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Research over the past two decades shows that both recombina-
tion and clonality are likely to contribute to the reproduction of all
fungi. This view of fungi is different from the historical and still
commonly held view that a large fraction of fungi are exclusively
clonal and that some fungi have been exclusively clonal for
hundreds of millions of years. Here, we first will consider how
these two historical views have changed. Then we will examine
the impact on fungal research of the concept of restrained re-
combination [Tibayrenc M, Ayala FJ (2012) Proc Natl Acad Sci USA
109 (48):E3305–E3313]. Using animal and human pathogenic fungi,
we examine extrinsic restraints on recombination associated with
bottlenecks in genetic variation caused by geographic dispersal
and extrinsic restraints caused by shifts in reproductive mode as-
sociated with either disease transmission or hybridization. Using
species of the model yeast Saccharomyces and the model filamen-
tous fungus Neurospora, we examine intrinsic restraints on recom-
bination associated with mating systems that range from strictly
clonal at one extreme to fully outbreeding at the other and those
that lie between, including selfing and inbreeding. We also con-
sider the effect of nomenclature on perception of reproductive
mode and a means of comparing the relative impact of clonality
and recombination on fungal populations. Last, we consider a re-
cent hypothesis suggesting that fungi thought to have the most
severe intrinsic constraints on recombination actually may have
the fewest.

fungi | reproduction | recombination | clonality | population genomics

Easily the most famous claim of strict clonality in fungi is the
“ancient, asexual scandal” of the Glomales (1), home to the

fungi that form arbuscular mycorrhizae with the great majority of
land plants (2). They are the oldest fungi with a solid fossil re-
cord, in terms of both fossils of their clonal spores at 460 Ma (3)
and fossils of their association with the underground organs of
plants at 400 Ma (4). They are massively multinucleate (Fig. 1),
and no one has ever reported a stage in the life cycle in which
there is only one nucleus per cell, let alone a single cell with a
single nucleus. Nor has anyone reported sexual reproduction in
these fungi. To explain their apparent avoidance of the genome
decay that should accompany exclusive clonality (5), nuclei
within an individual have been hypothesized, based on cytolog-
ical investigation, to be genetically different (Fig. 1) and capable
of internuclear genetic exchange (6). This interpretation was
challenged by comparison of the nuclei of parents and progeny
and by analysis of individual nuclei (7), but the matter remained
unresolved because of the difficulty of experimenting with
these obligate plant symbionts. Recently, however, the genome
sequence of the most famous of these fungi, Rhizophagus
intraradices (syn. Glomus intraradices) (8–10), has shown that the
genomes are 10-fold larger than previously estimated (11), that
there is no evidence for multiple, diverged genomes in an in-
dividual, that genes known to be involved in sexual reproduction
in other fungi are intact in R. intraradices, and that, in some
cases, the number of these genes is expanded. Based on these
results, one must conclude that arbuscular mycorrhizal fungi are
not ancient asexual scandals. However, it still is true that no
one has reported sex in these fungi or observed a stage in the
life cycle in which these fungi exist with only a single nucleus.

Clearly, mycologists have more work to do with these extremely
important fungi.

Population Genetic Evidence for Recombination
Evidence that clonality was not limited to Glomales but instead
was widespread in fungi came from the oft-cited statistic that
20% of fungi are asexual (12). This fraction represented the
number of fungi for which sexual reproduction had not been
observed or was rarely observed. At a time when observation of
the sexual morphology of a fungus was required for its classifi-
cation, these fungi were classified in the Deuteromycota, apart
from sexual fungi. Two decades later, with DNA providing the
variable characters required for phylogenetic classification, all
fungi now can be classified in one Kingdom, Fungi, and the
Deuteromycota classification has been officially abandoned (13).
In those two decades, DNA variation also was applied to pop-
ulation studies, some of which addressed the reproductive mode
of fungi with no observed sexual morphology. Here we present
two examples of these studies, one with Coccidioides posadasii
and the other with Aspergillus fumigatus.
C. posadasii is known to mycologists and physicians because it

