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Abstract

Cryptococcus neoformans is an opportunistic human fungal pathogen and can undergo both 

bisexual and unisexual mating. Despite the fact that one mating type is dispensable for unisexual 

mating, the two sexual cycles share surprisingly similar features. Both mating cycles are affected 

by similar environmental factors and regulated by the same pheromone response pathway. 

Recombination takes place during unisexual reproduction in a fashion similar to bisexual 

reproduction and can both admix pre-existing genetic diversity and also generate diversity de novo 

just like bisexual reproduction. These common features may allow the unisexual life cycle to 

provide phenotypic and genotypic plasticity for the natural Cryptococcus population, which is 

predominantly α mating type, and to avoid Muller’s ratchet. The morphological transition from 

yeast to hyphal growth during both bisexual and unisexual mating may provide increased 

opportunities for outcrossing and the ability to forage for nutrients at a distance. The unisexual life 

cycle is a key evolutionary factor for Cryptococcus as a highly successful global fungal pathogen.
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1. Introduction

Sex is ubiquitous throughout biology. Numerous fungal species were long considered clonal 

or asexual, for example, the human fungal pathogens Candida albicans and Aspergillus 

fumigatus. However, bioinformatic studies of whole genome sequences revealed the 

existence of both opposite alleles of the mating-type locus (MAT), and population genetics 

studies revealed genetic recombination within the population. These advances first 

suggested sexual reproduction is an integral life cycle feature for these and other fungal 
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species that have been thought to be asexual (Butler et al., 2009; Ene and Bennett, 2014; 

Heitman, 2006).

Sexual identity in fungi is defined by the mating type locus (MAT), which contains genes 

that regulate cell identity and sexual reproduction (Ni et al., 2011). Mating can be either 

heterothallic, involving mating between partners harboring different mating type alleles with 

high DNA sequence dissimilarity, or homothallic, which involves sexual reproduction of 

solo cultured individual isolates. Homothallism can also involve selfing, or same-sex 

mating/unisexual reproduction. Heterothallism and homothallism in fungi have been 

reviewed in detail (Lee et al., 2010; Ni et al., 2011). Table 1 lists some classic examples for 

different types of heterothallic and homothallic mating in fungi.

Heterothallic mating occurs either in a bipolar or a tetrapolar system. The bipolar mating 

system contains a single bi-allelic MAT locus that controls mating between partners of 

opposite mating types, such as the genetic model Neurospora crassa, the prominent human 

fungal pathogenic basidiomycetes Cryptococcus gattii and C. neoformans, and the 

ascomycetes Candida albicans and Aspergillus fumigatus (Galagan et al., 2005; Hsueh et 

al., 2011b; Hull and Johnson, 1999; Metzenberg and Glass, 1990). Many basidiomycetes, 

such as Coprinopsis cinerea, Cryptococcus heveanensis, and Ustilago maydis exhibit 

tetrapolar mating systems which contain two unlinked, multiallelic MAT loci that control 

mating between partners of different mating types that differ at both MAT loci (Casselton 

and Kues, 2007; Metin et al., 2010; Spellig et al., 1994). Tetrapolar mating systems restrict 

inbreeding more than bipolar mating systems because they reduce the chances of mating 

between the progeny to 25% versus 50% in a bipolar mating system (Figure 1) (Ene and 

Bennett, 2014). Homothallism involves sexual reproduction of solo isolates without a 

partner and there are at least five different types of homothallism in different fungal species, 

including pseudohomothallism, mating type switching, two fused or linked MAT loci, two 

unlinked MAT loci, and one MAT locus (Ni et al., 2011). Pseudohomothallism occurs in 

Neurospora tetrasperma and Podospora anserina, and refers to selfing of spores that 

contain two nuclei of different mating types (Merino et al., 1996; Picard et al., 1991). 

Mating type switching refers to a daughter cell mating with the mother cell that has 

converted its mating type through endonuclease facilitated recombination in response to 

DNA double-strand breaks, and it occurs in Kluyveromyces lactis, Saccharomyces 

cerevisiae, and Schizosaccharomyces pombe (Butler et al., 2004; Herskowitz et al., 1992; 

Nielsen and Egel, 2007). Even though pseudohomothallism and mating type switching 

facilitate mating within the same cell, or among cells from an asexually derived colony, 

mating still occurs between two nuclei of the opposite mating types. In certain fungal 

species, both alleles of the MAT locus are present in one nucleus enabling the fungus to be 

self-fertile. The MAT loci can be fused or linked on one chromosome as in the ascomycetes 

Cochliobolus spp., Stemphylium spp., and Neurospora spp (Inderbitzin et al., 2005; 

Poggeler, 1999; Yun et al., 1999), or unlinked as in the ascomycetes Aspergillus nidulans 

and Neosartorya fischeri (Galagan et al., 2005; Rydholm et al., 2007). Finally, in four 

Neurospora spp. (N. africana, N. dodgei, N. galapagonensis, and N. lineolata) and a group 

of Stemphylium spp., only one MAT locus is present in the genome and yet these species are 
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self-fertile and bona fide homothallic isolates (Glass and Smith, 1994; Inderbitzin et al., 

2005; Poggeler, 1999).

