mutation occurs. Thus, diploids
can serve as a capacitor for evolution, by increasing the quantity of DNA substrate for
mutation to act on and buffering mutations from selection. As diploids complete a sexual
cycle and return to the haploid state mutations and new phenotypes are exposed to selection.
The unisexual cycle allows haploid cells to reach the diploid state more frequently and
without the need to find an opposite mating type cell, expanding the evolutionary potential
of a haploid.

While sex is nearly universal in the eukaryotic lineage, it is not clear how meiotic ability

is maintained in facultative sexual organisms such as fungi. Conditions suitable for mating,
low nutrient conditions, and the presence of a compatible mating partners may not arise
for many generations, resulting in relaxed selection on mating pathway genes. While a
population may be able to divide mitotically indefinitely, continual mitotic growth results
in a rapid decrease in fecundity (Lang, Murray, & Botstein, 2009; Xu, 2002; Xu, Ali,

et al., 2000). Unisexual reproduction is an intermittent substitute when conditions are
unfavorable for heterosexual mating or compatible mating type partners are not available.
Unisexual reproduction utilizes the same, or very similar, genetic pathways as heterosexual
reproduction (Feretzaki & Heitman, 2013). Frequent unisexual mating continually selects
for functional or increasingly functional alleles of mating pathway genes, acting as practice
for heterosexual mating. Thus, unisexual mating may help increase heterosexual fecundity
through maintenance of shared pathways.

Unisex Alters the Life Cycle of Fungi

The transition from haploid to diploid or diploid to haploid brings about a large

number of transcriptional, phenotypic, and morphological changes. These changes can

be environmentally dependent, or specific to the lifecycle of a species. In general, under
limiting growth conditions diploid cells are larger, increasing the ratio of volume to surface
area. The change in surface area changes the number of transporters and receptors the cell
can utilize while a change in volume can affect the protein content and number of organelles.
Changes in the ratio of these components interact with specific environmental conditions. In
addition, there are species-specific morphological changes that are dependent on changes in
ploidy state as well, such as the transition from yeast to hyphae during the sexual cycle in
Cryptococcus and Ustilago maydis (Snetselaar, Bolker, & Kahmann, 1996). The unisexual
cycle can give access to these advantageous morphological and transcriptional changes.

Many unisexual species undergo significant morphological changes during the sexual cycle.
C. neoformans grows mitotically as a haploid yeast and only produces hyphae, basidia,
diploid cells, and haploid spores during the unisexual or heterosexual cycles. These cell
types have significant morphological changes that can be advantageous. C. neoformans
uses the hyphae produced by the unisexual cycle to explore the environment and forage
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for nutrients (Phadke, Feretzaki, & Heitman, 2013). The exploration of the environment

by hyphae may also have other salutary effects such as bringing mating ready cells into
contact with relatively distant mating partners. In this way, unisex mating can increase the
number and frequency of outcrossing by enabling foraging for mates, akin to courtship in S.
cerevisiae (Jackson & Hartwell, 1990a, 1990b).

Perhaps the most important morphological state that a sexual cycle gives access to is the
spore. Sporulation is a response to adverse environmental conditions and is essential for
dispersal to new niches. Species from the Cryptococcus genus are able to produce spores
only via a unisexual or heterosexual cycle. A unisexual cycle may be essential for lineage
survival in the case of a relative absence of opposite mating type partners. Other species,
such as Neurospora, are able to generate mitotic spores called conidia that are able to
effectively disperse and fill many roles of a sexual spore. However, even in these species
there can be significant differences between the survival rates between mitotically generated
conidia and meiotically generated spores (Trapero-Casas & Kaiser, 2007).

