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1 | INTRODUCTION
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Abstract

Fungi have a large potential for flexibility in their mode of sexual reproduction, result-
ing in mating systems ranging from haploid selfing to outcrossing. However, we know
little about which mating strategies are used in nature, and why, even in well-studied
model organisms. Here, we explored the fitness consequences of alternative mating
strategies in the ascomycete fungus Podospora anserina. We measured and compared
fitness proxies of nine genotypes in either diploid selfing or outcrossing events, over
two generations, and with or without environmental stress. We showed that fitness
was consistently lower in outcrossing events, irrespective of the environment. The
cost of outcrossing was partly attributed to non-self recognition genes with pleio-
tropic effects on fertility. We then predicted that when presented with options to
either self or outcross, individuals would perform mate choice in favour of the repro-
ductive strategy that yields higher fitness. Contrary to our prediction, individuals did
not seem to avoid outcrossing when a choice was offered, in spite of the fitness cost
incurred. Our results suggest that, although functionally diploid, P. anserina does not
benefit from outcrossing in most cases. We outline different explanations for the ap-
parent lack of mate choice in face of high fitness costs associated with outcrossing,

including a new perspective on the pleiotropic effect of non-self recognition genes.

KEYWORDS
ascomycetes, fungi, mate choice, mating strategy, outcrossing, Podospora, reproductive
strategy, selfing, sexual reproduction

able to engage in either self-fertilization (selfing) or outcrossing mat-

Modes of reproduction are central to evolutionary processes
(Hartfield & Keightley, 2012; Otto, 2021). A majority of sexually
reproducing organisms are simultaneous hermaphrodites, including
most plants and fungi and a large proportion of animals (Beekman
et al., 2016; Jarne & Charlesworth, 1993), and may consequently be

ing strategies. Selfing avoids the energy expenditures of mate search
and sexual interactions, such as potential conflict and parasite trans-
mission, but may come at the cost of inbreeding depression for dip-
loid organisms (Charlesworth & Charlesworth, 1987). Outcrossing,
on the other hand, entails the mixing of genetic information from
different individuals, which is expected to increase offspring quality

[Correction added on 28 November 2022, after first online publication: Supporting information file has been corrected.]
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(Jarne & Charlesworth, 1993; Tregenza & Wedell, 2000). Such ben-
efits can be more visible in stressful or competitive environments,
where generating new genetic combinations is more likely to pay
off (e.g., Morran et al., 2009). Outcrossing also allows for mate
choice, which can be defined broadly as the preferential allocation
of resources to certain types of reproductive events (Edward, 2015;
Kempenaers, 2007). Mate choice may be adaptive by providing di-
rect benefits, e.g. resources, or indirect benefits in the form of either
genetic variation (“good genes”) or genetic complementarity (Neff
& Pitcher, 2005; Tregenza & Wedell, 2000). Under this broad defi-
nition, a large variety of mechanisms can be termed mate choice,
from behaviours involving complex cognition to cryptic prezygotic
incompatibilities and postzygotic differential investment, as long as
they allow for selective allocation of reproductive resources (Neff &
Pitcher, 2005; Rogers & Greig, 2009; Smith & Greig, 2010). For her-
maphrodite species, the frequency of outcrossing and mate choice
likely depends on a balance of fitness costs and benefits, modulated
by environmental conditions and population parameters such as
mate availability and genetic diversity.

