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Fungi are a diverse group of organisms with a huge variation in repro-

ductive strategy. While almost all species can reproduce sexually, many

reproduce asexually most of the time. When sexual reproduction does

occur, large variation exists in the amount of in- and out-breeding. While

budding yeast is expected to outcross only once every 10 000 generations,

other fungi are obligate outcrossers with well-mixed panmictic populations.

In this review, we give an overview of the costs and benefits of sexual and

asexual reproduction in fungi, and the mechanisms that evolved in fungi

to reduce the costs of either mode. The proximate molecular mechanisms

potentiating outcrossing and meiosis appear to be present in nearly all

fungi, making them of little use for predicting outcrossing rates, but also

suggesting the absence of true ancient asexual lineages. We review how

population genetic methods can be used to estimate the frequency of sex

in fungi and provide empirical data that support a mixed mode of reproduc-

tion in many species with rare to frequent sex in between rounds of mitotic

reproduction. Finally, we highlight how these estimates might be affected

by the fungus-specific mechanisms that evolved to reduce the costs of

sexual and asexual reproduction.

This article is part of the themed issue ‘Weird sex: the underappreciated

diversity of sexual reproduction’.
1. Introduction
Sexual reproduction is one of the most diverse characteristics in nature, both in

the modes by which reproduction occurs [1] but also the frequency at which

species reproduce sexually or asexually [2,3]. Only a small number of species

are considered to be truly asexual (e.g. 1 in 100 for angiosperms [4] and 1 in

1000 for animals [5]). The other species reproduce either obligatorily sexually

or go through a sexual cycle with some frequency. Moreover, sex is pervasive

across the eukaryotic tree, evolving near the root and widespread throughout

and common within all of the major groups [1].

The dominance of sexual reproduction in nature is an evolutionary problem

that has fascinated evolutionary biologists for years [6,7]. Sexual reproduc-

tion has many advantages, such as removing deleterious mutations and

generating genotypic diversity [8], but it also has many costs that when

added together seem to outweigh the benefits [9]. Sex involves the obstacle of

having to find a partner, preferably one of good quality, the dangers of sexually

transmitted diseases, investment of time and energy in courtship, and the errors

such as translocations that can occur during meiosis. And when males and

females exist, there is the infamous twofold cost of sex, that is, the cost of pro-

ducing males, which parthenogenetic females do not incur, combined with the

cost of only half of a diploid parent’s genes being transferred to each offspring

[7]. Although no asexual mammals are known, many other animals, plants, and

other taxa reproduce asexually, occasionally, regularly, or sometimes almost

exclusively (for a recent review, see [2]). The freshwater crustaceans in the

genus Daphnia, for example, alternate asexual reproduction during summer

with a sexual cycle towards the end of the growth season [10]. Similar cycles

can be seen in rotifers as well as the aquatic angiosperm duckweed [11].
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To understand how the frequency of sex evolves, we need to

understand the costs and benefits of sexual versus asexual

reproduction.

Fungi are great models for addressing these questions,

possessing a wide variety of reproductive strategies, ranging

from fully asexual to almost exclusively sexual species and

including those that perform both strategies to varying

degrees [12]. Often different strategies can be observed

within the same genus, which provide a comparative frame-

work for testing hypotheses on the frequency, advantages

and costs of sexual reproduction. Owing to their small

genome sizes a lot of population-level genomic data are

becoming available that can shed light on these questions.

However, as we will show, some more or less fungal-specific

mechanisms in reproductive strategies might muddle our

interpretation of these data.

The fungal kingdom is an old, large and highly diverse

clade [13]. In this review, we will limit our discussion primar-

ily to the Ascomycota, the group of fungi that contains over

half of the described fungal species (in the remainder of

this manuscript when mentioning fungi we are referring to

Ascomycota, except when explicitly indicated otherwise). It

is also one of the best studied groups of organisms, which

contains famous model species such as budding yeast (Sac-
charomyces cerevisiae) and fission yeast (Schizosaccharomyces
pombe), but also important human pathogens (e.g. Candida
albicans), plant pathogens (e.g. Fusarium oxysporum), and

important industrial species that produce a wide variety of

substances (e.g. Aspergillus niger). All of the aforementioned

species have great capacity for asexual reproduction, through

budding, fission or asexual sporulation. To biologists this

might seem a given; they are microbes after all. Yet, each of

these organisms also has a sexual or at least parasexual

cycle (see §6 and §7c), and in the last two decades fungal biol-

ogists have come to appreciate that essentially all fungal

species have some means by which they recombine. Nonethe-

less, it has been shown that there is large variation in the

frequency of sex between ascomycete species, which can

range from an estimated one for every thousand asexual gen-

erations in budding yeast to every generation in pathogenic

Sclerotinia species. To understand why there are such large

differences in the frequency of sex, we need to understand

the consequences of either form of reproduction.

