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exual reproduction is pervasive and yet has established costs,
including the time and energy devoted to locating a mate. A
limited availability of mating partners of the opposite sex may
further exacerbate this cost. The human fungal pathogen Cryptococcus neoformans illustrates this dilemma because its populations
predominantly contain isolates of the ␣ mating type and few, if
any, of the a mating type, restricting opportunities for conventional a-␣ opposite-sex mating (1, 2, 3). C. neoformans may overcome this barrier in part by undergoing unisexual reproduction—an alternative mode of sexual cycle involving cells of only
one mating type, most commonly ␣ (4). Unisexual reproduction
can confer benefits by generating adaptive genotypic diversity
through recombination and by producing spore progeny that are
readily dispersed aerially and inhaled as infectious propagules.
Here, we report a novel way in which unisexual reproduction
benefits C. neoformans, involving hyphal development to promote
foraging and increased access to nutrients and facilitating the dispersal of spores.
C. neoformans grows asexually as a budding yeast but differentiates into hyphae upon unisexual reproduction during solo culture of self-fertile isolates on appropriate growth media (4). Unisexual reproduction involves the formation of an extensive
monokaryotic mycelium and terminal fruiting structures called
basidia wherein meiosis occurs, and long chains of meiotic spores
decorate the outer surface of the basidia (5). Components of a
pheromone-responsive mitogen-activated protein kinase (MAPK)
pathway are responsible for the yeast-to-hypha transition, and the
absence of key elements, including the protein kinase Ste7 or the
transcription factor Mat2, blocks unisexual reproduction and
traps C. neoformans in the yeast form (6, 7, 8). While a functional
MAPK pathway is necessary for morphological differentiation,
the meiotic machinery, including Dmc1 and Spo11, is essential for
culmination of the unisexual cycle, resulting in meiosis and the
production of basidiospores (4). In strains lacking Spo11 (Fig. 1),
the yeast-to-hypha transition and the formation of basidia proceed normally, but meiosis and sporulation are severely impaired
(32).
What selective pressures may maintain the ability to undergo
the yeast-to-hyphal transition? We tested the hypothesis that mor-
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phological differentiation during unisexual reproduction allows
this pathogen to disperse and extract nutrients from a larger territory than would be available otherwise. This advantage is independent of genetic exchange or recombination and highlights a
possible selective pressure underlying the origin and maintenance
of unisexual reproduction with implications for both pathogenic
and saprobic microbes.
MATERIALS AND METHODS
Strains. Strains with deletions of the STE7, MAT2, or SPO11 genes were
generated in the XL280 ␣ wild-type (WT) background using overlap PCR
products to replace the relevant genes with the nourseothricin (NAT)
drug resistance selectable marker. XL946 and XL947 are two independent
ste7⌬ deletion mutants, XL942 and MF200 are independent mat2⌬ deletion mutants, and XL1082 and MF43 are independent spo11⌬ deletion
mutants. All strains but the wild type are resistant to NAT.
Competition assays. For each competition assay, 8 ⫻ 107 cells/ml
each of the WT and a deletion mutant strain were mixed, and the mixture
was incubated on yeast extract-peptone-dextrose (YPD), V8 juice agar
mixture (4), or MS agar (Sigma catalog no. M5524) at 25°C in the dark.
After 2 days on YPD or 1 week on V8 or MS agar, cells from the center of
the coincubation culture were sampled. CFU were enumerated on the
selective medium YPD-plus-NAT versus YPD to determine the proportion of mutant cells relative to WT cells. We also isolated by micromanipulation ⬃50 spores from the hyphae growing at the periphery, and these
spores were germinated, scored for NATR or NATS phenotype, and analyzed by PCR for the mat2⌬, ste7⌬, and spo11⌬ mutations. Totals of 5,400
spores and 8,640 CFU (160/competition assay) were tested in this fashion.
Growth curve assays. Strains were grown overnight in liquid YPD
medium, and 2 ⫻ 107 cells/ml were inoculated in 200 l in a 96-well plate.
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Unisexual reproduction is a novel homothallic sexual cycle recently discovered in both ascomycetous and basidiomycetous
pathogenic fungi. It is a form of selfing that induces the yeast-to-hyphal dimorphic transition in isolates of the ␣ mating type of
the human fungal pathogen Cryptococcus neoformans. Unisexual reproduction may benefit the pathogen by facilitating sexual
reproduction in the absence of the opposite a mating type and by generating infectious propagules called basidiospores. Here, we
report an independent potential selective advantage of unisexual reproduction beyond genetic exchange and recombination. We
competed a wild-type strain capable of undergoing unisexual reproduction with mutants defective in this developmental pathway and found that unisexual reproduction provides a considerable dispersal advantage through hyphal growth and sporulation. Our results show that unisexual reproduction may serve to facilitate access to both nutrients and potential mating partners
and may provide a means to maintain the capacity for dimorphic transitions in the environment.
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The optical density at 600 nm (OD600) was measured every hour over 48 h
at room temperature for 6 replicates per strain using a Tecan Sunrise
microplate reader.