Homothallism has also been reported in two bipolar heterothallic human fungal pathogens, 

Candida albicans and Cryptococcus neoformans. Alby et al. (Alby et al., 2009) reported that 

when the α pheromone protease Bar1 is lost in C. albicans a cells, the α pheromone 

produced by a cells can promote a-a mating. In addition, in the presence of α cells, two a 
cells can mate efficiently under the influence of α cell expressed α pheromone. During C. 

albicans mating, two diploid nuclei fuse to form a tetraploid nucleus, which then undergoes 

a parasexual cycle and returns to the diploid or aneuploid state through stochastic 

chromosome loss. The monokaryotic fruiting behavior reported in the basidiomycete 

Cryptococcus neoformans was first thought to be an asexual reproduction event, and to be 

restricted to isolates of only the α mating type (Lin et al., 2006; Tscharke et al., 2003; 

Wickes et al., 1996). Subsequently, isolates of a mating type were identified that also 

produce hyphae and spores and this process was shown to be a quantitative trait in which the 

α allele of the MAT locus enhances hyphal growth (Lin et al., 2006; Tscharke et al., 2003; 

Wickes et al., 1996). Lin et al. (Lin et al., 2005) showed that there is a high frequency of 

recombination among monokaryotic fruiting progeny and deletion of the meiosis specific 

recombinase Dmc1 impaired monokaryotic sporulation, which provides evidence that 

monokaryotic fruiting is a sexual cycle involving cells of the same mating type, and thus C. 

neoformans is capable of homothallic mating. An insertional mutagenesis study further 

showed that Spo11, an enzyme that drives meiotic recombination by inducing DNA double-

strand breaks, is required for sporulation during monokaryotic fruiting, which further 

verified the existence of a unisexual life cycle in C. neoformans (Feretzaki and Heitman, 

2013a; Lin et al., 2005).

It is interesting to note that C. neoformans has a bipolar mating system and can undergo 

robust a-α heterothallic mating, and yet there is an extant parallel unisexual life cycle. The 

potential significance of unisexual mating has been highlighted for the Cryptococcus spp, 

specifically serotype A C. neoformans var. grubii and serotype D C. neoformans var. 

neoformans, by the following key findings: 1) Environmental and clinical isolates of C. 

neoformans are predominantly α mating type (Kwon-Chung and Bennett, 1978), with one 

documented exception of a Cryptococcus population in sub-Saharan Africa, which has a 

more balanced ratio of a and α cells (Litvintseva et al., 2003); 2) Mating of C. neoformans 

has not been observed in nature, but C. neoformans can readily mate both bisexually and 

unisexually under laboratory conditions, including media containing pigeon guano and live 

plants (Kwon-Chung, 1976a; Nielsen et al., 2007; Xue et al., 2007); 3) Approximately 8% of 

natural isolates tested are diploids for Cryptococcus spp, and the reported diploids include 

α/α diploids (fusion products of two serotype A α cells), αADα diploids (fusion products of 

serotype A and serotype D α cells), and hybrid AD diploids of opposite mating types 

(Cogliati et al., 2001; Lengeler et al., 2001; Lin et al., 2007; Lin et al., 2009). Taken 

together, these reports suggest unisexual reproduction plays a pivotal role in the life cycles, 

and possibly also the virulence cycles, of the globally prevalent human pathogenic 

Cryptococcus species. In this review, we take a deeper look into the consequences and the 
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biological impacts of α-α unisexual mating in C. neoformans in comparison with traditional 

bisexual mating.

2. Environmental factors and genetic circuits for C. neoformans sexual 

cycles

During the typical C. neoformans a-α bisexual mating, cells of opposite mating type (a and 

α) fuse to form a zygote, which undergoes a transition to filamentous growth. Parental 

nuclei remain separate in the dikaryotic hyphae. Clamp cell fusion with the neighboring 

hyphal compartment allows inheritance of both parental nuclei in each hyphal cell. The tip 

of the hyphae eventually enlarges and forms a basidium, within which nuclear fusion occurs 

and one round of meiosis produces four meiotic products. Repeated rounds of mitosis from 

these meiotic products produce nuclei that are packed into spores, and subsequently bud 

from the surface of the basidium to form four chains of basidiospores (Figure 2) (Idnurm, 

2010; Kwon-Chung, 1975; Kwon-Chung, 1976a; Kwon-Chung, 1976b; Lin, 2009). Under 

conditions unsuitable for hyphal growth, dikaryotic hyphae produce diploid yeast cells by 

nuclear fusion. When conditions become favorable for hyphal development, diploid yeast 

cells can reenter the sexual cycle and form monokaryotic hyphae (Figure 2) (Sia et al., 

2000).

During C. neoformans unisexual mating, either nuclear fusion following cell fusion between 

two α cells, nuclear fusion between mother and daughter nuclei, or nuclear endoreplication 

at different stages of the unisexual cycle can establish the α-α diploid state. Clamp cells of 

the monokaryotic hyphae do not fuse with the adjacent hyphal compartment, and the tip of 

the hyphae gives rise to the basidium. Meiosis and mitosis then take place to generate 

haploid spores (Figure 2) (Feretzaki and Heitman, 2013b; Lin et al., 2005; Wickes et al., 

1996). Both environmental factors and genetic circuits govern diploidization (morphological 

transition from yeast cell to hyphal growth), meiosis, mitosis, and sporulation during both 

sexual cycles in C. neoformans. These regulatory mechanisms have been reviewed in detail 

(Kozubowski and Heitman, 2012; Lin, 2009; Wang and Lin, 2011). Here we focus on 

highlights of the regulatory mechanisms and recent discoveries.

Environmental cues for bisexual and unisexual life cycles exhibit a high degree of overlap. 