In this review, we will give an overview of the costs

and benefits of sexual versus asexual reproduction in asco-

mycete fungi and ask how these costs and benefits are

shaped by life history of different fungi. We will argue that

it is the balance between these costs and benefits that deter-

mine the frequency of sexual reproduction. We will start by

describing the general life cycle of fungi, beginning with

the first cost of sex in the sexual part of the cycle, finding a

mate. We will continue by discussing other aspects of

sexual reproduction and show that there are many benefits,

some that are specific for fungi, but also many costs.

We then discuss the costs and benefits of asexual reproduc-

tion. As we will show, evolution has not only occurred by

optimization of the frequency between sexual and asexual

reproduction, but also by adaptations that reduce specific

parts of the costs. Finally, we will go into the methods that

can be used to measure the rate of sex in fungi, describe

what has been observed in nature, and discuss how obser-

vations might be affected through the different aspects of

fungal life cycles.
2. Life cycles in Ascomycota
Even though there are many variations on the themes, asco-

mycete life cycles roughly come in two flavours: yeasts and

filamentous fungi. Most filamentous fungi are predominantly

haploid throughout their life (figure 1a). They start their life

cycle by germination of a meiotic haploid spore to form a

mycelium that grows vegetatively and can reproduce asexu-

ally by fragments or by specifically formed dispersal units,

the conidia. Sexual reproduction is initiated by production

of gametes that are capable of cross-fertilization between

different mating types. Gametes are typically individual

nuclei contained within hyphae or spores that function as

gametangia. In Sordariomycetes, such as Neurospora, where

sexual reproduction is best known, a female proto-fruiting

body develops on a haploid mycelium that becomes fertilized

by a male nucleus from a conidium produced by a compatible

mate. After fertilization, the female mycelium produces a

fruiting body within which grows very shortly the zygote

as a heterokaryotic mycelium of male and female nuclei.

After only a few mitotic divisions, meiotic spores are produ-

ced. These fungi generally produce both male and female

structures, and can thus be considered hermaphrodites for

which the aforementioned ‘twofold cost of sex’ is reduced

to a 1.5-fold cost [14]. Haploid yeast (e.g. fission yeast and

Pichia pastoris; figure 1b) have a similar life cycle, but perform

asexual growth by mitotic cell divisions of the haploid cells

and instead of producing fruiting bodies form diploid

cells by fusion of two haploids that immediately initiate

meiosis. Fusion occurs between cells of equal size and func-

tion, and these species are thus isogamous. Consequently,

there is no ‘twofold cost of sex’; however, as we discuss

below, other costs of sex do apply. Budding yeast and other

predominantly diploid species have, after germination of

the meiotic spore, no haploid phase of cell divisions, or

only a very short one, and as soon as a partner is found

will fuse to form a diploid cell. These diploid cells will con-

tinue asexual growth and will on induction finish the

sexual cycle by producing meiotic offspring. The moment

of mating and meiosis in these species can thus be separated

from each other for significant amounts of time.

Above, we quickly skimmed over the mating part in the

descriptions of the life cycles, which, as in most organisms

is not a trivial matter (see also Beekman et al. [15,16]). Two

individuals must first find each other physically, either

by growing at the same location, or by finding another indi-

vidual through fertilizing propagules—often via conidia that

are also the most common asexual propagules—comparable

to pollen dispersal or sperm casting [17]. Sperm and pollen

are costly to produce, and ‘lost’ when no female gamete is

found, contributing to the twofold cost of sex [9]. In most

fungi, however, conidia are capable of germination giving

rise to a new clone, thus strongly reducing this cost. Other

species produce smaller microconidia specialized for fertiliza-

tion that do not readily germinate and thus do carry costs

similar to sperm and pollen [18]. But mating requires more

than merely finding a partner.
3. Mating types and finding a compatible mate
Mating in fungi is highly regulated and in general only poss-

ible between cells of opposite mating type. Mating types are



parasexual reproduction

mat a mat a

mating
conidia

mycelium mycelium

conidia

meiosis & ascospore production

fertilized 
fruiting body

sexual
dispersal 

ascospore
dispersal 

asexual
dispersal

asexual
dispersal 

(a)

(c)

(d)

(b)

meiosis &
ascospore
production

mating

asexual
reproduction

as haploid

asexual
reproduction

as diploid

mat amat a 

mitotic 
recombination and LOH

Figure 1. Cartoon of the generalized life cycles of filamentous and single-celled Ascomycota and the parasexual cycle. (a) Filamentous fungi are generally
hermaphroditic and reproduction occurs by fertilization of the female fruiting bodies (large triangles) in which a short-lived diploid phase yields haploid
spores after meiosis. These spores can germinate to form a new haploid mycelium. When fertilization occurs by propagules (conidia) these often can also be
used for asexual reproduction. (b) Haploid yeast cells can multiply by cell division. Mating occurs by fusion of two isogamous haploid cells forming a diploid
cell that can multiply asexually or go into meiosis producing haploid offspring. Mating in both (a) and (b) is generally only possible between cells of opposite
mating type (see the main text). (c) Schematic of parasexual reproduction and (d) mitotic recombination and loss of heterozygosity (LOH). (c) and (d) might occur
whenever there is a diploid phase, e.g. after mating or genome duplication.
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genetically defined incompatibility groups that at the haploid