The study of evolution of selfing and outcrossing mating strat-
egies has long been focused on plants and animals (Barrett, 2003;
Bell, 1982; Charnov, 1982; Jarne & Auld, 2006). Yet, the fungal
kingdom displays a great diversity of modes of reproduction and
mating strategies to be explored from an evolutionary perspective
(Billiard et al., 2012; Nieuwenhuis & James, 2016). Among the sexual
species, a large proportion have the ability to reproduce by selfing.
Homothallic fungi lack any mechanism preventing self-fertilization
and many of them can thus either outcross, perform diploid selfing
(the fusion of meiotic products from the same diploid genome), or
haploid selfing (the fusion of genetically identical haploids) (Billiard
et al.,, 2012). Heterothallic fungi carry mating types that prevent
haploid selfing, but can still reproduce through outcrossing and dip-
loid selfing. Finally, pseudohomothallic species carry genetically dif-
ferent haploid nuclei of opposite mating type in the same mycelium,
which precludes haploid selfing but allows for automixis, a type of
selfing that occurs between siblings of the same meiosis event and
is more likely to maintain heterozygosity (Billiard et al., 2012). The
general ability to self in fungi could have alternative explanations.
First, species with a dominantly haploid life cycle could suffer little
from inbreeding depression (but see Leslie & Raju, 1985 for an exam-
ple of inbreeding depression in Neurospora crassa), making selfing an
efficient reproductive strategy that saves the cost of mate searching
and mate choice. Second, in species with very large dispersal ranges,
the occurrence of selfing is unlikely and population densities low,
which could make maximizing compatibility with potential partners
a priority over self-incompatibility (Billiard et al., 2012). Despite
these specific characteristics of fungal reproductive systems, little is
known of the frequency at which fungi engage in different types of
mating strategies and why (Nieuwenhuis & James, 2016).

Here, we investigate the mating strategy of the pseudohomothal-
lic filamentous ascomycete Podospora anserina. It is a hermaphroditic
species where the mycelium carries both female and male haploid
reproductive structures (reminiscent of a monoecious system in
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plants), referred to as protoperithecia and microconidia, respec-
tively. In spite of being pseudohomothallic, it is not known whether
selfing is the dominant mating strategy in P. anserina. On the one
hand, P. anserina is known to successfully self under laboratory con-
ditions, and outcrossing can be expected to incur costs. In particular,
genetic incompatibilities may arise because of pleiotropic effects of
non-self recognition loci, the het loci. The het loci have a primary role
of vegetative incompatibility, by preventing the fusion of genetically
different mycelia during vegetative growth through a mechanism of
cell death (Saupe, 2000). However, the role of het loci is not limited to
vegetative growth as some, in particular the het-v locus, can also be
involved in sexual incompatibilities (Ament-Veldsquez et al., 2022;
Bernet, 1967; van der Gaag, 2005). Selfish genetic elements which
are present at intermediate frequencies in populations of P. anserina,
the Spok genes (Vogan et al., 2019), can also reduce fertility by caus-
ing meiotic drive during outcrosses and are sometimes accompanied
by large deleterious genomic regions (Vogan et al., 2021). On the
other hand, we know that different genotypes co-occur in the field
on the same resource patch and outcrossing has been documented
(Ament-Velasquez et al., 2022; Hartmann et al., 2021). Moreover,
individuals produce a low but consistent proportion of monokary-
otic spores (Rizet, 1939; van der Gaag, 2005), carrying only one
mating type and thus destined to outcross. Because of its dikaryotic
vegetative stage, meaning that it functionally expresses two differ-
ent haploid genomes, P. anserina could be sensitive to inbreeding
depression. Taken together, these clues suggest that outcrossing
could sometimes but not always be a beneficial strategy. If that is
the case, we expect that P. anserina should be able to assess poten-
tial mating partners and express preferences, or in other words, to
perform mate choice. Mate choice and competition for mating have
traditionally been studied in animals with separate sexes, where pre-
copulatory sexual selection can lead to the evolution of conspicuous
morphologies and behaviours (Andersson, 1994). However, mate
choice can potentially occur in any population where individuals en-
gage in outcrossing, including hermaphrodite sessile animals, plants
and fungi, through the means of gamete-level mechanisms leading to
preferential allocation (Beekman et al., 2016).

We compared the fitness payoffs of the selfing and outcross-
ing mating strategies in P. anserina in a laboratory experiment
with an ecologically relevant growth environment. We did this
by measuring fitness proxies (time to reproduction, spore count
and spore germination probability) of independent selfing and
outcrossing reproductive events for nine strains with different
genetic backgrounds. We included in our design strains carrying
the two known alleles of the het-v locus, as this locus is known to
have the strongest effect on fertility of crosses (Ament-Velasquez
et al., 2022). Assays were performed over two generations, and F2
assays included stressful conditions simulating competition with
another species. In a parallel experiment, we assessed individuals
in their propensity to perform mate choice between compatible
partners (i.e. of a different mating type), by offering simultane-
ously the possibility for selfing or outcrossing. We made the pre-
diction that if one reproductive strategy was more beneficial,
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reproductive investment should be biased towards that strategy

in mate choice settings.