causes disease in otherwise healthy humans (14). It is limited to
hot, dry areas of the Southwestern United States and Mexico and
to similar locations in Central and South America, where it is
adapted to life with desert mammals. The same environments
are occupied by its sister species, Coccidioides immitis, which is
found in California and northern Mexico. These species make
abundant clonal spores, but no one has reported sex in either
species. The first evidence for recombination in C. immitis, and
the first for any morphologically asexual fungus, came from a
population study using randomly amplified markers that showed
electrophoretic variation that could be confirmed by sequencing.
With only 25 individuals and 14 markers, the null hypothesis
of recombination could not be rejected, unlike the hypothesis
for clonality, which could be rejected (15). The discovery of a
recombining population structure was followed by the discovery
by two independent groups of intact mating-type genes in the two
Coccidioides species (16) and the observation that the mating-
type regions for the two mating types (which are so diverged in
fungi that they are termed “idiomorphs” instead of “alleles”)
have been in equal proportion over time, as would be expected of
a sexual population (17). Additional evidence for genetic ex-
change and recombination has come from population genomic
research. Population genetics had shown that the two Cocci-
dioides species (18) harbor genetically differentiated populations
(19), and this finding stimulated the sequencing individuals from
five populations in the two species (20). Genome scans for ex-
ceptional levels of divergence between the two populations
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(Fig. 2) showed that as much as 7% of the genomes of one species
originated from the other species, most plausibly by interspecific
hybridization and subsequent introgression. Thus, although no one
has yet reported sexual reproduction in this biological safety level
3 pathogen, studies of reproductive mode, genetic control of sex,
and population genomics all support recombination, most parsi-
moniously explained by sexual reproduction.
A. fumigatus is known to mycologists and physicians because it

causes disease in humans whose immune systems are suppressed
as a prerequisite for or consequence of medical interventions
such as bone marrow or solid organ transplant or cancer therapy.
It is cosmopolitan and ubiquitous in soil and composting plant
material. As with Coccidioides species, sex had not been ob-
served when two research groups, each using a different, global
collection of strains and each using different variable genetic
markers, independently demonstrated a recombining population
structure in A. fumigatus (21, 22). Both mating-type idiomorphs
were described, and a balance of mating type idiomorphs was
found throughout the range of this fungus (21). Therefore, all
population genetics studies support recombination in nature.
The story was completed when strains of each mating type from
an Irish population were crossed and, after 6 mo in the dark on a
diet of oatmeal, produced recombined progeny (Fig. 3) (23).
These two examples are typical of a number of other studies

of fungi that lacked the morphology of sexual reproduction,
among them species of the famous “asexual” genus Penicillium
(24, 25). The progression of the discovery of evidence for recom-
bination in these fungi also is typical, beginning with evidence
from population genetics, progressing to demonstrations of intact
mating-type genes, and in some cases culminating in laboratory
demonstration of successful sexual reproduction. We would argue
that the population genetics evidence is the evidence needed to
show that recombination has an impact in nature, but we recog-
nize that a demonstration of sex in the laboratory is the evidence
that convinces most biologists. Although only a few of the many
fungi that lack the morphology of sex have been studied in the
detail described for Coccidioides and Aspergillus, these studies shift
the default assumption of fungal reproduction in nature away
from clonality. It is now clear that fungi reproduce both sexually
and clonally and that restrictions to recombination can be in-
volved. These restrictions will be the subject of the next section.
We would be remiss if we did not mention a by-product of the
population genetics studies that demonstrated recombination in
natural populations of fungi, that is, to provide the data to show
that fungi have biogeography complete with endemic populations
and species (26, 27). Before the use of nucleic acid variation, this
situation was not obvious, as it was for plants, animals, and other
macrobes, because fungi and other microbes offer few morpho-
logical characters to distinguish among species.

Restricted Recombination
Tibayrenc and Ayala (28) introduced the very useful concept of
restricted recombination. They view the matter from the angle of
pervasive clonal reproduction, stating that “. . . clonality does not
mean total absence of recombination, but that it is too rare to
break the prevalent pattern of clonal population structure” (28).
For fungi, it may be useful to view the matter from the angle of
recombination, i.e. that recombination does not mean the total
absence of clonality but rather that recombination can be con-
strained by extrinsic and intrinsic means to diminish the pattern
of a recombining population structure. No matter the viewpoint,
it is clear that recombination has been restricted in fungi. Arguably,
the fungi most commonly subjected to restraints on recombination
are plant pathogens. The reproduction of these fungi has been
reviewed thoroughly (29–33), leading us to focus on animal
pathogenic fungi and model fungi. Also notable is a recent
review on the impact of genomics on the study of all aspects of
fungal reproductive biology (34).