Factors that can stimulate cell-cell fusion and hyphal growth in both bisexual and unisexual 

mating include: ambient temperature, nitrogen limitation, dehydrated substrates, darkness, 

presence of mating pheromones, inositol, the plant hormone auxin (indole-3-acetic acid), 

and copper ions (Hull and Heitman, 2002; Kent et al., 2008; Kozubowski and Heitman, 

2012; Lin, 2009; Rutherford et al., 2008; Schwartz and Staib, 1980; Torres-Guererro and 

Edman, 1994; Walton et al., 2005; Wang and Lin, 2011; Xue et al., 2007). Environmental 

conditions that inhibit bisexual mating also inhibit unisexual mating, such as high 

temperature, high levels of CO2, high humidity, and continuous white light exposure (Figure 

2) (Bahn et al., 2005; Sia et al., 2000; Wang et al., 2012a; Xue et al., 2007). The 

mechanisms by which these environmental factors impact the sexual cycles often lie within 

genetic regulatory circuits. For example, copper ions up-regulate pheromone expression and 

promote mating (Kent et al., 2008), and continuous light activates the Bwc1/2 photoreceptor 
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which negatively regulates mating specific gene expression (Idnurm and Heitman, 2005; Lu 

et al., 2005; Yeh et al., 2009).

The pheromone response pathway regulates both bisexual mating and unisexual mating 

(Figure 2) (Reviewed by Kozubowski and Heitman, 2012; Wang and Lin, 2011). The Cpk1 

mitogen activated protein kinase (MAPK) pathway is the conserved yeast pheromone 

response pathway in C. neoformans. Mutation of components in this pathway blocks or 

impairs both bisexual and unisexual mating, such as deletion of Mfα (α pheromone), Ste11/

Ste7/Cpk1 (core components of the Cpk1 MAPK pathway), and Mat2 (transcription factor 

for the Cpk1 MAPK pathway) (Davidson et al., 2003; Hsueh et al., 2009; Lin et al., 2010; 

Shen et al., 2002; Yue et al., 1999). On the other hand, overexpression of these components 

enhances sexual development (Hsueh et al., 2007; Hsueh et al., 2009; Shen et al., 2002; Yue 

et al., 1999). Besides the canonical pheromone response pathway, other factors have been 

identified as common regulators for both bisexual and unisexual mating, including two zinc 

finger transcription factors Znf2 and Znf3 (Feretzaki and Heitman, 2013a; Lin et al., 2010). 

Znf2 was later identified as the master regulator for hyphal morphogenesis (Wang et al., 

2012a). Transcriptomic studies showed that Znf2 directs the yeast-hyphal transition through 

the Pumilio-family protein Pum1 during mating. Pum1 temporally up-regulates expression 

of Dmc1, a meiotic recombinase required for sporulation, during mating (Figure 2) (Wang et 

al., 2014). The pheromone response pathway positively regulates Znf2 expression during 

mating; however, overexpression of Znf2 can drive the yeast-hyphal transition through an 

adhesion protein, Cfl1, independent of mating (Lin et al., 2010; Wang et al., 2013a). Znf3 

promotes cell fusion and pheromone production for both bisexual and unisexual cycles, and 

it also negatively regulates expression of transposable elements, which suggests that Znf3 

may function in transposon silencing during mating (Feretzaki and Heitman, 2013a).

Despite the similarity in the environmental regulation and the genetic circuits between 

bisexual and unisexual mating, evidence has accumulated to suggest unisexual mating is 

more plastic. gpa2Δ gpa3Δ double mutants lacking two G protein α subunits are defective in 

cell fusion and bisexual mating; however, the mutant can undergo robust self-filamentation, 

suggesting cell fusion can be separate from unisexual reproduction (Hsueh et al., 2007). It is 

also worth noting that a transcriptomic study of a highly self-fertile strain showed that a cell 

fusion gene, PRM1, is highly upregulated during unisexual reproduction (Lin et al., 2010). 

Orthologs of Prm1 in Saccharomyces cerevisiae and Neurospora crassa contribute to 

plasma membrane fusion during mating (Aguilar et al., 2007; Fleissner et al., 2009). It is 

possible that Prm1 is a fortuitous target given that the Cpk1 MAPK pathway is shared 

between bisexual and unisexual reproduction. Deletion of the STE6 gene encoding a 

pheromone transporter severely affects cell fusion and filamentation during bisexual mating, 

yet unisexual mating is not affected (Hsueh and Shen, 2005). The differences between these 

two different sexual cycles suggest other pathways, independent of or in addition to the 

upstream pheromone response pathway, also regulate unisexual mating.

3. Recombination during bisexual and unisexual reproduction

Morphologically, α-α unisexual reproduction resembles a-α bisexual reproduction, although 

the initiation of unisexual reproduction can be either via fusion of two α cells, or by 
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endoreplication of the nucleus of an α cell that establishes a dikaryon/diploid state. α-α 

unisexual reproduction, like a-α bisexual reproduction, requires meiotic genes (e.g. DMC1 

and SPO11), demonstrating that unisexual reproduction also involves meiosis (Feretzaki and 

Heitman, 2013a; Lin et al., 2005; Wang et al., 2014). Additionally, our recent studies show 

that meiotic recombination in a-α bisexual and α-α unisexual reproduction occurs in a 

similar fashion (unpublished data). Specifically, we found that between the two modes of 

sexual reproduction: 1) the numbers of crossovers along chromosomes have comparable 

distributions; 2) the chromosomal average recombination frequencies (physical distance/

genetic distance, kb/cM) are similar and comparable to those that have been previously 

reported (Marra et al., 2004); and 3) recombination hotspots, such as those flanking the MAT 

locus during a-α bisexual reproduction (Hsueh et al., 2006), also operate during α-α 

unisexual reproduction.