2 | METHODS

2.1 | Study population

Podospora anserina is a coprophilous filamentous ascomycete. Its
spores and mycelium are mainly dikaryotic, meaning that they con-
tain haploid nuclei of opposite mating type. P. anserina also natu-
rally produces a low percentage of monokaryotic spores (carrying
only one type of haploid genome, and thus only one mating type).
Monokaryons can also develop into a mycelium but need a mycelium
of the opposite mating type to complete the reproductive cycle (see
Figure S1 for a simplified life cycle diagram).

Strains (or genotypes) of P. anserina used in this experiment
originate from the Wageningen collection and were collected in
Wageningen, the Netherlands between 1991 and 2016 (see Table S2
for the collection year of each strain). Since sampling, they have been
maintained in the form of dikaryotic spores at -80°C in 40% glycerol
solution. It is known that het genes, which govern non-self recog-
nition at the vegetative stage, can show pleiotropic effects such as
lowered fertility in crosses (Bernet, 1967). In particular, the het-v
locus may be a marker of reproductively isolated groups (Ament-
Veldsquez, 2022). For this reason, we balanced our design with re-
spect to the het-v genotype of the strains (see Table S2 for the het
genotype of the strains). Other het loci also show variation among
our investigated strains, which is expected in natural populations,
where more than 95% of outcrossing events are expected to occur
between strains with different het alleles (van der Gaag, 2005).
Other known het loci (e.g., het-z, het-c, het-d) could also cause weaker
pleiotropic effects on sexual reproduction. In May 2021, dikaryotic
spores from 10 strains (Wa3, Wa4, Wal3, Wal5, Wa48, Wa50,
Waé3, Wab68, Wal24 and Wal42; retrieved from the glycerol stock)
were placed on germination medium. After a few days of growth,
mycelium transplants were made on regular culture medium to ob-
tain fresh spores from the selfing of each dikaryon. Monokaryotic
spores from each strain were isolated and germinated. They were
then tested for mating type by confrontation with reference mo-
nokaryons of known mating type. For each strain, one monokaryotic
isolate of each mating type (+, -) was used in the experiment. The
composition of the different growth media is given in Supporting
Information S3.

[Correction added on 28 November 2022, after first online publica-
tion: The citation year for the Ament-Veldsquez et al reference has
been revised from 2020 to 2022 throughout the article.]

2.2 | Experimental design

Waé3 was designated as the reference strain, and it was subse-
quently used as an outcrossing partner for the nine other strains

during Outcrossing and Mate Choice assays. The experimental de-
sign is described graphically in Figure 1. During the first generation
of the experiment (F1), isolated monokaryons (see Study population)
were confronted in three different types of mating events: Selfing,
Outcrossing and Mate Choice (see Figure 1). Fitness proxies were
measured for each mating event. A selfing event results from a con-
frontation between monokaryotic mycelia of opposite mating types
and originating from the same dikaryotic strain. An outcrossing event
results from a confrontation between a monokaryotic mycelium of
type (+) from one of the strains, and a monokaryotic mycelium of
mating type (=) from the reference strain (Waé3). Finally, a Mate
Choice assay is a confrontation between a monokaryotic mycelium
of one of the non-reference strains, type (+), and two compatible
partners type (-); one originating from the same non-reference
strain and the other from the reference strain Waé3. The Mate
Choice assay offered the opportunity for the type (+) mycelium to
choose between outcrossing and selfing reproductive strategies.

For F1, Selfing assays were set up for each of the 10 strains
(including the reference) and replicated four times per strain, over
two repeated experimental batches started 3days apart (for a total
of eight assays per strain per type of assay). Outcrossing and Mate
Choice assays were replicated at the same level, for each of the nine
non-reference strains. At the end of F1, spores originating from the
Selfing and Outcrossing assays were carried over to the second gen-
eration of the experiment (F2). Spores from the Mate Choice assays
were not used in F2 due to the impossibility to determine whether a
given spore originated from selfing or outcrossing events.