level regulate if successful mating is possible between individ-

uals. Mating types have evolved multiple times in eukaryotes

(e.g. in fungi, green algae, diatoms [1,19]), and the forces

explaining their origins remain debated [19,20]. Their function

has been well studied especially in fungi [21]. The genetic basis

of mating type is best understood in Ascomycota, where a

single mating-type locus exists with two alleles. Interestingly,

the mating-type alleles include genes encoding for completely

different proteins, so are technically not alleles, and instead

termed idiomorphs [22]; for simplicity, we refer to them as

alleles nevertheless. A zygote is thus always heterozygous at

the mating-type locus. The alleles at this locus are highly

diverged and often one or both of the alleles incorporate one

(e.g. in the Saccharomycotina) or a few (e.g. in Sordariomy-

cetes) additional genes tightly linked to the mating-type

locus [23]. The mating-type genes regulate downstream func-

tions that, before mating, mainly regulate mate recognition

and mating competence of the haploid cell [24]. Note that in

contrast with self-incompatibility in, for instance, angiosperms,

mating types do not prevent inbreeding by selfing of diploid

genotypes, because after meiosis half of a tetrad is compatible

with the other half [25] and instead will only be able to prevent

selfing of haploid genotypes.

As a consequence of mating types, the chance that two

individuals of a species with two mating types that meet

randomly are of opposite mating type and thus compatible is

50%. Especially when densities are low, this will greatly decrease

the chance for a successful mating between individuals. Similar

to plants losing self-incompatibility under low densities (known

as Baker’s law [26]), fungi can evolve to become universally

compatible, which is known as homothallism. Different forms

of homothallism are known: same mating-type (or unisexual)

mating (where mating occurs between cells of the same

mating type, see also §7b), mating-type switching, and ‘true

homothallism’ [27]. In the latter, fungi incorporate the alleles
from both mating types into the same haploid genome, and as

a consequence are compatible with all other individuals, includ-

ing self and haploid clone-mates [28]. True homothallism is the

most common form of homothallism and evolved repeatedly,

sometimes multiple times independently within the same

genus (e.g. [29]). Many yeasts and some filamentous Ascomy-

cota are homothallic by switching between mating types

during asexual growth (e.g. fission yeast, budding yeast or the

plant pathogen Sclerotinia sclerotiorum; reviewed in [27]). These

mating-type switchers have the genes for both mating types in

their haploid genome, but only the genes at one specific physical

location are expressed, while the genes of the other mating type

at another locus are silenced [30,31]. During asexual growth, the

genes from the silent locus are moved into the active locus, such

that the daughter cell becomes the opposite mating type, and

thus now is compatible with the mother cell [31]. A single indi-

vidual can thus reproduce sexually after a single round of

asexual reproduction without the need of another genotype.

Selfing in mating-type switchers and homothallic species

will result in reproduction between individuals with identical

haploid genomes, for which the assumed main driver of

sex—recombination [32]—does not seem to yield any benefits

[25]. We will first have a look at the importance of recombination

and will then discuss other benefits of sexual reproduction.
4. Sexual reproduction and recombination
One of the main consequences of sexual reproduction is the

mixing of genetic material between individuals, which by

recombination and segregation during meiosis leads to new

haplotypes. Alleles will thus become associated with differ-

ent ones, potentially increasing variation in the population.

Weismann [33] was the first to appreciate that the main

function of sexual reproduction was the ‘mingling of the

hereditary tendencies of father and mother’ and he suggested
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that it is this increased diversity on which selection can

act. Recombination works at two levels: first, it can bring

together beneficial alleles that are not present in the same

genome, thereby increasing the speed of adaptation [34,35];

second, it can separate beneficial mutations from deleterious

ones that are linked to it [36]. A variety of experimental

studies have shown that adaptation in sexual populations

occurs faster than in asexual populations (e.g. [8,37]).

A recent study that tracked novel mutations in an evolution

experiment using baker’s yeast confirmed that sex improves

the speed of adaptation to a novel environment both by

combining beneficial mutations and removing deleterious

mutations from genotypes with beneficial ones [8].

Even though environments in nature are never stable,

they are generally predictable and thus species tend to undergo

local adaptation. Under such semi-stable circumstances,

there is little benefit of variation and selection will remove

genotypes that are not locally adapted. In a population, most

individuals will thus carry a combination of genes that together

have a relatively high fitness in their local environment [6].

Recombination will break up these good combinations and

will generate offspring with reduced fitness compared with

the optimal genotype, which is known as recombination load

[6,38]. A recent study in Aspergillus nidulans with artificially

introduced, mainly deleterious, mutations found that overall

outcrossing indeed confers a cost over selfing, but also rare

high-fitness recombinants occurred [39].