Extrinsic Restrictions to Recombination. There are several examples
of severe restraints to recombination in fungi. Histoplasma
farciminosum has long been considered to be a close relative
of Histoplasma capsulatum. H. capsulatum is capable of causing
systemic infections in otherwise healthy humans, whereas
H. farciminosum was known to cause superficial infections in
Equidae—horses, mules, and donkeys. H. capsulatum is broadly
distributed, in the New World, Africa, and Australia, is known to
reproduce both by sexual and clonal spores, and is acquired by
inhaling spores produced in nature. H. farciminosum is restricted
to Eurasia and is passed from host to host by spores produced in
the skin lesions. Like Coccidioides species, Histoplasma species
were recognized by genealogical concordance (35, 36) based on
phylogenetic analysis of several sequenced genes or regions, in
what the bacterial world calls “multilocus sequence typing”
(MLST) (37). Using fungal MLST with four regions, 137 Histo-
plasma isolates could be resolved into seven species-level clades
(Fig. 4) with the most diverse clade composed almost entirely of
South America isolates (38). Nested within this South American
clade was one clade embracing 10 of the 14 H. farciminosum
strains, all of which had been isolated in Eurasia and all of which
had the same multilocus genotype. In this large South American
clade, tests of reproductive mode indicated recombination, but in
H. farciminosum, the structure was clonal. The likely explanation
is that H. farciminosum represents South American strains that
were transported to Europe beginning no earlier than the Spanish
conquest of the New World in the late 1400s and early 1500s. The

Fig. 1. Arbuscular mycorrhizal fungi in the Glomales. (A) All known phases
of the life cycle are multinucleate, as shown here in a hypha and chla-
mydospore. (Scale bar: 10 μm.) Reproduced from ref. 8. (B and C) Alternative
interpretations of how genetic variation is distributed among multiple nuclei
in arbuscular mycorrhizal Glomales. (B) Heterokaryosis with genetic varia-
tion spread among different nuclei, so that nuclei in a single individual are
quite different. (C) Homokaryosis with genetic variation present in every nu-
cleus, so that nuclei are essentially identical. B and C reproduced with per-
mission from ref. 7.

Fig. 2. Scan of divergence, measured as the Wright’s fixation index (Fst),
between genomes of two Coccidioides species. The Fst reports on genetic
isolation from none (0) to strong (1). Most of chromosome 1 is well diverged,
but one region (asterisk) shows no divergence caused by introgression of re-
gions from one Coccidioides species into the other. Figure based on data from
ref. 20. Image courtesy of Dan Neafsey (Broad Institute, Cambridge, MA).
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H. farciminosum strains, which now are known as “H. capsulatum
var. farciminosum,” have been subjected to severe restrictions to
recombination by several extrinsic means. First, their genetic di-
versity was severely restricted (i.e., bottle necked) when one or a
few individuals were taken to Europe. Second, the balance of
mating types is likely to be skewed, reducing the opportunities for
mating. Third, the mode of transmission lends itself to clonal re-
production, that is, by clonal spores being passed from host to host
rather than being acquired from the environment from recom-
bined individuals. Fourth, the spread from South America to
Europe would not have been successful without an available niche,
which was provided by the abundance of domesticated equids in
Eurasian civilization. The absence of a resident European Histo-
plasma population may have had a role in preserving the
H. capsulatum var. farciminosum lineage in Europe.
A likely human equivalent of H. capsulatum var. farciminosum

is the athlete’s foot fungus, Trichophyton rubrum, in that it is
passed from infected host to infected host via clonal spores (39).
Although no population genetics studies have been reported,
molecular phylogenetic studies indicate that close relatives of
T. rubrum have sexual morphologies (40, 41), making it possible
that the athlete’s foot fungus is clonal because of the severe
restrictions to recombination caused by its method of trans-
mission, host to host rather than acquisition from nature. This
method of transmission, like that for H. farciminosum, probably
has allowed one or a few genotypes with restricted variation and
mating type to migrate away from the area of origin. Also like
H. farciminosum, an expanding niche was available to facilitate the
spread, in this case provided by human feet enclosed in shoes.
Hybridization also can restrict recombination in fungi. A well-

studied example of hybridization suppressing recombination is
found in the plant pathogenic fungus, Epichloë (42). These fungi
are well studied because they make toxins that adversely affect
both small insect herbivores and large mammalian ones. This
behavior increases plant fitness but injures and kills livestock.
Epichloë species are capable of both sexual and clonal modes of
reproduction when they infect grasses. In the sexual mode,
Epichloë produces meiospores that spread the infection to other
grass individuals; in the asexual mode, Epichloë can spread ver-
tically as hyphae that grow into the embryos of grass seeds. In
both modes, Epichloë species make clonal spores that also cause
horizontal spread. There is a remarkable, reciprocal symmetry in
Epichloë infections; when the fungus reproduces sexually, it
sterilizes the plant host, preventing it from flowering or setting
seed. When the fungus reproduces asexually, the plant host is
sexual, a necessity for the vertical transmission of Epichloë into
the next generation.