During F2, dikaryotic mycelia (carrying both parental genomes,
with compatible mating types and thus self-fertile) originating from
the F1 Selfing and F1 Outcrossing assays were allowed to self in iso-
lation, and fitness proxies were measured again. For each of the 10
selfing strains and nine outcrossing strains, four different F1 spores
were germinated, and the resulting mycelia included in F2. Each my-
celium was assayed on two different media, a regular reproduction
medium (same as F1) and a stress medium (medium composition in
Supporting Information S3).

2.3 | Fitness assays

Monokaryotic confrontations of F1 were realized between three
mycelia originating from monokaryotic cultures (see Study popula-
tion). The focal mycelium was of type (+) and was presented in all
assays with two mating partners of type (-) (Figure 1). Implants of
standardized size (cut out with a sterilized metal tube) were placed
centrally and evenly spaced using a placement patternina 5 cm
petri dish containing reproduction medium. Dikaryotic selfings of
F2 were realized by placing one dikaryotic mycelium implant in the
center of a 5 cm petri dish containing either reproduction medium
or stress medium. For both F1 and F2, assays were randomized by
assigning a random ID number to each dish. All dishes were kept at
26°C in an incubator, with a 12h/12h light cycle. For both F1 and
F2, fitness proxies measured were: time to reproduction (time in
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F1: Monokaryon crosses
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OUTCROSSING

SELFING

MATE CHOICE

F1 Fitness proxies

U Time to reproduction
O Spore count

U Spore germination

F2 Fitness proxies

U Time to reproduction
O Spore count

O Spore germination

genotype, mating type
implant
mycelial growth

FIGURE 1 Experimental design. Mating in F1 occurred between monokaryons carrying opposite mating types (+/-) that came into
contact through mycelial growth. Small full circles represent implants of mycelium deposited on the growth medium and diagonal stripes
represent new mycelial growth. Letters indicate the genotype: (a) for the focal strain and (r) for the reference strain. Selfing assays included
monokaryons originating from the same strain but carrying opposite mating types. In F2, each mycelium carried the two parental haploid
genotypes from F1 and was thus a dikaryon able to self. Fitness proxies at F2 were assayed in both benign and stressful environments.

days between inoculation and first spore shot), number of spores
shot (within 48 h of first recorded spore), and germination rate of
the spores produced.

Time to reproduction was estimated by inspecting three times
daily (10, 14, 17h) the lids of petri dishes under a stereomicroscope
for the first spores shot (spores are likely not shot during nighttime,

see pilot data in Supporting Information S4).

2.3.1 | Spore count

Once the first spores had been recorded, assays were left 48h to
shoot spores before the lids were removed for spore collection (most
of the spores are shot within this time span making it a good proxy
for total spore count, see pilot data in Supporting Information S5).
Spore collection on the lid of petri dishes was realized by pipetting
1200l of spore harvesting solution (see Supporting Information S3)
on the lid. The solution was then collected in a 1.5 ml Eppendorf
and sonicated (Soniprep 150, 9 um amplitude, 155s). Spore count was
estimated from the number of spores in five drops of 5 ul each of the
solution, counted under the stereomicroscope just after agitation. If
spore count was high, a 10x dilution in harvesting solution was made
to allow accurate counting.

2.3.2 | Germination rate

Twenty-four hours after the first spores were observed, an agar
cover was placed over the petri dish for 30min during daytime, in
order to collect spores for germination assays and F2. Agar covers
with spores were stored at 4°C until needed for germination assays
(not more than 5days). Spore germination rate was estimated by the
proportion of spores showing growth after 48 h on germination me-
dium. Twenty spores per assay were sampled from agar covers using
a needle and placed on germination medium, evenly spacedina 9 cm
petri dish containing germination medium. In total, germination was
checked for 160 spores per strain per assay type for F1 (total 4640
spores) and 80 per strain per F1 assay type per medium for F2 (total
3040 spores).

2.3.3 | Fruiting bodies

During F1 assays only, the number of fruiting bodies (or perithecia)
located at the confrontation between the different monokaryons
was recorded (Figure 1). Perithecia found on the border between the
focal type (+) individual and each potential partner of type (-) were
counted independently, allowing to estimate the relative allocation
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to each reproductive strategy in the Mate Choice assays. The num-
ber of perithecia was taken as an estimate of the fertility of a cross,
which could include elements of genetic compatibility and elements

of relative energy investment in a reproductive event.