Extensive sequence divergence and chromosomal rearrangements are present between the 

two MAT alleles, a and α, which have been hypothesized to pose physical barriers for 

crossing over within the MAT locus during a-α bisexual reproduction. Indeed, in a study of 

more than 150 meiotic progeny from a-α bisexual reproduction of serotype D C. 

neoformans, no crossover has been detected within the MAT locus. However, gene 

conversion does occur within the MAT locus around a GC-rich intergenic region between the 

RPO41 and BSP2 genes (Sun et al., 2012). Interestingly, two recombination hot spots that 

flank the MAT locus are also located within GC-rich regions. During α-α unisexual 

reproduction, the two MATα alleles align with each other during meiosis, and the physical 

constraints on recombination posed by sequence divergence and chromosomal 

rearrangements are no longer present. However, the lack of physical constraints on 

recombination does not result in elevated crossover during α-α unisexual reproduction. 

Among 156 analyzed unisexual meiotic progeny, only one crossover event occurred within 

the MAT locus (unpublished data). This frequency of crossover within the MAT locus is 

considerably lower than expected given the size of MAT and the average recombination 

frequency during α-α unisexual reproduction. A possible explanation could be that the two 

recombination hot spots that flank the MAT locus cause crossover interference within MAT.

In C. neoformans, recombination can occur not only during sexual reproduction in the form 

of meiotic recombination, but also during vegetative growth in the form of mitotic 

recombination. During a-α bisexual mating, it is generally accepted that nuclear fusion does 

not occur until shortly before meiosis in the basidium, which limits the opportunities for 

mitotic recombination. In a recent study of progeny from AD hybridization, the authors 

found that more than four haplotypes are present among progeny dissected from a single 

basidium, which contradicts the principle that one meiotic event can produce a maximum of 

four genotypes in each basidium. The authors proposed that, post-meiotic mitotic 

recombination within aneuploid/diploid basidiospores is the reason for the observation of 

greater than four haplotypes during AD hybridization (Vogan et al., 2013). During both a-α 

bisexual and α-α unisexual reproduction in serotype D C. neoformans, we also found 

evidence suggesting that mitotic recombination occurs at a fairly high frequency, and in this 

case, most likely after karyogamy and prior to meiosis. Specifically, we found that among 

progeny from α-α unisexual reproduction, certain chromosomal regions exhibited highly 
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skewed allele inheritance, while among progeny from a-α bisexual reproduction, alleles 

from one of the two parents at certain chromosomal regions were absent in the progeny 

recovered from a single basidium. Although our observation could be the result of gene 

conversion events during meiosis, the fact that the regions where alleles from one parent are 

absent among progeny cluster together and encompass large chromosomal regions suggest 

pre-meiotic mitotic recombination is the likely cause of loss of heterozygosity.

In addition, mitotic recombination breakpoints are enriched in certain chromosomal regions, 

suggesting the presence of fragile sites in the C. neoformans genome that are vulnerable to 

mitotic recombination, similar to those recently reported in Saccharomyces cerevisiae (Song 

et al., 2014). Additionally, some of these potential fragile sites overlap with meiotic 

recombination hot spots that have been previously identified, indicating certain 

characteristics of these chromosomal regions, such as a high GC content, might make them 

prone to induction of both meiotic and mitotic recombination (Hsueh et al., 2006).

In both a-α bisexual and α-α unisexual reproduction, nuclear fusion can occur immediately 

following cell fusion, resulting in heterozygous diploid cells. These diploid cells produce 

monokaryotic hyphae with unfused clamp cells, before the formation of the basidium and 

the onset of meiosis. Thus, ample opportunities are present for mitotic recombination to 

occur during both modes of sexual mating in C. neoformans (Hsueh et al., 2011a).

Maintaining a certain level of recombination during sexual reproduction is critical for proper 

meiosis. In hybridization between serotypes A and D, elevated sequence divergence and the 

presence of chromosomal rearrangements serve to repress meiotic recombination, and as a 

consequence, meiosis is compromised and the majority of hybrid progeny are aneuploid 

(Sun and Xu, 2007; Sun and Xu, 2009; Vogan et al., 2013). On the other hand, repression of 

meiotic recombination at certain chromosomal regions could also be beneficial, such as the 

MAT locus, where crossing over within could result in abnormal chromosomes due to 

chromosomal rearrangements between the opposite alleles, or non-functional MAT alleles by 

breaking up co-adapted alleles. This could be one of the reasons why recombination hot 

spots are present at both edges of the MAT locus and function in both bisexual and unisexual 

mating, as crossover interference exerted by these hot spots may further repress 

recombination within MAT, and thus ensure the inheritance of intact MAT alleles.

4. Sex as a diversity generator

Sexual reproduction is a key contributor to the generation of diversity in both genotype and 

phenotype, an adaptive function in response to environmental variations. In the 

Cryptococcus species complex, recombination takes place during both bisexual and 

unisexual mating. The advantages of canonical bisexual mating can be attributed to the 

admixture of preexisting diversity and generation of novel genotypes, while the role of 

unisex is substantially more puzzling. Unlike large multicellular eukaryotes that are 

obligately sexual, Cryptococcus can produce offspring without going through meiosis, so the 

advantages of a unisexual cycle that would clearly promote inbreeding are not immediately 

clear, especially given the energetic and opportunity costs of sex. The role of unisex may be 

explained by the ability of the sexual cycle in Cryptococcus to generate de novo diversity, 
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through access to the diploid state and generation of aneuploidy during sex. Additionally 

there are a number of other potential hypotheses as to how unisex may play a role in 

generating diversity, including co-opting the sexual machinery to produce polyploid Titan 

cells, enable spread of cytoplasmic elements, and stimulate RNAi pathways operating during 

the sexual cycle.