To avoid destruction of good genotypes by sex, recombina-

tion can be blocked between beneficial gene combinations

[40,41]. Many fungi are known to have evolved inversions of

parts of their chromosomes, which can block recombination

between chromosomes during meiosis [42,43]. Such recombina-

tion blocks are most easily observed when the effects are severe,

which is the case in meiotic drive elements as seen in S. pombe
[44] or the spore killers in Neurospora intermedia [45]. In both

cases, rearrangements cause linkage between elements

that together are beneficial. In some heterothallic fungi the

chromosomes carrying the mating-type genes show suppressed

recombination over a large region, sometimes almost the entire

chromosome’s length [43]; however, it is unclear if this evolved

to maintain beneficial gene combinations. Alternatively, this

could be driven by meiotic segregation mechanisms that main-

tain heterozygosity at the mating-type locus; because most of

these species are diploid throughout their life, any heterozygous

sites linked to the mating-type locus—which is per definition

heterozygous—will be maintained [43]. Even though linkage

will maintain beneficial gene combinations, at the regions

with suppressed recombination Muller’s ratchet can start

turning and deleterious mutations will accumulate, leading to

degeneration similar to that seen in sex chromosomes [46].

More extremely, some fungi have an alternative reproduc-

tive cycle that removes recombination at all chromosomes, but

allows reassortment of the chromosomes, called the parasexual

cycle [47]. Parasex occurs by fusion of haploid individuals

to become diploid, or by fusion of diploid individuals to

become tetraploid [48]. What is remarkable is what happens

next. During vegetative growth, one by one the chromosomes,

of which multiple copies are present, will be shed, going

through stages of aneuploidy until after some time only one

copy of each will remain (or two in diploid species; see

figure 1c). Which chromosome will be retained appears to be

random, and any combination of the different chromosomes

is thus possible. C. albicans, a pathogenic yeast species that
is not known to naturally mate but does show population

genetic signs of recombination [49], can be induced to mate

under certain circumstances using the parasexual cycle [48].

A recent study using mouse model experiments showed that

novel parasexually produced genotypes can be obtained

that are fitter than the parental strains [50]. Unfortunately it

is not known if parasex occurs in nature, because in most

Ascomycota it may be limited to species which are vegetatively

compatible (usually genetically identical mycelia) and thus

is difficult to detect. Whether it evolved to induce recombin-

ation suppression between beneficial gene combinations or is

a by-product of heterokaryosis also is unknown.
5. Sexual reproduction with benefits
Even though recombination is assumed the most important

function of sexual reproduction, there are other characteristics

of sex that together can compensate for the costs. These might

explain why many fungi reproduce sexually by haploid

selfing with little or none of the benefits of recombination.

First, sexual reproduction is often associated with

an alternative cell cycle that results in production of survival

structures—generally, the haploid ascospores that are the

result of meiosis themselves [13]. Association of survival and

sex in facultative asexuals is common also outside of fungi

(e.g. in Daphnia spp. [10]) and is often associated with low

resource availability, crowding or some other form of stress,

or seasonal changes. Sexual reproduction under unfavourable

circumstances can be beneficial, because newly generated vari-

ation can yield genotypes that are locally fit, which is especially

likely to evolve in haploid species [51]. The association of

sexual reproduction and survival will also be beneficial in

this circumstance, especially when germination is environment

dependent: the locally good genotypes can germinate and

grow, and the bad ones can be maintained as resting spores.

It has been argued that the maintenance of sex in facultative

asexuals can be explained by developmental constraints

between sex and survival structures when selection for the

latter occurs, even when sex is by selfing [52,53]. Especially,

when sex is limited to unfavourable environments, selection

to separate sex and survival structures from each other is

reduced, because in these circumstances asexual reproduction

itself is difficult and the relative cost of sex might be strongly

reduced [54].

Other non-recombination benefits of sex occur at the gen-

etic level, just before and during meiosis. Fungi have two

mechanisms that act at these moments in which (i) genomic

regions that are present only in one of the parental chromo-

some copies are targeted (meiotic silencing by unpaired DNA

or MSUD [55]) or (ii) regions that are present in multiple

copies in the same genome are targeted (repeat-induced point

mutations or RIP [56]). Both are thought to have evolved to

suppress transposons, retroviruses and similar genomic para-

sites. During meiosis, when transposons are most active,

MSUD silences through an unknown mechanism all homolo-

gous sequences that are not present in one copy per

chromosome, using one of the RNA interference pathways

[57]. RIP acts at the DNA level, and introduces point muta-

tions in regions that show high (approx. 85% or more)

sequence similarity [56]. Where MSUD prevents spread, RIP

breaks down active transposons, but additionally increases

the background mutation rate. The signature of RIP, an
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over-accumulation of G : C to A : T mutations, is found in many

different fungal species [58]. Because RIP occurs during meio-

sis, the loss of sexual reproduction will make it harder to fight

off transposable elements from spreading through the genome.
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6. Reducing the costs of asexual reproduction
So far, we have discussed the benefits and the costs of sexual

reproduction and some adaptations that evolved to reduce

costs associated with sex (e.g. reduced frequency of sex, homo-

thallism and suppression of recombination). Implicitly, we

discussed the benefits (e.g. increased reproductive rate and

maintenance of beneficial haplotypes) and costs (e.g. Muller’s

ratchet and Hill–Robertson interference) of asexual reproduc-

tion too, which appear to be the inverse of those during

sexual reproduction. However, in Ascomycota costs of asexual

reproduction might be reduced because of fungal life histories

and specific evolved mechanisms that work in concordance.