2.4 | Statistical analysis

F1 fitness proxies were analysed in a dataset with only Selfing and
Outcrossing assay types (i.e., excluding Mate Choice assays). Each
fitness proxy was analysed in a linear mixed model with het-v gen-
otype (V or V1), type of assay (Selfing or Outcrossing) and their
interaction as fixed effects. Strain identity and strain crossed by ex-
perimental batch were added as random effects.

F2 fitness proxies were analysed in a linear mixed model with
type of F1 parental assay (Selfing or Outcrossing), F2 assay envi-
ronment (Normal or Stress), het-v genotype, the interaction of het-v
and F1 assay, and the three-way interaction of het-v, F1 assay and F2
environment, as fixed effects. Strain identity and strain crossed with
F1 parental assay were added as random effects.

For F1 and F2 fitness proxies, spore germination probability was
analysed in a generalized linear model with a binomial error distribu-
tion, while spore count and time to reproduction were analysed in
models with a normal error distribution.

Outcrossing propensity was estimated from perithecia num-
bers. Perithecia were used as a proxy for reproductive investment
into each potential partner, because they are localized at the bor-
der between two cross-fertilizing mycelia and can thus be directly
attributed to parents in the Mate choice assays (whereas spores,
once ejected, cannot be traced back). Outcrossing propensity was
calculated as the relative difference (divided by the mean) in number
of perithecia between outcrossing and selfing mating events, so a
positive score indicates a preference or a higher fertility in outcross-
ing and vice versa. The expected outcrossing propensity under no mate
choice was calculated as the relative difference in perithecia num-
bers between the mean score of each genotype in independent F1
Selfing and Outcrossing assays. It was used as a null expectation of
what would happen in a Mate choice assay if mate choice does not
occur. The realized outcrossing propensity was calculated in the same
fashion but from the mean score of F1 Mate Choice assays, in which
focal mycelia were in contact with a selfing and outcrossing part-
ner at the same time (see Figure 1, experimental design). Comparing
the expected outcrossing propensity under no mate choice to the
realized outcrossing propensity in Mate Choice assays allowed us
to test whether allocation to reproductive partners changed when
mate choice was possible.

The effect of the het-v and het-Z genotypes on realized out-
crossing propensity was analysed with a linear model. Realized out-
crossing propensity was the response variable and het-v and het-Z
genotypes (V or V1 and Z1 or Z2), as well as their interactions, were
fixed effects in the model.

All analyses were run with the Ime4 package version 1.1.28
(Bates et al., 2015) for R (R Core Team, 2021).

(a) Time to reproduction in days (mean scaled)

V V1
21 Y 3 °
1.
0.
-1- ® (0]
_2.

Outcross  Self Outcross  Self

(b) Spore count
VA1

g

Outcross Self

Vv
1.5%10°- :
1x10°

5%10*
O- v '
Outcross  Self

(c) Spore germination probability

\Y
1.00-

0.75-
0.50-
0.25-
0.00-

Outcross  Self Outcross  Self

FIGURE 2 F1 fitness proxies measured in outcrossing and
selfing monokaryon crosses. Time to reproduction (a), spore
count (b) and spore germination probability (c) were measured
for F1 monokaryons crosses. Five strains of the het-v genotype

V (different from the reference genotype) and four strains of
genotype V1 (same as the reference genotype) were assayed.
Each measurement was replicated eight times per strain over two
experimental batches. Figure S6 shows the same data detailed at
the level of each strain.

3 | RESULTS

3.1 | Selfing and outcrossing fitness proxies at F1

Outcrossing assays yielded lower fitness than selfing assays with
respect to all three fitness proxies for most of the strains. More
specifically, Selfing and Outcrossing assays (assay type) resulted
in differences in the time to reproduction with outcrossing as-
says showing a significantly delayed reproduction of about 24h as
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compared with selfing assays (Figure 2a, Table 1). Strains carrying
the V or V1 allele of het-v did not differ in their time to reproduc-
tion, and no interactions were detected, indicating that the effect of
assay type was not different across het-v genotypes. For the analysis
of time to reproduction, strain Wa4 was excluded from the data as it
did not reproduce in outcrossing assays.