Pheromone expression. RNA was isolated from 5 ml of overnight
cultures incubated for 24 h at room temperature in YPD or MS agar
medium in the dark. Cells were harvested and lyophilized overnight prior
to extraction using TRIzol reagent following the manufacturer’s instructions (Invitrogen). An amount of 5 g of total RNA was treated with
Turbo DNase (Ambion), and single-stranded cDNA was synthesized using AffinityScript RT-RNase (Stratagene). Quantitative real-time PCR
(qRT-PCR) assays were performed in triplicates on an Applied Biosystems 7500 real-time PCR System using Brilliant SYBR green qRT-PCR
master mix (Stratagene). A no-template control and melting curves were
analyzed to exclude primer artifacts. The expression of the pheromone
was normalized relative to that of the endogenous control, GPD1, and the
level of expression was determined using the cycle threshold (2⫺⌬⌬CT)
approach. The primers used for RT-PCR are listed in Table S3 in the
supplemental material. The Student t test was used to establish significant
differences in the expression of the pheromone in the mutants compared
to its expression in the wild type (significance was determined at a P value
of ⬍0.05).
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RESULTS AND DISCUSSION

Competition assays were conducted between a wild-type strain
and mutants lacking the STE7, MAT2, or SPO11 gene to test
whether the wild-type strain, which is capable of unisexual reproduction, produces hyphae that extend onto the medium, covering
a wider surface area over time than the ste7 or mat2 deletion mutants, which are incapable of hyphal differentiation via unisexual
reproduction (Fig. 1). Over the course of 2 weeks of incubation,
the wild type covered ⬎5 times as much surface area of the growth
medium as the unisexual defective mutants (t test, P ⬍ 0.0001).
The spo11 deletion mutants, which have an intact MAPK pathway
and are thus able to undergo hyphal differentiation but not meiosis and sporulation (the ultimate hallmarks of sexual reproduction), dispersed as widely as the wild type. However, upon successful meiosis at the tips of hyphae, the wild type gains an additional
advantage through spore production, a critical fitness component
for filamentous and dimorphic fungi (9, 10).
We performed competitive growth assays under several environmental conditions, ranging from (i) nutrient-replete YPD,
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FIG 1 Unisexual reproduction confers a dispersal advantage. (A to C) Genotypes of the strains used in this study are shown (A), along with their phenotypes for
growth on the mating-inducing media MS and V8 agar for 1 week (B) and 3 weeks (C). Green represents the WT, red represents deletion mutants, and yellow
represents a mixture of the two. The wild type is capable of unisexual reproduction and differentiates into hyphae, unlike the mat2⌬ or ste7⌬ mutants, which are
incapable of unisexual reproduction. The spo11⌬ mutant forms hyphae but produces few viable spores that could be disseminated aerially or via other routes. (D)
The surface areas (cm2) covered by yeast cells in the center and the extra surface areas covered by hyphae represent the averages of three replicates. (E) Standard
deviations are provided for the respective yeast and hyphal areas. mat2⌬ and ste7⌬ are represented by one measurement, as they show comparable results. All
strains grew to cover the same surface area on YPD (data not shown).
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mutant isolates on three media are shown in the top panels. The average proportions (%) of the wild type per environment per mutant genotype from the center
of the coincubation spot for three replicates are shown. The whiskers show standard error. The dotted line marks the proportion of the wild type expected under
the null hypothesis (50%). We tested two independent deletion mutants each for the STE7, MAT2, and SPO11 genes. We analyzed whether the two independent
mutants of the same gene behaved similarly in a given environment using 2-factor analysis of variance (see Table S1 in the supplemental material) to test the
effects of the variables and their interaction on the proportion of the wild type. The bottom panel provides the proportions (%) of the wild type when coincubated
in competition with the respective deletion mutants on three different media. The binomial two-sample proportion test was used to test for significant deviation
from equality (50%) in each competition assay conducted in a given environment (see Table S2 in the supplemental material).

which supports vegetative growth but not unisex, to (ii) MS or V8
medium, which contain inositol and other factors that induce
unisexual reproduction (11, 12). Under MS conditions, the wild
type and the mutants were present at equivalent proportions at the
center of the coincubation spots, indicating no significant difference in their growth rates; however, the periphery of the spot was
overwhelmingly populated by the wild-type spores (50 out of 50
analyzed per competition assay, or 100% WT, NAT-sensitive isolates) produced through unisexual reproduction (Fig. 2; see also
Table S1 in the supplemental material). This striking difference
observed in spore production at the periphery (with no NATresistant mutant isolates recovered) also suggests that minimal or
no cell fusion occurs between the two competitors under these
experimental conditions. We also randomly sampled CFU from
the periphery and found that ste7 or mat2 mutant genotypes were
completely absent, whereas spo11 mutants were distributed nonuniformly in the periphery (data not shown). Thus, the wild type,
which is proficient in unisexual reproduction, gains an advantage
not only by habitat exploration through hyphae but also by dominating the surrounding environment through the production of
recombinant spores that can readily be further disseminated aerially. This is notable because C. neoformans can undergo sporadic
hyphal development without the production of spores through an
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unknown pathway that is independent of unisexual reproduction
(13). Furthermore, spores disseminated following unisexual reproduction can serve as infectious propagules (14). We also tested
an intermediate environment using V8 agar, which supports
asexual growth but also induces sexual reproduction. On this
medium, the proportion of the wild type varied for different
mutants, and the modestly higher proportion of the wild type
against some competing genotypes may represent sampling of
the spores, as well as yeast cells from the center of the competitive growth spot. The genotype had no effect, in contrast to the
environment, which significantly affected the outcome of the
competition (see Table S1).