First, it needs to be noted that because most Ascomycota

are haploid, deleterious mutations are purged more easily

than in diploid organisms, as these mutations are not shel-

tered [59]. The mutation load in haploids is thus expected

to be reduced relative to diploids and mutations that do

arise can be selected against efficiently [60,61].

Second, selection can already act between genomes within
the individual. Most fungi have a multinucleate state in which

one cell or hyphal compartment contains a number of mitoti-

cally derived cells [62]. Owing to their mitotic nature, these

cells are generally identical, but mutations that occur during

genome duplication can lead to nuclear differences known as

heterokaryosis [63]. Experiments with artificially created het-

erokaryons have shown that during growth a less adapted

nucleus can be lost due to competition between the nuclei

[64]. These factors will not stop Muller’s ratchet, but they will

slow down the rate of decay, further reducing the need for

frequent sexual reproduction to purge deleterious mutations.

Even stronger, owing to mitotic recombination between

chromosomes from different nuclei, it is possible, without sex,

to remove deleterious mutations from a population of nuclei

within the individual, as well as to bring together beneficial

mutations that arose independently within the individual.

Recombination within heterokaryons has been shown many

times in laboratory experiments for different species using

selectable markers (e.g. A. nidulans, N. crassa [65]), where

recombination presumably occurs through a parasexual cycle.

However, it is unknown how important this function is in

nature, where naturally occurring heterokaryons might be less

common due to the vegetative incompatibility system.
7. How to measure the frequency of sexual
versus asexual reproduction

Given the clear costs and advantages of sexual reproduction

and the means by which costs of asexuality can be avoided,

we now turn to the question of how often fungi reproduce

sexually or asexually and the frequency of asexual species.

It may be surprising that most fungi harvest the benefits of

both, while examples of pure asexuality are extremely rare.
(a) Experimental evidence
Until very recently, fungi were considered to contain a large

percentage of species that lacked sexual reproduction

altogether. This inference was based on classical mycological

studies where certain asexual growth forms (so-called ana-

morphs) were not known to be associated with sexual growth

forms (so-called teleomorphs). Some species, however, were

known to be pleomorphic, i.e. produced both sexual and

asexual stages, and these presumably had facultative sex.

Making the linkage between an anamorph and teleomorph

typically relied on culturing studies where one form could

be derived from spores of the other form, for example,

which suffered greatly from biases in experimental conditions

or self-sterility in heterothallic species. Species for which

no sexual stage was known and which could not be allied

with taxa based on asexual sporulation were placed in

phylum Deuteromycota (Fungi imperfecti).

The pre-molecular era of mycology nonetheless had estab-

lished that only half of Ascomycota are meiosporic, and of

these most are obligately sexual and do not produce asexual

spores [66]. The rest are presumably mitosporic and, in

theory, obligately asexual, but may actually be facultatively

sexual with heretofore undetected teleomorphs. Only about

5% of Ascomycota were known to be pleomorphic and thus

facultatively sexual, making mixed-mating systems seem rare

[66]. Despite the considerable variation in life cycles among

the major groups of Ascomycota, mating systems appear to

be similar across the phylum. A survey of the lichens of Britain

and Ireland found that species were mostly sexually competent

(90%), while fewer (29%) had lichen-specific vegetative repro-

ductive strategies, such as production of small fragments

containing both fungal and algal partners such as soredia

[67]. These morphological data would seem to suggest that

obligate sex is more normal than mixed- (meiotic and mitotic)

mating systems.

Molecular data have led to massive revisions to fungal

systematics, and one major change was the unification of ana-

morphs and teleomorphs, such that the group Deuteromycetes

was abandoned altogether and the majority of the 15 000 or so

asexual fungi embedded within the Ascomycota classification

[68,69]. This revision provides a greater appreciation of the

commonness of facultative sex in Ascomycota. On the other

hand, some presumably anamorphic fungi, such as the ecto-

mycorrhizal fungus Cenococcum, the anamorphic yeast

Candida, the mould Aspergillus fumigatus, the vegetatively

cloned cultivar of leaf cutter ants Leucoagaricus gongylophorus
and the ubiquitous arbuscular mycorrhizal fungi Glomeromy-

cota had been studied extensively for decades with no known

morphological evidence of sex or meiosis, and some of these

were labelled ancient asexual scandals [70]. However, each of

these scandals, which presumably had been asexual for a

very long time, would ultimately fail the tests of asexuality

through molecular evidence.