Spore count was lowered in outcrossing assays as compared
with selfing assays (Figure 2b, Table 1). A post-hoc test confirmed
that outcrossing spore count was significantly lower than selfing
spore count within both het-v groups (Tukey's post-hoc, V group:
estimate = -54528, df = 124, p-value<0.001; V1 group: esti-
mate = -18228, df = 124, p-value = 0.0011). The significant inter-
action of het-v genotype and assay type showed that the reduction
of spore count was significantly greater in group V (different group
than the reference genotype) as compared with group V1. Finally,
strains appeared to differ from each other in their overall spore
count (Figure Séb).

Spore germination probability was significantly reduced for
outcrossing assays (Figure 2c, Table 1). It also appeared to differ
among strains, with in particular Wa124 showing an overall very
low spore germination probability, and a higher germination proba-
bility for outcrossing than for selfing assays, a trend opposed to the
eight other strains tested (Figure Séc). Except for Wal124, strains
of the V1 group showed an overall higher germination probability
than those of the V group. Because of Wa124, selfing spore ger-
mination probability was lowered in the V1 group, resulting in a
smaller reduction of germination probability when outcrossing in
this group as compared with the V group. In fact, if Wal24 is ex-
cluded from the dataset, the reduction in germination probability
due to outcrossing is on the contrary more important in the V1
group. Thus, the significant interaction between het-v genotype
and assay type is relying heavily on the idiosyncratic behaviour
of Wal124 and should probably be disregarded. For the analysis of
spore germination probability, genotype Wa4 was excluded since
no outcrossing spores were available, making the comparison of
the two assay types impossible.

Overall, the three fitness proxies measured were consistently
reduced for outcrossing assays as compared with selfing assays.
Moreover, spore count was reduced more strongly and consistently
among outcrossing strains of the V group as compared with strains
of the V1 group. For the other two fitness proxies, timing to repro-
duction and spore germination probability, there was no strong

JournaL of Evolutionary Biology

indication that the two het-v groups differed in the negative impact
that outcrossing had as compared with selfing.

To note, individuals that did not successfully reproduce in out-
crossing assays were included in the analysis of spore count as hav-
ing produced zero spores, while they were excluded of the time to
reproduction and germination probability analysis as missing values.
The assays that failed to produce spores were all outcrossing assays
of strain Wa4, a strain that already had a very low spore count in

selfing assays and belonged to the V group.

3.2 | Selfing and outcrossing fitness proxies at F2
Consistent with F1, F2 fitness proxies were all generally lower for
dikaryotic mycelia originating from F1 outcrossing than from F1 self-
ing. More specifically, time to reproduction at F2 was only affected
by the F1 assay type from which the F2 originated, with dikaryons
originating from F1 outcrossing assays having a reproduction delay
of about 8 h on average as compared with dikaryons originating from
selfing assays (Table 2, Figure 3a).

Spore count was not affected by F2 environmental conditions
(Table 2). het-v genotype affected spore count significantly, with
dikaryons of the V1 group having overall higher spore count, likely
driven by the lesser reduction of spore count in outcrossing assays
for V1 strains overall (Figure 3b). F1 assay type also affected spore
count, with dikaryons originating from F1 outcrossing assays hav-
ing lower spore count as compared with dikaryons originating from
F1 selfing assays. More precisely, spore count was significantly re-
duced for dikaryons originating from F1 outcrossing assays only in
the V group, but not in the V1 group (Tukey's post-hoc, V group:
estimate = -80410, df = 7, p = 0.004, V1 group: estimate = 9329,
df =7, p = 0.667). This effect likely originates from two sources: (i)
a generally lower reduction in spore count for dikaryons originat-
ing from outcrossing in the V1 group, and (ii) the surprisingly low
spore count of Wal24 at F2 when originating from F1 selfing. The
score of Wal24 lowers the average spore count of the V1 group
(see Figure S7).

Spore germination probability at F2 was affected by F1 assay
type, with dikaryons originating from F1 outcrossing produc-
ing overall spores with lower germination probability (Table 2,
Figure 3c). Furthermore, a significant three-way interaction was
detected, with the effect of F1 assay type on spore germination

TABLE 1 Anova table for mixed-effect models with F1 fitness proxies as response variables (time to reproduction: Type Il, spore count

and germination probability: Type IlI).