In addition to morphological changes, unisex changes the ploidy from haploid to diploid
and allows the cell to return to the haploid state. Significant effort has been made to model
under what environmental conditions a diploid or haploid state would be favored. Factors
that have been considered include nutrient conditions, mutational load, and life cycle but
experimental work had thus far been unable to support general conditions that favor a
particular ploidy state (Adams & Hansche, 1974; Anderson, Sirjusingh, & Ricker, 2004;
Crow & Kimura, 1965; Lewis, 1985; Mable, 2001; Mable & Otto, 2001; Orr & Otto, 1994;
Weiss, Kukora, & Adams, 1975). Recently an extensive study of the interactions between
ploidy and environment in the Saccharomyces group found that an impact of ploidy on
growth is common. Under some environmental conditions ploidy had no impact on growth
but for those conditions where the growth rates of different ploidy states differ, nearly equal
numbers of conditions favored diploids and haploids (Z6rgo et al., 2013). Advantages in an
environmental condition of a particular ploidy were consistent over significant evolutionary
time but there were no consistent growth advantages across environmental conditions for a
ploidy state. Even in DNA damaging conditions, where an additional copy of each gene was
hypothesized to be advantageous, there was no consistent growth advantage for diploids.
Phleomycin, an inducer of DNA lesions, strongly favored diploids while hydroxyurea, which
impedes DNA repair, favored haploids. Nutrient limiting conditions did not clearly favor
either the haploid or diploid state, with some limiting nutrients favoring haploids and others
favoring diploids. Thus, each ploidy state confers advantages depending on the environment.
A unisexual organism can easily access both the haploid and diploid state by mating quickly
in response to conditions that favor diploids and sporulating when conditions are favorable
for haploid growth. A unisexual cycle that simply toggles a cell from haploid to diploid and
then back to haploid could provide benefits to the organism in a fluctuating environment
with no need to admix genetic diversity, or recombine.

Cellular and organelle genomic interactions are common and fraught with implications
for sexual reproduction. Multicellular organisms uniparentally inherit mitochondrial and
chloroplast genomes to limit organelle heteroplasmy. While uniparental inheritance is
common in fungal species, it is by no means the rule. The model yeasts S. cerevisiae
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and S. pombe inherit mitochondrial genomes from either parent but Cryptococcus species
uniparentially inherit their genome from the mating type a parent (Callen, 1974, Seitz-
Mayr, Wolf, & Kaudewitz, 1978; Strausberg & Perlman, 1978; Xu, Ali, et al., 2000).
Mitochondrial heteroplasmy causes reduced metabolic activity and accentuated stress
responses in multicellular eukaryotes and is a common cause of disease (Sharpley et al.,
2012) but it is not yet clear what affect mitochondrial heteroplasmy has on fungi. C.
neoformans uniparentally inherits the mitochondria from the mating type a parent but
mating type a is the prevalent unisexual mating type (Kwon-Chung & Bennett, 1978; Yan
& Xu, 2003). Unisex is likely to disrupt the uniparental inheritance of mitochondria. In C.
neoformans, mating type a will retain its mitochondria instead of receiving a mating type
a derived mitochondria. There is no known mechanism to differentiate between two mating
type a mitochondria during unisex, potentially introducing mitochondrial heteroplasmy and
enabling mitochondrial genomic recombination (Yan, Hull, Sun, Heitman, & Xu, 2007). In
addition, it would allow mitochondria that had evolved an epistatic, commensal, or selfish
interaction with a mating type a genome to be transmitted through the unisexual cycle.

Medical Impacts of Unisex

Despite the ubiquity of sexual reproduction in complex eukaryotes and early observance in
fungal lineages, asexuality was thought to be common among pathogenic eukaryotes. The
widespread clonal reproduction among pathogenic and parasitic microorganisms engaged
in an evolutionary arms race with hosts was even more surprising given the “Red Queen”
arms race that pathogens must engage in with their hosts (Van Valen, 1974a, 1974b). A
host-pathogen arms race places special emphasis on an organism’s ability to rapidly evolve
and take advantage of genetic diversity (Delsing, Bleeker-Rovers, Kullberg, & Netea, 2012;
Maor & Shirasu, 2005; Maynard Smith, 1978). Indeed, genetic conflict between hosts and
pathogens is one of the leading evolutionary hypotheses for the ubiquity of sex in eukaryotic
hosts (Ladle, Johnstone, & Judson, 1993; Otto & Michalakis, 1998; West, Lively, & Read,
1999). Selection on pathogens leads to intense specialization for common host genotypes,
leading to the reduction of those hosts’ fitness relative to rare host genotypes (Haldane,
1949; Williams, 1975). Sex and recombination in hosts helps to increase genetic diversity
and generate new and rare genotypes (Hamilton, 1980; Hamilton, Axelrod, & Tanese,
1990). Eukaryotic pathogens, such as C. albicansand C. neoformans, can employ sexual
reproduction to maintain diversity and produce genotypes that are competent to infect new
hosts (Byrnes et al., 2009; Carriconde et al., 2011; Kidd et al., 2004).