(b) Mating-type genes
When the mating-type loci of the model species Saccharomyces
and Neurospora were cloned, it opened up the possibility

that the secret sex lives of fungi could be investigated for a

number of species that either had no obvious teleomorph or

were non-amenable to laboratory manipulation [71]. Fortu-

nately for fungal geneticists, the mating-type gene families

throughout the Dikarya appear to be homologous, with
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homeodomain or high mobility group transcription factors

universally used as master regulatory switches [23,72]. The

assumption for asexual species or anamorphs, based on the

prevailing notions at the time, was that they would either not

contain any mating-type genes or that they would be fixed

for a single mating-type allele. Contrary to these assumptions,

the supposed asexuals in Dikarya actually all have genes

homologous to mating-type loci in their genome. With the

exception of Lodderomyces elongisporus, a homothallic yeast in

the Candida clade, all genome sequences of Dikarya have ident-

ifiable homologues of the mating-type genes [73] including

anamorphic taxa formerly placed in Deuteromycota [74].

These mating-type data provided the clue that either these

so-called asexuals might be having a form of ‘cryptic sex’ or

that they have recently arisen from sexual species, and there-

fore are not long-term asexual lineages. Many of the classic

anamorphic genera such as Aspergillus and Candida were

shown to have mating-type genes in their genome [73,75],

and the genes were polymorphic and not pseudo-genes, imply-

ing that multiple mating types existed in the population [76,77].

Such was the case with A. fumigatus, which was considered a

prime example of a purely asexually reproducing species

because it was so well studied and had no evidence of a

sexual stage. Yet, population genetics suggested recombination

and determined that populations were polymorphic for the

two mating types in roughly equal proportions [78]. Assuming

that these hallmarks of sexual reproduction were not red her-

rings, the researchers persisted, and after 100þ years of study

and no teleomorphic links, the authors were able to produce

a teleomorph by pairing appropriate isolates of A. fumigatus
on oatmeal agar [79]. Other examples of presumed asexuals

with recently discovered sexual cycles are C. albicans and

Septoria passerinii (reviewed in [80]).

Outside of the Ascomycota, molecular data have had con-

siderably less of an impact on the understanding of sex in the

early diverging fungal lineages, which lack conspicuous fruit-

ing bodies. Many of these groups, such as Glomeromycota,

Cryptomycetes, Spizellomycetales and Neocallimastigomy-

cota have no known sexual cycle. Heterokaryosis versus

clonality in arbuscular mycorrhizal fungi (Glomeromycota)

has been particularly controversial and this group was

considered the best example of an ancient asexual fungal ‘scan-

dal’ [81]. This debate seems to finally have been resolved by

genome sequencing, where the best-known evidence for sex

was obtained after sequencing the genomes of multiple strains

of the best-known species Rhizophagus irregularis. It, like essen-

tially all fungi, has a genome with a standard meiotic toolkit

and mating-type gene homologues whose allelism is correla-

ted with heterokaryosis [82,83]. Thus, the myth of the most

scandalous ancient fungal asexual needs a retraction.

Equal frequencies of mating types is the norm across the

majority of studies, and where unequal ratios are observed,

this is often a phenomenon of small populations [84]. None-

theless, some sexual species have a strong mating-type skew,

such as the basidiomycete pathogen of humans Cryptococcus
neoformans where the alpha mating type is found in 95% of clini-

cal and environmental isolates [85]. Such a skew is consistent

with rare sexual reproduction and/or strong selection on

pleiotropic effects of a mating-type allele. Interestingly, the

C. neoformans mating-type locus includes many more genes

than the average fungal mating-type locus and is known to

have effects on virulence and hyphal growth. Cryptococcus is

also special in that under certain circumstances mating occurs
between cells of the same mating type [86], which counteracts

Fisher’s principle of equal sex and mating-type ratios. In sum-

mary, although the presence of multiple mating types is

strong evidence of sex, this should be coupled with population

level tests that demonstrate recombination is actually occurring.
(c) Population-level variation
The most robust evidence for identifying a sexual cycle in a

species without obvious morphological sex is to identify

population-level signatures of meiotic recombination. In

haploid fungi, these signatures are relatively straight forward

as they involve looking for recombination between alleles at

linked or unlinked loci. Soon after the advent of PCR markers,

it was observed that the many presumably asexual species and

species with no morphological evidence of sex were recombin-

ing. Examples of well-known species with no known meiotic

stage but population structures indicating some level of recom-

bination included: Coccidioides immitis [87], Aspergillus flavus
[88], F. oxysporum [89] and Cenococcum geophilum [90]. Indeed

finding and demonstrating a truly asexual species began to

be considered nearly impossible [91].

What have the population genetic studies really been

demonstrating though? The aforementioned studies all showed

evidence of both clonality and recombination, and therefore

the take-home-messages on population structure has varied

from one publication to the next. Tests for recombination,

such as the four-gamete test, which tests for the existence of

all allele combinations at multiple loci within populations,

can detect rare recombination [92], while tests such as the

Index of Association address genomic levels of linkage disequi-

librium (LD) and might be expected to be less sensitive [93].

However, both the frequency and nature of recombination

cannot be distinguished by these methods. For example, para-

sexual recombination (see above) cannot be distinguished

from meiotic recombination. Importantly, parasexuality does

not involve teleomorph production and the production of sur-

vival structures, and therefore distinguishing parasexuality

from meiosis would be very relevant information when charac-

terizing fungal life cycles as might be desired by plant

pathologists. Diploid fungi present additional problems.