4.1 Sex contributes to admixture of preexisting diversity in the population

First, sex serves a key role in the reassortment of alleles, during both unisexual (Lin et al., 

2005) and bisexual reproduction. One key role of sexual reproduction, the elimination of 

deleterious alleles via Muller’s ratchet, will be discussed in more detail below. Sex can also 

play a critical role in the development of virulence through recombination between two 

diverse lineages, as occurred in Toxoplasma (Grigg et al., 2001). In Cryptococcus, the 

ability of the sexual cycle to mediate transmission of virulence characteristics between 

lineages under laboratory conditions has been tested. In crosses between VGII C. gattii 

isolates, hypervirulence traits contributed by an outbreak VGII parent were easily 

transmitted (Voelz et al., 2013). In contrast, hypervirulence traits were not easily transferred 

across a species barrier between the VGII and VGIII C. gattii lineages.

Both bisex and unisex are important in Cryptococcus because of the paucity of a isolates in 

the environment. Outside of a hypothesized ancestral origin in Botswana (Litvintseva et al., 

2011), the Cryptococcus neoformans var. grubii group is largely clonal globally, with a 

preponderance of MATα isolates (Kwon-Chung and Bennett, 1978). Thus unisex may allow 

access to some of the inherent advantages of the sexual cycle. Alternatively, in some 

regions, like Sub-Saharan Africa, a isolates are present at a much higher frequency and 

population genetics analyses have revealed hallmarks of mating likely to involve canonical 

bisexual reproduction (Litvintseva et al., 2003; Litvintseva et al., 2006). In addition, 

recombination has been observed at the population level in two subtypes of VGIII C. gattii 

in the California area (Byrnes et al., 2011 and unpublished data). One of these subtypes, 

VGIIIb, is also characterized by a substantial number of a isolates, while the other is 

primarily comprised of α isolates (Byrnes et al., 2011). Consequently, it is possible that both 

bisexual and unisexual cycles are acting to admix these populations within the California 

area.

Sexual reproduction has also been implicated, at the population level, in the development of 

pathogenic clonal clusters in VGII Cryptococcus gattii, which is the etiological agent 

currently responsible for an ongoing outbreak in the Pacific Northwest of the United States. 

Early analysis employing multilocus sequence typing (MLST) suggested that unisexual 

mating may have contributed to the development of the virulent VGIIa group that 

constituted the major portion of the outbreak, as approximately 50% of MLST markers were 

shared between the major VGIIa and the minor VGIIb components of the outbreak (Fraser et 

al., 2005). More recent work employing whole genome sequencing of multiple VGII isolates 

suggests that at least the highly virulent and clonal VGIIc group found in the Pacific 

Northwest may be the product of sexual crosses between preexisting VGII lineages not 

involved in the outbreak (Billmyre et al., 2014; Engelthaler et al., 2014). In addition, the 

VGII subtype as a whole appears to have undergone substantial admixture through sexual 
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reproduction during its proposed emergence from South America (Hagen et al., 2013). In 

summary, the sexual cycle operates to recombine preexisting diversity on the population 

level, even in an organism with a skewed mating type ratio and a preponderance of clonal 

lineages.

4.2 Sex contributes to de novo diversity

Sex can also contribute not just by mixing preexisting diversity, but also by creating de novo 

diversity, not previously represented in the population. One mechanism by which this can 

occur is through the production of not only haploid progeny, but also diploid intermediates. 

This contributes diversity either by accessing the diploid state or by masking deleterious 

recessive traits in the diploid hybrids. In Saccharomyces, the diploid state is advantageous 

under some conditions and disadvantageous under others (Zörgö et al., 2013). Diploids 

occur frequently in the C. neoformans population, with approximately 8% of natural isolates 

tested being diploid. The majority of these cases were the result of autodiploidization or self-

fusion between two cells of the same mating type (Lin et al., 2009). Alternatively, 

intervarietal αADα diploid hybrids have also been identified. The hybridization of two 

diverse genomes allowed transgressive phenotypes for both thermotolerance and UV 

resistance in these hybrids (Lin et al., 2007). Both of these diploid states provide advantages 

through access to the diploid state, but outcrossing between the Cryptococcus varieties also 

allows access to hybrid vigor.

In addition, sexual reproduction contributes to the generation of de novo diversity through 

the production of aneuploid progeny. Aneuploidy is typically thought of as deleterious, 

especially in the case of multicellular eukaryotes like humans, where it can result in 

dramatic defects, including Down’s syndrome or embryonic lethality. However, in limited 

circumstances, even multicellular organisms occasionally utilize aneuploid cells within 

specific developmental niches, like the fly hindgut (Fox and Duronio, 2013). Likewise, 

recent work in S. cerevisiae has shown that in unicellular eukaryotes, aneuploidy can 

provide a selective advantage under the appropriate conditions (Pavelka et al., 2010; Torres 

et al., 2007). In C. neoformans, aneuploid progeny with altered phenotypes were identified 

after both bisexual and unisexual mating at a frequency of approximately 4% (Ni et al., 

2013). Aneuploidy has previously been observed as a mechanism of drug resistance during 

normal mitotic growth on fluconazole (Sionov et al., 2010), and not surprisingly, both 

increases and decreases in fluconazole sensitivity can be observed in aneuploid progeny 

produced without fluconazole selection by the sexual cycle (Ni et al., 2013). Aneuploidy can 

also contribute to variation in virulence factor expression, such as melanin production, in C. 

neoformans (Hu et al., 2011). Notably, both bisexual and unisexual mating produce 

aneuploid progeny at similar frequencies. In addition, variations in chromosomal structure 

are present during both sexual reproductions, including segmental deletions (Ni et al., 2013). 