Severe restrictions to recombination become apparent when
Epichloë species hybridize. The hybrids live as endophytes in the
grasses, have no sexual reproduction, and are transmitted verti-
cally through seeds. Parentage of hybrids has been determined
through analysis of DNA variation, but researchers have not
been able to create the hybrids in the laboratory, leading to
speculation that the hybrids form when two, or in some cases
three, different species that exist as endophytes in the same host
plant exchange nuclei by hyphal fusions in a form of para-
sexuality (42).
Another notable example of hybrid fungi is found in the hu-

man pathogenic Basidiomycota, Cryptococcus neoformans. In this
case, individuals of C. neoformans var. neoformans have formed
hybrids in nature with C. neoformans var. grubi (43–45). These
hybrids clearly can reproduce clonally by budding, but it is not
clear if they can reproduce sexually or if the hybrid would be
preserved if they did reproduce sexually (46). The two examples
of Epichloë and Cryptococcus raise a larger question: Does hy-
bridization lead to as widespread a barrier to recombination in
fungi as it can in animals (47) and plants (48)? Judging from
current knowledge, the answer would be no. Indeed, it also is
possible that the extent of interspecific hybridization has not yet
been realized. As mentioned above, population genomics studies
of well-diverged Coccidioides species found evidence for in-
terspecific gene flow that likely involved interspecific hybridiza-
tion (20), and another population genomics study of Neurospora
crassa found evidence for hybridization with well-diverged but as
yet unidentified populations of this fungus (49). A more exten-
sive study of 10 lineages of Neurospora tetrasperma also found
evidence for interspecific hybridizations leading to movement of
mating regions (50), of all things, between species, as did pre-
vious studies of other Neurospora species (51) and Stemphylium
(52). Recently, heterogeneity seen in rDNA repeat regions has
been linked to hybridization in mushrooms (53), where hybrids
can be recognized more easily because parental nuclei coexist as
dikaryons for long periods in these Basidiomycota. The same
coexistence of parental genomes is seen in diploid Ascomycota
yeasts, such as Saccharomyces and Candida, but not in filamen-
tous, haploid Ascomycota. In terms of clonality, the important
question is whether recombination is broadly restricted in the

Fig. 4. Populations and varieties of H. capsulatum showing that the clonal
fungus H. capsulatum var. farciminosum emerges from the most diverse and
sexually recombining clade, H. capsulatum, Latin America A. The restrictions
on recombination borne by H. capsulatum var. farciminosum stem from its
dispersal from its population of origin to Eurasia and its transmission to
naive hosts from infected hosts rather than being acquired from the envi-
ronment. Isolates in the Netherlands colonial period clade are likely from
Indonesia, not from Europe. Reproduced with permission from ref. 38.

Fig. 3. Evidence for sexual reproduction in the fungus A. fumigatus, for-
merly thought to be asexual. Experimental mating between individuals of
opposite mating type from a population of A. fumigatus recognized by
multilocus sequence typing. (A) Rows of sexual structures where colonies of
the two individuals met. (B) Meiotically produced ascospores. (Scale bars: A,
1 cm; B, 2 μm.) Reproduced with permission from ref. 23.

Taylor et al. PNAS | July 21, 2015 | vol. 112 | no. 29 | 8903

EV
O
LU

TI
O
N

CO
LL
O
Q
U
IU
M

PA
PE

R



reproduction of hybrid fungi, but there are too few studies to
provide a satisfying answer.

Cryptococcus and Candida. In formulating their concepts of re-
strictions to recombination, Tibayrenc and Ayala (28) feature
several fungi, among them Cryptococcus gattii and Candida
albicans. C. gattii causes human disease. It is a Basidiomycota
with two mating types, a and alpha. As a haploid, it reproduces
clonally by budding as a yeast. After mating, it can produce hy-
phae, basidia, and recombined basidiospores. The human disease
is acquired from the environment, by inhaling sexually produced
spores or airborne yeast cells. Mating typically requires partners
of different mating type, but sex has been reported between
partners of the same mating type (54). C. gattii is not as large a
threat to public health as its sister species C. neoformans, but
several recent outbreaks of cryptococcosis caused by C. gattii in
otherwise healthy humans in British Columbia, Canada and the
Pacific Northwest of the United States have resulted in the in-
fection of more than 200 people with mortality ranging from 8%
to 33% (55).
The outbreak began in 1999 (56), and by 2005 the first pop-