Detecting a largely clonal population is straightforward by

demonstrating heterozygosity excess, which is expected to

increase over time due to mutations, known as the Meselson

effect [94]. When rates of mitotic recombination are high, this

can influence the interpretation because it creates homozygous

genotypes from heterozygous ones, so-called loss of heterozyg-

osity (LOH; figure 1d), and could be confounded with rare sex

[95]. Additionally, gene conversion will leave a similar signa-

ture [96]. In L. gongylophorus—the basidiomycete fungal

symbiont of the leaf cutter ant—recombination has been clearly

demonstrated among cultivars on the islands of Guadeloupe

[97], but the population genetic patterns are consistent with

either selfing of a single introduced diploid genotype or LOH

during asexual growth by mitotic recombination or related

mechanisms. For Batrachochytrium dendrobatidis and C. albicans,
tests of recombination have shown heterozygosity excess at

some loci and not others [98–101], leading to ongoing debate

in both species regarding the role of mitotic versus meiotic

recombination. One take home is that neither testing against a

null model of random segregation nor linkage equilibrium are

satisfactory for addressing just how often sex occurs in these

systems, which undoubtedly have very rare sex.
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Perhaps counterintuitively, high genome-wide levels of

heterozygosity should be taken as the signature of sex,

rather than evidence of ancient asexuality [102]. This follows

because experimental studies show that the genome-wide

rate of mutation is much lower than the genome-wide rate

of LOH [103–105]. Therefore, anciently asexual species are

expected to be largely homozygous with the caveat that

there are mechanisms that buffer from LOH across genomic

regions, such as chromosomal rearrangements. Given that it

is now hypothesized that the greatest asexual scandals, the

bdelloid rotifers, are sexual [106], though this interpretation

may also be confounded with mitotic gene conversion [11],

then the Meselson effect may not be possible, given the

high rate LOH observed in most organisms. On the other

hand, the footprint of LOH can be used to understand the fre-

quency of sex. Magwene et al. [107] used regions of LOH to

estimate the time between sexual outcrossing events for 11

S. cerevisiae genotypes. Their logic was that heterozygosity

was generated by an initial outcross and LOH then proceeded

to remove heterozygosity at a steady rate: one calculated in

the laboratory. That these values (one sexual generation for

every 30 000 mitotic) agreed well with another measure of

the rate of sexual reproduction in yeast using a coalescence

approach (1 in 50 000) [108] confirms the clock-like decay of

heterozygosity during mitotic divisions.

In Ascomycota, facultative sexuality should now be seen as

a dominant mode of reproduction, particularly in the myriad

microscopic fungi. Yet, other than the aforementioned studies

with S. cerevisiae, little is known about the actual rates of

sexual versus mitotic reproduction in facultative species,

though understanding the ratio of the two would add a great

deal to the ongoing debate about the role of sexual reproduc-

tion in evolution. Perhaps, the most comprehensive study of

alternative reproductive strategies comes again from Saccharo-
myces, where Tsai et al. [109] developed a model to calculate

the ratio of sexual generations to mitotic generations and distin-

guished various types of sexual processes in S. paradoxus. Their

strategy leveraged the differential effects of inbreeding on

standing genetic diversity at the nucleotide level, often denoted

u, and on the correlation in allele frequencies among loci, or the

linkage disequilibrium (LD) parameter r. The logic used was

that the mode of reproduction has only a modest effect on u,

but will have a strong effect on r because mitotic division or

severe inbreeding generates LD in contrast with outcrossing

which reduces it. Tsai et al. then used effective population

sizes with respect to u and r and showed that the r effective

population size was severely reduced, with only one meiotic

generation per 1000 mitotic generations. Furthermore, selfing

was distinguished from outcrossing, the latter of which had a

rate of only 1 in 105 generations or one half that estimated for

S. cerevisiae. This approach could readily be extended to other

fungi, and has been recently done so for fission yeast, where

the outcrossing rate was a mere 1 in 600 000 mitotic generations

[110], but does require having independent estimates of recom-

bination and mutation rates per basepair. With the onset of

next generation sequencing to measure these rates, such

approaches are likely to be readily adopted.

Taylor et al. [111] proposed that LD decay, the decrease in

LD between pairs of sites increasing distances apart in the

genome, could be a useful means of addressing the relative

importance of recombination in a fungal life cycle across

the diversity of species, and this seems like a useful approxi-

mation. Although LD can be influenced by a number of
factors, such as intrinsic differences in recombination rates,

background selection and demographic history, focusing on

genome-wide estimates and categories of nearly neutral

mutations could avoid region-specific problems with selec-

tion and recombination rate variation. We attempted to test

this by comparison of LD decay in some of the better-

known fungal species (figure 2). The distances at which LD

is half decayed generally tracks the standard interpretation

of sexual frequency across these species (table 1). The most

sexual species of the group is the obligately outcrossing

mushroom Schizophyllum commune with an abrupt LD half-

decay distance at 110 bp. Yeast species show intermediate

decay values, revealing a mixed reproductive mode with

clonality and occasional sexual reproduction. Finally, those

species that are widely accepted as being highly clonal,

B. dendrobatidis and C. albicans, show very slow rates of LD

decay, with half-decay points at greater than 100 kb. Both

of these are emerging pathogens, which may reflect the

brevity of strict clonality due to the costs mentioned above.