This suggests that the process of sex may be inherently mutagenic and, like the parasexual 

cycle of Candida albicans, create diversity at a high rate through error-prone reduction of 

ploidy (Forche et al., 2008). Thus, the unisexual cycle, in the absence of preexisting 

diversity to admix, can inherently generate diversity de novo.
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4.3 Alternative possible roles for unisexual reproduction

In addition to the known roles for bisexual and unisexual mating in generating diversity de 

novo, there are a number of potential roles yet to be explored in detail in Cryptococcus. 

These include ploidy increases and reduction in Titan cells, spread of cytoplasmic elements, 

and transposon silencing by RNAi pathways during the sexual cycles.

Sex may be involved in ploidy variation during both the generation of polyploidy Titan cells 

and the production of cells derived from Titan cells. Titan cells have been reviewed in detail 

(Zaragoza and Nielsen, 2013), but briefly, stimulation of Ste3a can induce the production of 

Titan cells (Okagaki et al., 2010). In addition, these Titan cells produce haploid or nearly 

haploid aneuploid progeny, despite containing 8n or even higher chromosome numbers 

(Nielsen, 2014). Together with the induction by Ste3a, this raises the question of whether 

ploidy reduction in Titan cells is sexual, or possibly parasexual, in nature. Studies may be 

limited by a lack of genomic variation to determine recombination, but tests with deletions 

of known meiotic components may be illuminating. In either case, the process appears to at 

least employ some elements of the sexual machinery to accomplish substantial changes in 

both ploidy and phenotype.

Recent work in S. cerevisiae suggests sex can result in advantageous selection independent 

of genomic diversity, but instead by transmission of cytoplasmic elements, like dsRNA 

viruses (Edwards et al., 2014) or prions (Suzuki et al., 2012). Interspecies mating may cross 

species barriers, and usually results in abortive mating, yet cytoplasmic elements are able to 

be transmitted between the mating pairs. Crosses between clonal individuals within a 

population could allow the transmission of an established prion into other cells. Cytoplasmic 

viruses are present in other basidiomycetes including Ustilago (Drinnenberg et al., 2011), 

but have not been observed to this point in Cryptococcus. Studies of prions and mycoviruses 

in Cryptococcus may illuminate an unseen biological impact for both the bisexual and 

unisexual life cycles.

Sex also induces silencing of endogenous transposons and transgenes in Cryptococcus. C. 

neoformans undergoes two distinct transgene dependent silencing processes, one during 

normal mitotic growth, called MIS (mitotic induced silencing) (Wang et al., 2012b), and one 

during the sexual cycle, called SIS (sex induced silencing) (Wang et al., 2010). Both 

processes function to repress expression of transposons, either at a basal level during 

vegetative growth (Dumesic et al., 2014; Wang et al., 2012b), or at a much higher level 

under mating conditions (Wang et al., 2010). The key difference between these two 

processes is that SIS occurs at a much higher frequency, which is in line with the increased 

expression of transposons and elevated levels of RNAi components under mating 

conditions. Deletion of RNAi components allows increased expression and movement of 

transposable elements, which can have direct functional consequences, such as development 

of FK506 resistance (Wang et al., 2010). Notably, SIS occurs during both bisexual and 

unisexual mating (Wang et al., 2013b). In addition, the VGII subtype of C. gattii has 

conspicuously lost its RNAi pathway (Billmyre et al., 2013; D’Souza et al., 2011; Wang et 

al., 2010). This suggests that the role of transposons in generating diversity may be 

amplified in the VGII lineage, as the control mechanism used in C. neoformans is absent. 
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Furthermore, transposons are a key component of the centromere in Cryptococcus (Janbon 

et al., 2014). Loss of RNAi in VGII may therefore amplify the generation of aneuploidy 

during the sexual cycle in Cryptococcus, either through changes in chromatin structure in 

the centromeres, like in Schizosaccharomyces pombe (Volpe et al., 2003), or simply by 

allowing more rapid transposon movement to change the otherwise conserved structure of 

the centromeres.

5. Reversing Muller’s ratchet

In the Cryptococcus species complex, it is clear that unisexual mating is mechanistically 

similarly to traditional bisexual mating, however, it does not explain the evolution of a 

parallel unisexual cycle. Here we explore the significance of unisexual mating in 

Cryptococcus from an evolutionary perspective.

It is puzzling that most eukaryotes reproduce sexually during their life cycle when 

considering the two-fold cost of sex (Smith, 1978; Williams, 1975). Each daughter in a 

sexual system requires contributions from two parents while a single asexual mother is 

sufficient to produce daughters mitotically. This is typically thought of as a cost of providing 

non-reproducing males, but hermaphroditic mating systems have similar evolutionary costs 

(Lloyd, 1988). A sexually reproducing organism’s genome is diluted every generation. 