ulation genetics research was published (57). The strains culti-
vated from patients were all of one mating type (alpha) and
could be sorted into two types based on variation in the mating
region: the major genotype, restricted to Vancouver and the
minor genotype found in both Australia and Vancouver. Based
on the relationship of these individuals to other C. gattii geno-
types, it was hypothesized either that the major and minor ge-
notypes were siblings from one alpha–alpha mating or that one
was a parent of the other, again in a single-sex mating (57).
Eight years later, with many more strains available for study, it

was discovered that the major and minor genotypes and a third
Pacific Northwest genotype could be interpreted as independent
migrations from an outbreeding population of C. gattii found in
South America (Fig. 5) (58, 59). Thus, the major, minor, and
Pacific Northwest genotypes had been subjected to restricted
recombination resulting from transport away from their home
population, events that limited the genetic diversity of the dis-
persed strains in general and of the mating type in particular.
Locally, C. gattii can appear to be exclusively clonal, but globally
it also is recombining.
C. albicans is a normal part of the skin and gut mycota of

humans but can cause disease of mucous membranes in other-
wise healthy people and all too frequently causes a fatal sepsis in
immunocompromised hosts (60). Natural isolates are typically
diploid and reproduce clonally by budding, and these cells
function as spores that can be spread from host to host. In the
laboratory, C. albicans can be mated to produce 4N progeny (61–
65), and the 2N condition can be restored to these cells by an-
euploidy. There would seem to be many restrictions to re-
combination in C. albicans, including host-to-host transmission,
and no one has reported meiosis in this fungus (although its
meiotic genes are intact). A very thorough population genetic
study with 1,391 strains and an MLST using seven genes found
that C. albicans has clear population structure in the form of 17
distinct clades and that, perhaps surprisingly, recombination in
the largest of these clades is sufficient to “remove what would
otherwise be expected to be a generally clonal evolutionary
pattern in an asexually reproducing species” (66). This result
supports a very early report that also found recombination in this
species (67) but does not reduce the importance of clonal repro-
duction to the spread of C. albicans, e.g., in clinics and hospitals.
The recombination detected by Odds and colleagues (66) could
be caused by parasexuality (68), in which nuclear fusion results
in recombination without the benefit of meiosis, as suggested
by the absence in the C. albicans genomes of the major regu-
lator of meiosis in Saccharomyces cerevisiae, IME1 (60). It also
could be caused by meiosis, in which case mycologists simply

have not found the right conditions to facilitate C. albicans sex
in their laboratories.
Let us return to the concept of restricted recombination. The

studies of fungi described above show how fungal populations
have a basis in recombination but may be restricted from
recombining by a variety of means. Dispersal is likely the most
common means of restricting recombination, greatly facilitated
by the transmission of fungi from host to host by clonal spores
and by the emergence of a previously untapped but abundant
niche, such as feet enclosed in shoes or immunocompromised
humans. The history of research in this area shows how difficult
it can be to recognize that recombination has been restricted when
the full distribution of a fungus is unknown. WithH. farciminosum,
for example, the effect of dispersal on recombination could not be
appreciated until it was recognized that H. farciminosum was
found in Europe but originated in South America. The situation is
almost the same with C. gattii, in which restrictions to recom-
bination imposed by the migration of a few, similar genotypes,
each with the same mating type, could not be appreciated until the
diversity in South America was characterized. Similarly, current
research on another fungal pathogen, the scourge of amphibians,
worldwide, Batrachochytrium dendrobatidis, is likely hampered by
our not having found the population from which the global,
pathogenic strain originated (69, 70). Finding populations of
origin can be difficult because in the area of origin the fungus
and its hosts will have coevolved, so that outbreaks are unlikely
to occur. Given the need to devote all available resources to
combating the outbreak, there will be no reason to sample in
geographic regions where there is no outbreak. The examples
given above are focused on pathogens because the resources for
population genomics have been obtained most easily for fungi
that cause problems relevant to society, such as human health
and amphibian decline. However, the point that sampling is the

Fig. 5. C. gattii genotypes from the outbreak in Vancouver and the Pacific
Northwest of the United States (blue) in the context of genotypes from
South America (orange). Until South American individuals were collected
and analyzed, it was impossible to understand the relationship of the several
independent, clonally reproducing outbreak strains to the recombining
South American strains. A complete legend can be found in ref. 58. The
heart symbol designates a clinical origin; the club symbol designates an
environmental origin; a circle designates a veterinary origin. Reproduced
from ref. 58.
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key to successful population genetics or genomics applies to
any fungus.
One other point illuminated by Tibayrenc and Ayala (71)

should be raised: the multitude of different names used to
identify evolutionary units in all organisms, fungi included. The
confusion caused by not having a common framework for naming
these evolutionary units can impede scientific progress. For ex-
ample, C. gattii is divided into different clades, each of which is
approaching genetic isolation from the other (59). If each of the
four clades were accorded species status, then the scant variation
seen in the clade with the outbreak isolates in 2005 (57) might
have warned researchers that more samples were needed to put
the outbreak isolates in a global context (Fig. 6).