Under the nutrient-replete conditions provided by YPD medium, a modestly decreased proportion of the wild type was observed relative to that of the various mutants (21 to 38% WT). We
do not have an explanation for what factors may have caused the
wild type to be less abundant than the mutants, but it suggests that
under certain conditions, the maintenance of sexual machinery
might come with a cost. The trade-off between competitive ability
and unisexual reproduction observed in our experiment is reminiscent of the fitness trade-offs observed in Saccharomyces cerevisiae (15) such that mutations that eliminate mating ability were
found to confer up to a 2% growth advantage during asexual
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FIG 2 The competitive fitness of unisexually proficient and deficient strains is environment specific. The results of competition between the wild type and
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in the case of C. neoformans, they enable escape from predators.
Likewise, dispersal via unisexual reproduction may also enhance
the ability of C. neoformans to locate distant mating partners that
may be genetically diverse, thereby introducing useful genetic
variation into the population and avoiding the inbreeding depression caused by selfing.
Interestingly, the ascomycete C. albicans was recently found to
also be capable of unisexual reproduction (30). C. albicans undergoes a parasexual cycle that may provide an alternative means for
chromosome assortment and ploidy reduction other than meiosis
(31); however, it may lack the dispersal advantages afforded by the
production of spores during unisexual reproduction. Our results
demonstrate that the novel unisexual cycle in C. neoformans
represents an evolutionarily successful strategy that combines
the benefits of sexual reproduction and of dispersal, providing
advantages in terms of fecundity, adaptive genetic diversity, and
long-term survival.
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growth. Moreover, this trade-off between asexual growth rate and
mating efficiency was rooted in a cost of gene expression such that
the MAPK pathway genes necessary for mating were more prone
to loss under natural selection. We conducted growth assays to test
whether the low proportion of the wild type on YPD is due to its
poor competitive ability being manifested in a lower growth rate
than the mutants. Although no significant difference in the doubling time was observed between the strains with mutant genotypes and the wild type in liquid YPD medium (see Fig. S2 in the
supplemental material), the relative growth rates may differ on
solid versus liquid medium or when in competition.
Importantly, the trade-off observed in our experiment is environment specific and is absent under conditions that induce unisexual reproduction. Similarly, the facultatively sexual fungus
Aspergillus nidulans has been found to invest more resources in
sexual reproduction in environments in which the fitness is lower
(16), suggesting that the level of resources invested in sexual reproduction is in part determined by how well adapted the genotype is to a given environment. In C. neoformans, unisexual reproduction often involves increased pheromone expression. Hence,
we hypothesized that the wild type may produce a basal level of the
mating pheromone MF␣ in YPD agar that is sufficient to slow a
proportion of the population in the G1 phase of the cell cycle,
decreasing growth and resulting in a lower proportion than the
mutant genotypes (17, 18). Nutrient deprivation conditions may
similarly reduce the growth of both the wild type and the mutant
isolates. We tested whether the WT produces more pheromone
than mutants when grown in YPD; however, we found no significant difference between the WT and the mutants in pheromone
expression levels in YPD (see Fig. S3 in the supplemental material).
Hyphal forms are responsible for host recognition and also
allow some pathogenic fungi to invade host tissues and escape
immune cell control (19). Although hyphal forms of C. neoformans have not been commonly observed in host tissues (20), our
results suggest that differentiation into hyphae upon unisexual
reproduction may be advantageous in an environment outside the
host, enabling increased access to nutrients, as well as pathogen
dispersal. Also, the spores produced at the hyphal tips can be readily disseminated aerially or through other routes (21), further introducing progeny into new and distant environmental niches.
Thus, the dispersal advantage of unisexual reproduction is entirely
independent of and in addition to the commonly recognized advantages of sexual reproduction, which include genetic exchange,
purging of deleterious mutations, and keeping pace with pathogens (22, 23, 24). Furthermore, our experimental paradigm directly tests the outcomes of a scenario where a mutant incapable of
unisexual reproduction arises in a wild-type population in nature.
The mutant, initially rare, may gain a short-term advantage by
trading the unisexual reproduction ability for a yeast mitotic
growth advantage, whereas being wild type may come at a modest
cost in nutrient-replete environments; however, the wild type
could prevail through advantages conferred by hypha and spore
production.
This novel role of unisexual reproduction in C. neoformans is
similar to the role that pseudohyphal growth may play in Saccharomyces cerevisiae in response to nutrient limitation or mating
pheromones (25, 26) and in C. neoformans in response to natural
predators (27). Pseudohyphae in S. cerevisiae provide an opportunity to forage for nutrients and locate mating partners (28, 29);
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