Every allele will be passed on to every daughter during clonal division but each allele has 

only a 50% chance to be passed on during sexual reproduction. 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 first recognized the fundamental 

challenge facing asexually dividing populations; their genomes would gradually accumulate 

moderately deleterious mutations without a means to purge them, a process since termed 

Muller’s ratchet (Felsenstein, 1974; Haldane, 1937; Muller, 1932; Muller, 1964). Mutations 

occur during both cell division and growth, eroding the fitness of individuals and of the 

population. Natural selection works to remove strongly deleterious alleles from the 

population, but weakly deleterious alleles can increase in frequency through genetic drift or 

linkage to a beneficial allele. In an asexual population, eventually every individual will carry 

at least one harmful mutation, and the best class of genome will be lost. Sexual reproduction 

allows organisms to use recombination to reassort alleles and purge the genome of these 

deleterious mutations to recreate a best class of genome. Selection is not sufficient to 

maintain fitness without the ability to recombine and reassort chromosomes to purge mildly 

deleterious mutations.

Genetic drift is thought to play a central role in the rate at which a population accumulates 

deleterious mutations or the speed that Muller’s ratchet turns (Bell, 1988; Charlesworth and 

Charlesworth, 1998; Gessler, 1995; Haigh, 1978). The population of C. neoformans is 

globally distributed and large, leading some to hypothesize that the impact of genetic drift 

and Muller’s ratchet is small. However, the population of C. neoformans is highly structured 

and we have only begun to investigate the population history. There are four distinct 
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serotypes, based on capsular agglutination, in the species complex containing C. neoformans 

and C. gattii (Belay et al., 1996). Interserotype diploid hybrids are found in both clinical and 

environmental samples, but while these diploids display hybrid vigor, the spores produced 

rarely germinate, indicating significant barriers to gene flow (Lengeler et al., 2001). In 

addition, there are multiple molecular types in each serotype, with both cosmopolitan and 

geographically isolated types. The cosmopolitan molecular types, found worldwide, are 

thought to have larger populations but appear to be largely clonal expansions. There is little, 

if any, genetic exchange between molecular types and there is even significant population 

structure within some molecular types (Brandt et al., 1996; Bui et al., 2008; Campbell et al., 

2005; Casali et al., 2003; Franzot et al., 1997; Halliday and Carter, 2003; Jain et al., 2005; 

Litvintseva et al., 2003; Litvintseva and Mitchell, 2012; Ngamskulrungroj et al., 2009; 

Nishikawa et al., 2003). This suggests that C. neoformans may not be one large, global, 

interbreeding population but numerous, local, genetically isolated populations of unknown 

size. If C. neoformans represents many smaller populations, the effects of genetic drift and 

Muller’s ratchet on its population will be much larger than previously considered. Unisexual 

reproduction may be of particular importance to those isolated populations with few or no a 
alleles and restricted opportunities to access the bisexual reproductive pathway.

Both bisexual and unisexual cycles utilize the same post cell-fusion meiotic and 

recombinational pathways (Bui et al., 2008; Feretzaki and Heitman, 2013a; Lin et al., 2005). 

Therefore, unisexual reproduction, like bisexual reproduction, is hypothesized to allow 

Cryptococcus populations to avoid Muller’s ratchet, which remains to be validated 

experimentally.

6. Foraging for mating partners and nutrients

The transition from haploid to diploid brings about a large number of transcriptional and 

morphological changes. These changes can be environmentally dependent, or specific to the 

life cycle of a species. Under limiting growth conditions, diploid cells are generally larger, 

increasing the ratio of volume to surface area. In many populations of C. neoformans, the 

frequency of the MATa alleles is low enough that the unisexual cycle is likely the dominant 

pathway to instigate these morphological transitions. 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 

interacts with specific environmental conditions which pose environmental advantages to 

either diploids or haploids (Zörgö et al., 2013).

For the Cryptococcus species complex, the biological impacts of its sexual cycles are 

manifested through its morphological transition from yeast to hyphal growth (Roach et al., 

2014). C. neoformans grows mitotically as a haploid yeast and produces hyphae, basidia, 

diploid cells, and spores during the unisexual or bisexual cycles. These morphologically 

differentiated cell types provide plasticity for environmental adaptation. For example, C. 

neoformans can employ the hyphae produced by the unisexual cycle to explore the 

environment and forage for nutrients (Phadke et al., 2013), and spores can be easily 

dispersed widely by wind or water and are resistant to adverse environmental conditions 

(Alvarez and Casadevall, 2006; Botts et al., 2009). The exploration of the environment may 
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also have other beneficial effects such as bringing mating ready cells into contact with 

distant mating partners, either through the production of hyphae to explore the local 

environment or the production of spores for wider dispersal. Thus, filamentation during 

sexual life cycles can increase the number and frequency of outcrossing by enabling 

foraging for mates, akin to courtship in S. cerevisiae (Figure 3) (Jackson and Hartwell, 

1990a; Jackson and Hartwell, 1990b).

The yeast-hyphal transition was once considered a hallmark for Cryptococcus mating; 

however, evidence has shown that there is also a sex-independent form of thermally 

activated hyphal growth (Fu et al., 2013). Bilateral mating between two znf2Δ α cells failed 

to initiate the morphological transition despite the fact that diploid cells can be easily 

detected (Wang and Lin, 2011). It is understood now that Znf2 functions as a master 

regulator for Cryptococcus filamentation (Wang et al., 2012a). Znf2 is regulated by the 

pheromone pathway during mating and can induce two different types of hyphal cells, aerial 

hyphae that can sporulate, and invasive hyphae (Wang et al., 2012a). Invasive hyphae 

usually concentrate at the periphery of the mating colony and can invade solid agar medium, 

extend on the surface, and expand into the air (Wang et al., 2012a). Overexpression of Znf2 

under mating suppressive conditions revealed that invasive hyphal growth is regulated by 

Znf2 through an adhesion protein, Cfl1 (Wang et al., 2013a; Wang et al., 2014). Though it is 

not clear whether this pathway can be activated independent of sex in nature, it does suggest 

Cryptococcus may have a pathway analogous to yeast pseudohyphal differentiation in 

response to nutrient limitation (Cullen and Sprague, 2012). Interestingly, nutrient 

deprivation does promote pseudohyphal growth in Cryptococcus (Lee et al., 2012; Lin, 

2009). Nonetheless, both bisexual and unisexual mating produce hyphae, which may 

provide fitness benefits by enabling hyphal cells to forage for nutrients in places yeast 

colonies are unable to reach.
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Highlights

• Similar environmental factors and genetic circuits regulate both unisexual and 

bisexual mating in Cryptococcus neoformans.