Intrinsic Restrictions to Recombination. The examples of restricted
recombination noted above have focused on extrinsic restrictions
to recombination, but there also are intrinsic restrictions. To
explore these restrictions, we need to consider the full range of
fungal reproduction, which can be explored with two genera of
model fungi, Saccharomyces and Neurospora.
S. cerevisiae and its sister species S. paradoxus are two of the

most morphologically simple of all fungi but also share one of
the most complete of all fungal life cycles. These species can
reproduce asexually and clonally by budding to make daughter
cells both as haploids and as diploids. They can reproduce sex-
ually to make meiotic progeny in the form of ascospores, which
can be clonal, freely recombined, or restrictedly recombined.
Clonal ascospores are the result of haploid selfing resulting from
mating-type switching. Freely recombined ascospores arise from
outcrossing. Ascospores that fall between the clonal and freely
recombined types are the result of two types of inbreeding, one
between progeny of different meioses (diploid selfing, which
reduces heterozygosity of the zygote by half) and the other be-
tween progeny of the same meiosis (intratetrad mating or one

type of automixis, which reduces heterozygosity by one-third)
(Fig. 7).
Tsai and colleagues (72) used the DNA sequence from one

chromosome of 19 strains from two natural S. paradoxus pop-
ulations to estimate the relative importance of the various asexual
and sexual modes of reproduction of this yeast. For every 100,000
reproductive events, 99,900 were asexually mitotic, and 100 were
sexually meiotic. Of the 100 sexual reproductive events, 94 were
from diploids originating through inbreeding by diploid selfing or
intratetrad mating, both of which reduce the heterozygosity in the
progeny compared with the parent. Five were from diploids
originating by autodiploidization (i.e., haploid selfing) events as a
result of mating-type switching, which ensures homozygosity in the
progeny at all loci except the mating locus. Only 1 in 100,000
reproductive events was estimated to be meiosis from a diploid
that had originated by outbreeding. Despite the relative paucity of
outbreeding, S. paradoxus is considered a sexual fungus. On one
hand, population genetics studies of S. paradoxus and S. cerevisiae
detect recombination as the underlying mode of reproduction, as
is consistent with the routine observation of sexual reproduction in
the laboratory. On the other hand, these yeast species demon-
strate two major intrinsic restrictions to recombination in the form
of intratetrad mating and haploid selfing.
The recombination restrictions seen by Saccharomyces can be

compared with those of N. crassa. As with Saccharomyces species,
N. crassa is considered a recombining fungus, and it is routinely
mated in the laboratory. In nature Neurospora exists as a haploid,
either as haploid ascospores resting in soil between wildfires or as
haploid mycelium-producing reproductive structures in colonies
that emerge from heat-killed vegetation following fires (73).
Fertilization results in rapid karyogamy, meiosis, and ascospore
production. The ascospores then are shot into the soil, where they
await the next fire. Just how the ascospores, which require heat to

Fig. 6. How the presentation of population data can affect their in-
terpretation. (A) Inclusion of a distant outgroup minimizes the differences
between C. gattii clades (VGI–VGIV) and creates the illusion of broad sampling
in the species. Reproduced with permission from ref. 57. (B) The absence of an
outgroup emphasizes the differences among C. gattii clades (VGI–VGIV) and
shows that the clades are as distinct as are species of other fungi. This dis-
tinction calls attention to the sparse sampling of three of the clades, a level of
sampling similar to that for clade VGII (A) before the inclusion of South
American strains. Reproduced from ref. 59.

Fig. 7. The range of reproductive modes in fungi as exemplified by Sac-
charomyces species. Asexual reproduction is simple and exemplified by mi-
totic clonality. Sexual reproduction is far more complex than simply outbreeding
because of various restrictions to recombination caused by N selfing (mating
between mitotic siblings), 2N selfing (mating between any meiotic progeny of
the same two parents), and intratetrad mating (mating between meiotic prog-
eny of a single zygote) as described in the text. The numbers in large type
represent the fraction of nuclear divisions that are mitotic or are meiotic with
only 1 in 1,000 estimated to be meiotic. Numbers in small type represent the
fraction of diploidizations caused by outcrossing, intratetrad mating, and auto-
diploidization with only 1 in 100 estimated to be outcrossing. Reproduced with
permission from refs. 72 and 87.
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germinate, end up producing colonies on cooked vegetation after
a fire is not understood, but endophytism is a possibility (74).
Asexual reproduction by the clonal spores would seem to be a