It was first noted that although there was little evidence of recombination, the genomes

of these pathogenic eukaryotes retained a full complement of meiotic genes (Bougnoux et
al., 2008; Loftus et al., 2005; Ramesh et al., 2005; Sturm, Vargas, Westenberger, Zingales,
& Campbell, 2003; Tzung et al., 2001). Only in the last decade has it been considered
possible that eukaryotic microorganisms are both clonal and sexually reproducing (Heitman,
2006, 2010). The discovery of both canonical sexual and a new novel unisexual cycle in
multiple pathogenic fungi, and also parasites, revealed how eukaryotic microbial pathogens
are equipped to engage in the arms race with their hosts (Alby et al., 2009; X. Lin et al.,
2005). Thus, we now appreciate that rather than being asexual, clonal, and strictly mitotic
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as proposed as recently as a decade ago, eukaryotic microbial pathogens are unisexual, or
cryptically sexual, resolving this decades long paradox.

Unisex plays a particularly important role in C. neoformans virulence as the infectious
propagule is thought to be the spores produced by sexual reproduction (Giles et al.,

2009; Sukroongreung, Kitiniyom, Nilakul, & Tantimavanich, 1998; Velagapudi et al.,
2009). The C. neoformans population is >95% a dramatically limiting the opportunities
for heterosexual spore generation leaving unisexual spores as the likely major infectious
propagule (Halliday et al., 1999; Kwon-Chung & Bennett, 1978; Litvintseva et al., 2005).
In addition, C. neoformans deploys unisex to generate de novo genetic variation through
mutation and aneuploidy, after infection bottleneck (Ni et al., 2013; Sionov et al., 2010).
These factors highlight how unisex may be integral to the virulence of this medically
important fungal pathogen.

Homothallism is widespread in the fungal kingdom and the full extent of alternative
homothallic mechanisms such as unisex are just beginning to be investigated. It is
particularly intriguing that extant unisexual cycles were discovered in phylogenetically
divergent human pathogens only relatively recently. Unisex may be a particularly
advantageous means of homothallism for animal pathogens. Further research into the
molecular mechanisms underlying unisex, how outcrossing versus inbreeding is regulated,
the diversity and extent of unisexual species, and the environmental impacts of unisex will
increase our understanding of fungal diversity in addition to its impact and evolutionary
origin.
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Figure 1. Sexual development of Cryptococcus neoformans.
(A) During bisexual reproduction cells of opposite-mating type secrete pheromones that

are sensed by the pheromone receptor Ste3a/a. Pheromone sensing leads to cell-cell fusion
producing a dikaryotic and then diploid intermediate that undergoes meiosis to generate
recombinant progeny. During unisexual reproduction nutrient-limiting conditions trigger
pheromone production that enhances cell-cell fusion or endoreplication and the diploid
intermediate undergoes meiosis, similar to bisexual reproduction. (B) The pheromone-
signaling pathway governs sexual development in C. neoformans. Binding of pheromone

to the pheromone receptor stimulates the pathway through a G-protein coupled receptor
complex that activates the Ste20a/a kinase and the three tiered MAPK phosphorelay system.
The transcription factor target of the pathway is Mat2, which regulates the expression of
sexual- and filamentation-specific genes. Although the signaling-cascade is highly conserved
among fungi, the downstream transcriptional network exhibits extensive rewiring in different
species.