Finally, the numerous population genetic studies of

fungi reveal a great deal about genotypic frequencies, such

as the recovery of clonal genotypes [123,124]. These data

could be useful for estimating the frequency of sex using a

coalescence-based framework for a single temporal sample or

using a probabilistic model based on resampling of identical

genotypes across generations [125]. Sexual rate in mixed

mating species can also be explored in experimental field

studies such as the inoculate-reisolate-genotype procedure

where 10 isolates of Zymoseptoria triciti were inoculated into

a field of winter wheat over one growing season. After reisola-

tion, 30% of non-immigrant isolates were sexual recombinants

of the original 10 genotypes, and the remaining were clonal

derivatives [126].
8. Concluding remarks
Molecular tools have given much insight into the reproductive

strategies of fungi and have shifted the paradigm from one

where most fungi reproduce sexually to one in which there

are very few truly asexual species, let alone ancient asexual

lineages. Rather, reproduction in Ascomycota generally

includes a combination of asexual reproduction interspersed

with sex. Signatures of sex, such as balanced mating-type

ratios and signs of recombination between loci, show that sex

in most species occurs regularly, but not always frequently

(e.g. once per 1000 asexual cell divisions in S. paradoxus
[109]). However, our estimates might be muddled by a variety

of phenomena, of which mitotic recombination might lead

to overestimation, and haploid selfing lead to a strong

underestimation of sex.

Some open questions need answering to make better

estimates on the frequency of sex in fungi. What is the fre-

quency of mitotic recombination and parasexual processes in

nature? The occurrence of heterokaryons in nature—a require-

ment for mitotic recombination to generate new associations

between alleles—for basidiomycetes is well known [127], but

how common is it in Ascomycota, where heterokaryons are

rarely formed due to vegetative incompatibility systems

[128]. Could it be that ‘asexual’ species generally retain all

the genes from the so-called meiosis toolkit primarily to

function during parasexual reproduction? Understanding if

these recombination-associated genes have multiple functions
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Figure 2. Plot of linkage disequilibrium (r2) as a function of distance between nucleotides across 10 fungal species. Arrows indicate half-decay values of LD (table 1;
LD502). (a) Log-linear plot, (b) zoomed in linear – linear plot showing steep decay. Note that the asymptotic value of LD at increasing distances varies across species
because of differing underlying population structure.

Table 1. Linkage disequilibrium statistics for 10 diverse fungi. Max LD and min LD are maximum and minimum LD values observed. LD501 is the physical
distance in basepairs of the LD value halfway between the maximum and zero. LD502 is the physical distance in basepairs of the LD value halfway between
max LD and min LD. All LD values are calculated as r2 [112]. Values for S. commune, N. crassa, L. kluyveri and S. pombe were obtained from original
publications, and the remaining values were calculated using the software PLINK [113].

species max LD min LD LD501 LD502 reference

Schizophyllum commune (USA) 0.2392 0.1011 730 110 [114]

Coccidioides posadasii 0.8151 0.0937 150 130 [115]

Saccharomyces paradoxus (European) 0.7123 0.0776 910 350 [116]

Neurospora crassa (LA) 0.3904 0.0573 700 380 [117]

Heterobasidion annosum 0.2341 0.0208 750 740 [118]

Lachancea kluyveri 0.6935 0.3749 n.a. 1810 [119]

Saccharomyces cerevisiae (Wine/European) 0.7940 0.0736 5180 2320 [116]

Schizosaccharomyces pombe 0.4457 0.0634 27 010 20 010 [120]

Batrachochytrium dendrobatidis (GPL) 0.9601 0.0967 126 420 97 400 [121]

Candida albicans MLST 1 0.9849 0.1823 286 740 162 100 [122]
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and, if so, when these novel functions evolved within the

fungi might give insight into the importance of recombination

without sex.

We speculate that the frequency of sex in self-compatible

haploids might be strongly underestimated when only LD is

analysed. In budding yeast, where this has been specifically

analysed, there is an estimated 100-fold difference in the

number of sexual events and the number of outcrossing

events [109] and this might be even greater in fission yeast

[110]. LD around the mating-type genes in heterothallic

species is informative to estimate the frequency of sex because

it is expected to be under balancing selection; unfortunately,

this is not possible for homothallics.

Nonetheless, the analysis of genome-wide LD has much

to offer for providing a comparable measure of frequency

of sex across the fungi. Population genomics of many species

promise to provide more and more information on the
hidden sex life of fungi, but we must take into account the

many tricks that fungi evolved to enjoy all the benefits of

sex, without giving in to its many costs.
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