• Recombination happens in a similar fashion during unisexual and bisexual 

mating.

• Unisexual mating can generate phenotypic diversity de novo.

• Filamentous growth during sexual reproduction allows Cryptococcus colonies to 

forage for mating partners and nutrients.
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Summary points

1. Unisexual and bisexual mating are controlled by similar environmental factors 

and genetic circuits in Cryptococcus neoformans.

2. Recombination happens in a similar fashion during unisexual and bisexual 

mating. Recombination hotspots for bisexual mating also function during 

unisexual mating. MAT loci recombination is also repressed during unisexual 

mating despite no or limited sequence divergence.

3. Unisexual mating can generate phenotypic diversity de novo, like bisexual 

mating. Unisexual mating can also enable a predominantly α Cryptococcus 

population to avoid Muller’s ratchet.

4. Filamentous growth during both unisexual mating and bisexual mating may 

provide fitness benefits by increasing opportunities for outcrossing and allowing 

Cryptococcus colonies to forage for distant nutrients.
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Figure 1. 
A) Bipolar mating type systems encode mating type determinants at one locus. Alleles for 

the MAT locus must be different for heterothallic mating to occur and diploids to be formed. 

The resulting spores are able to mate with 50% of their siblings in a tetrad. B) Mating type 

determinants are encoded at two unlinked loci in tetrapolar mating systems. Cells must carry 

different alleles at both MAT loci for mating to occur and spores can only mate with 25% of 

their sibling meiotic products. C) C. neoformans has a unisexual cycle, in addition, to the 

standard bipolar heterothallic mating cycle. α cells are able to mate with other α cells to 

produce diploids that are homozygous at the MAT loci. These diploids are able to sporulate 

and produce inter-fertile spores.
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Figure 2. 
The life cycle of Cryptococcus neoformans, and environmental factors and genetic circuits 

that govern C. neoformans bisexual and unisexual reproduction.
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Figure 3. 
Hyphal growth during both bisexual and unisexual reproduction provides advantages in 

foraging for mating partners and nutrients. A) Asexually dividing Cryptococcus cells are 

unable to undergo the dimorphic switch. They grow as a yeast colony unable to reach 

potential mating partners or distant nutrient sources. B) During bisexual and unisexual 

reproduction Cryptococcus undergoes hyphal growth. The hyphae are able to explore the 

environment, bringing them into contact with mating partners or new nutrient sources. C) 

Unisexual and bisexual mating produce spores, in addition to hyphae, and these spores are 

able to be easily dispersed by the wind or water to colonize new environments, bringing 

them into contact with both mating partners and nutrients.
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Table 1

Examples of fungal mating strategies.

Phylum Species Reference

Heterothallism

Bipolar

Ascomycota

Aspergillus spp. (A. fumigatus;
A. oryzae) (Galagan et al., 2005)

Candida albicans (Hull and Johnson, 1999)

Neurospora crassa (Metzenberg and Glass, 1990)

Basidiomycota
Cryptococcus neoformans (Hsueh et al., 2011b)

Ustilago hordei (Lee et al., 1999)

Tetrapolar Basidiomycota

Coprinopsis cinerea (Casselton and Kues, 2007)

Cryptococcus heveanensis (Metin et al., 2010)

Ustilago maydis (Spellig et al., 1994)

Homothallism

Pseudohomothallism Ascomycota
Neurospora tetrasperma (Merino et al., 1996)

Podospora anserina (Picard et al., 1991)

Mating type
switching

Ascomycota

Kluyveromyces lactis (Butler et al., 2004)

Saccharomyces cerevisiae (Herskowitz et al., 1992)

Schizosaccharomyces pombe (Nielsen and Egel, 2007)

Basidiomycota Agrocybe aegerita (Labarere and Noel, 1992)

Two fused or linked
opposite MAT loci Ascomycota

Cochliobolus spp. (Yun et al., 1999)

Didymella zeae-maydis (Yun et al., 2013)

Neurospora spp. (N.
pannonica; N. terricola)

(Poggeler, 1999)

Stemphylium spp. (Inderbitzin et al., 2005)

Sordaria macrospora (Poggeler, 1999)

Two unlinked
opposite MAT loci Ascomycota

Aspergillus nidulans (Galagan et al., 2005)

Neosartorya fischeri (Rydholm et al., 2007)

One MAT locus
Ascomycota

Candida albicans (Alby et al., 2009)

Neurospora spp. (N. africana;
N. dodgei; N. galapagonensis;
N. lineolata)

(Poggeler, 1999)

Stemphylium spp. (Inderbitzin et al., 2005)

Basidiomycota Cryptococcus neoformans (Lin et al., 2005)

Fungal Genet Biol. Author manuscript; available in PMC 2016 May 01.