certainty, given the ease with which N. crassa can contaminate
laboratories or bakeries, but population genetics and genomics
studies have failed to find evidence of clones in nature (75, 76).
Haploid selfing does not seem possible, because there is no
mating-type switching in N. crassa, nor is intratetrad mating
possible, because the asci eject the spores before they germinate.
It may be that the only restriction to recombination comes from
diploid selfing. However, even this restriction to reproduction
may be unlikely if the individuals must wait years until the next
fire allows them the opportunity to mate.
Tibayrenc and Ayala (28) note that it would be useful to have

a metric for the relative contribution of recombination or clon-
ality compared with microbial reproduction to assess restrictions
to recombination. In the case of Saccharomyces and N. crassa,
such a metric is available from population genomics studies in
each species. The metric is linkage disequilibrium (LD) decay,
that is, the genetic distance over which LD decays to half its
maximum value. Fungi in which recombination is restricted will
have larger LD decay distances than fungi in which recom-
bination is unrestricted. LD decay is 9 kb in S. paradoxus and is
3 kb in S. cerevisiae. In contrast, it is 0.85 kb in a N. crassa pop-
ulation from the Caribbean and is 0.70 kb in aN. crassa population
from Louisiana. The difference between S. paradoxus andN. crassa
is at least an order of magnitude, 10.5- to 12.8-fold, and between
S. cerevisiae and N. crassa the difference is 3.5- to 4.2-fold (49).
In comparing the reproductive mode in N. crassa (outcrossing)

with those of S. cerevisiae or S. paradoxus (clonal, haploid selfing,
intratetrad mating, and diploid selfing in addition to out-
crossing), one gets the impression that the reproductive reper-
toire in Neurospora is very limited. However, the variation in
reproductive mode in Neurospora is seen among species, not
within them. For example, intratetrad mating is dominant in
N. tetrasperma (77, 78), and haploid selfing is the dominant mode
of reproduction in a number of Neurospora species (79–81).
Intratetrad mating in N. tetrasperma is enforced by the in-

clusion of two nuclei, one of each mating type, in each ascospore,
rather than the inclusion of only one, as is the ancestral state in
Neurospora species. As a result, the mycelium arising from ger-
minated ascospores contains nuclei of both mating partners from
the start, obviating the need to find a partner to complete the life
cycle. The positioning of the products of meiosis in the de-
veloping ascus requires that the mating types segregate in the
first division of meiosis (77). This segregation is enforced by a
barrier to recombination that extends beyond the mating locus to
include the centromere and much of the mating-type chromo-
some (50, 82, 83). Generation after generation of intratetrad
mating would be expected to result in very diverged genes and a
high SNP density in the nonrecombining region of the mating-
type chromosomes found in each of the two nuclei in ascospores
and hyphae. Conversely, almost no SNPs should be found be-
tween the autosomes in the paired nuclei because recombination
following intratetrad mating would have eliminated all hetero-
zygosity. A comparison of the diversity in the genome sequences
of the two nuclei from one individual confirms these expecta-
tions: Of the 192,225 SNPs in the two genomes, more than 99%
are in the nonrecombining portion of the mating chromosome.
The nonrecombining portion of the genome is ∼7.7 Mb, and the
recombining portion is ∼31.3 Mb, so the difference in variation per
nucleotide is ∼500-fold (82).
The restriction to recombination in the mating chromosome of

N. tetrasperma and other fungi with similarly long regions of
suppressed recombination on the mating chromosome [e.g.,
C. neoformans (84) or Microbotryum violaceum (85)] ought to
result in degeneration caused by the accumulation of deleterious
mutations, that is, Muller’s ratchet. In fact, the problem also

should apply to idiomorphs in Ascomycota and Basidiomycota
with the more typical short regions of restricted recombination in
their mating regions. In this regard, it is fascinating to find that
different lineages of N. tetrasperma have obtained copies of the
mating region from other species of Neurospora, including
N. crassa (50) and that this exchange of mating loci extends to
other species of Neurospora (51), a phenomenon first discov-
ered in Stemphylium (52).
Haploid selfing is the strongest restriction to recombination in