Pheromone and pheromone-
responsive genes
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Figure 2. Parasexual development of Candida albicans.
(A) Homozygous opaque MTLala cells secrete a pheromone that is sensed by the

Ste2 pheromone receptor on the surface of MTLa/a cells. During bisexual reproduction
pheromone sensing induces polarized growth towards the pheromone source and initiates
cell-cell fusion. The intermediate tetraploid MT7La/a/a/a cell undergoes stochastic
chromosome loss that generates MTL homozygous and MTL heterozygous diploid progeny
with significant rates of aneuploidy. Surprisingly, homozygous opaque MTLa/a cells can
secrete both a and a pheromones. The Barl protease degrades a pheromone to prevent
autocrine activation of the mating pathway. In the absence of the Barl protease M7Lala
cells secrete a pheromone that accumulates and binds to the Ste2 pheromone receptor on
the same or neighboring cell. The autocrine pheromone signaling pathway drives unisexual
reproduction that leads to cell-cell fusion and results in a tetraploid intermediate. The
MTLalalala cell undergoes stochastic chromosome loss to return to the diploid state,
generating significant aneuploidy in the process. (B) The pheromone response pathway

is highly conserved in the Saccharomycotina subphylum and all of the components of C.
albicans are orthologs of the S. cerevisiae pheromone pathway. The pathway consists of the
G-protein coupled receptor complex and the Cst20 kinase followed by the MAPK signaling
cascade. In opaque cells the transcription factor target of the pathway is Cph1l that governs

Genes involved
in mating

Genes involved
in biofilms
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the expression of mating-specific genes, while in white cells the Tec1 transcription factor
regulates the abundance of biofilm-specific factors.
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Figure 3. Neurospora genus mat locus organization.
The organization of the mat locus of selected Neurospora species rooted with the

homaothallic outgroup species Sordaria macrospora (adapted from (Gioti et al., 2012)).

Blue branches of the phylogram represent heterothallic species and red branches depict
homaothallic species. Grey arrows represent genes flanking the mat locus and their
transcriptional orientation. Yellow arrows indicate mat genes, with A-1, A-2, A-3, and a-1
corresponding to mat A-1, mat A-2, mat A-3, and mat a-1 respectively. Intact transposable
elements are represented by purple and orange elements. The N. discreta mat aidiomorph
has not yet been sequenced and is inferred phylogenetically. Genes truncated by stop codons
are striped arrows (Wik et al., 2008). Sequencing of the coding regions and cDNA of mat
A-1, A-2 and A-3revealed independent mutations that may result in pseudogenization. Mat
A-2 an HPG domain protein, suffered nonsense mutations at codon 39 in N. dodgei and
codon 288 in . africana and N. galapagosensis, however, mat A-2is still transcribed in .
dodgei and N. galapagosensis. The HMG transcription factor mat A-3is highly divergent in
the homothallic species related to N. africana; N. lineolata has a stop-codon at position 215,
amino acids 100-177 are deleted in . africanaand N. galapagosensis, and N. dodgeihas a
mutation of the canonical start codon.
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Figure 4. Muller’s Ratchet.
In asexually growing organisms every cell or lineage will eventually suffer a deleterious

mutation. There is no mechanism for selection to remove all of the deleterious mutations
“a”, “b”) from the population, and therefore fitness will irreversibly decline in mitotically
dividing populations. Heterosexual and unisexual cycles give access to recombination that
may restore wild type (“AB”) fitness to some lineages in the population.
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Table 1.

Putative Impacts of Unisexual Reproduction

Access to Recombination

Avoid Muller's Ratchet

Recombination within the mating type locus

Increased mating

Universal mating partner

Unisexual mating improves fitness for heterosexual mating

Meiotic rejuvenation (Unal, Kinde, & Amon, 2011)

Production of hyphae and spores to explore new environments

Increased Genetic Diversity

Access to the diploid state as a capacitor for evolution

Generation of epimutations through Sex Induced Silencing (SIS)

Meiotic de novo generation of phenotypic and genotypic diversity

Biparential mitochondrial inheritance and mitochondrial recombination

Other Impacts

Toggle ploidy to enhance survival in environments where the haploid or diploid is more fit

Suppression of transposons
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