fungi that are morphologically sexual, and it is seen in fungi that
are termed “homothallic” because they can complete their sexual
life cycle without needing any partner. These truly homothallic
fungi are a more extreme version of the asci with paired nuclei
seen in N. tetrasperma (which is termed “pseudohomothallic”), in
that pairs of nuclei are not needed because both mating loci can
reside in a single nucleus (79, 81). The genus Neurospora has
many of these homothallic species, many known from only a
single individual, that branch basal to the derived clade that
harbors the well-known, outbreeding (termed “heterothallic”)
and pseudohomothallic species (Fig. 8) (14). Given that het-
erothallism is ancestral in Ascomycota, the derived position of
heterothallic species, apparently emerging from a background of
homothallic ancestors, poses a puzzle. The explanation of the
puzzle involves the presence of characteristic, easily recognized
clonal spores (i.e., macroconidia) in the derived clade of het-
erothallic and pseudohomothallic species and their absence in
the basal clades. When mycologists examine fungi isolated from
nature, they can recognize new Neurospora individuals in two
ways, either from sexual structures (perithecia) made by homo-
thallic or pseudohomothallic species or from clonal spores
(macroconidia) made by heterothallic species from the derived
clade. If, however, the individual is heterothallic and in the basal
region, it will exhibit neither diagnostic conidia nor sexual structures

Fig. 8. Range of reproductive modes in the genus Neurospora, which in-
clude clonal (caused by mitotic conidia), outbreeding (heterothallic), intra-
tetrad mating (pseudohomothallic), and haploid selfing (homothallic and
clonal). Modified from ref. 80.

8906 | www.pnas.org/cgi/doi/10.1073/pnas.1503159112 Taylor et al.

www.pnas.org/cgi/doi/10.1073/pnas.1503159112


and will be discarded as an unknown, sterile mycelium. Glass
et al. (81) discovered that these apparently sterile mycelia are, in
fact, aconidial heterothallic Neurospora individuals when they
mated them to produce sexual structures and recombined
progeny. Recent comparison of the genomes of the basal ho-
mothallic species with that of the admittedly distant heterothallic
species N. crassa found that basal homothallic species exhibited
reductions in purifying selection, transposable element silencing,
and codon bias, supporting a hypothesis of reduced adaptive
evolution and an evolutionary dead end (86). A very different
hypothesis about homothallic fungi was recently advanced by
Billiard et al. (87): that homothallic individuals whose genomes
contain both mating-type loci might not be genetically isolated
from their close heterothallic relatives, as has been assumed.
Instead, possessing both mating types, they might be able to mate
with all members of their closest heterothallic species, thereby
enjoying a higher rate of outcrossing than the heterothallic in-
dividuals. By this hypothesis, they would not be an evolutionary
dead end. It even is possible that progeny from these hypothe-
sized homothallic–heterothallic matings would displace the
heterothallics. Comparison of the genomes of homothallic Neu-
rospora with their close heterothallic relatives could provide a test
of these two hypotheses by comparing the architecture of the
genomes of hetero- and homothallic individuals.

Summary
The “Deuteromycota” and the “ancient asexual scandal of the
Glomales,” two influential hypotheses that over the past 20 y
have created the impression that fungi are pervasively, and
sometime exclusively, clonal, have not stood up to population
genetics and genomics testing. Instead, the current paradigm is
that fungi reproduce by both recombination and clonality, but
there are extrinsic and intrinsic restrictions to recombination that

can favor clonal reproduction. Extrinsic restrictions include dis-
persal of individuals from the native range and hybridization.
Dispersal from the native range can be facilitated by a shift in
transmission from recombined spores to clonal spores, and re-
combination can be restricted by population bottlenecks caused
by the dispersal of a few individuals or of individuals of only one
mating type. Dispersal from the native range can be difficult to
detect when sampling is incomplete, as is always the case when
dispersal is associated with an emerging fungal disease. Hybrid-
ization also can lead to restricted recombination when the par-
ents are so diverged that the hybrid progeny lack normal meiotic
recombination and rely on parasexuality. Intrinsic restrictions to
recombination include asexual reproduction by mitosis; haploid
selfing when single individuals possess both mating loci (with or
without mating type switching) and therefore have no need for a
mating partner; intratetrad mating when siblings from a single
meiosis mate; and diploid selfing when siblings from the same
parents mate. The recognition that both recombination and
clonality can be important to fungal reproduction calls for a
measure of the relative importance of each mode; population
genomics may have answered the call with LD decay statistics.
Curiously, the observation of sexual morphology, including the
production of meiotic progeny, is not a guarantee of recom-
bination, because recombination may be more restricted in ho-
mothallic fungi than in any other fungi because of haploid
selfing. Or, is it possible that these fungi could enjoy expanded
opportunities for recombination because they possess both mating
type loci? Phylogenomics and population genomics should provide
the answer soon.
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