Response variable Time to repro.

Spore count Spore germination

Effect df 7
Intercept 1

het-v genotype 1 0.22
Assay type (Self/Outcross) 1 82.47
het-v type by assay type 1 0.10

p-Value Ve p-Value Ve p-Value
3.40 0.07 2.30 0.13
0.64 2.61 0.11 0.21 0.65
<0.001 120 <0.001 216 <0.001
0.75 23.3 <0.001 5.61 0.018
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TABLE 2 Anova table for mixed-effect models with F2 fitness proxies as response variables (time to reproduction: Type Il, spore count

and germination probability: Type IlI).

Response variable Time to repro

Effect df 72 p-Value
Intercept 1

F2 environment 1 2.04 0.152
het-v genotype 1 0.35 0.552
F1 assay (Self/Outcross) 1 4.37 0.037
het-v: F1 assay 1 0.39 0.533
F2 Env: het-v: F1 assay 3 1.39 0.708

affected by an interaction of het-v group and F2 assay environ-
ment (Table 2, Figure 3c). This represents the only significant
effect of the F2 assay environment. In details, the reduction of
germination probability due to outcrossing at F1 was strongest in
the stressful environment within the V group, but strongest in the
benign environment for the V1 group (Tukey's post-hoc, compar-
ing spore germination probability for dikaryons originating from
outcrossing versus selfing at F1 in: benign environment, V group:

estimate = -2.19, p = 0.012, stressful environment, V group:

estimate = -2.98, p = 0.001, benign environment, V1 group:
estimate = -2,13, p = 0.018, stressful environment, V1 group: es-
timate = -1.34, p = 0.132). This interaction suggests that there
may be a reduced cost of outcrossing to spore germination prob-
ability under stress, but only if the genotypes match in terms of
het-v group.

In summary, F2 dikaryons showed generally reduced fitness on
the three proxies measured when originating from F1 outcrossing as-
says, consistent with results from F1 fitness proxies of monokaryon
crosses. Spore count at F2 was reduced more strongly in dikaryons
originating from F1 outcrossing assays in the V group as compared
with the V1 group, which is also consistent with F1 results. This result
indicates that fitness effects seen at F1 are not only due the specific
setup of interacting monokaryons, but also arise once the dikaryon is
formed. F2 dikaryons were assayed in two environments, benign and
stressful, which did not appear to affect timing to reproduction or
spore count. Only spore germination probability was affected by F2
environment in a complex interaction with het-v group and F1 assay
type, suggesting that the cost of outcrossing on spore germination
probability may be reduced under stress when outcrossing partners
are of the same het-v group.

3.3 | Propensity to outcross in a mate
choice setting

The number of perithecia (fruiting bodies) produced in F1 selfing and
outcrossing assays by each genotype were used to calculate an ex-
pectation of the proportion of outcrossing perithecia produced in
selfing and outcrossing if mate choice does not occur (see Figure 1
for experimental design details). This expected outcrossing pro-
pensity was the relative difference in average number of perithecia

Spore count Spore germination

7 p-Value 7 p-Value
1.36 0.243 1.00 0.318
0.35 0.553 1.26 0.262
4.14 0.042 0.63 0.429

10.68 0.001 6.34 0.012
5.01 0.025 0.002 0.962
1.73 0.630 7.94 0.047

developed in each type of assay (difference outcrossing minus self-
ing divided by the mean). It was calculated based on four replicates
per genotype within each experimental batch. Realized outcrossing
propensity was the same relative difference in number of selfing and
outcrossing perithecia but calculated for Mate Choice assays (again
with four replicates per genotype and batch). Most strains showed
negative values of expected outcrossing propensity (Figure 4a),
which means that they had a higher fertility in selfing assays as com-
pared with outcrossing assays in number of perithecia. Wal5 and
Wa50, however, showed values that were positive (for one batch)
or close to zero. Similarly, realized outcrossing propensity in mate
choice settings yielded negative values for most strains (Figure 4a),
indicating a higher number of perithecia developed in contact with
the selfing partner, except for Wal5 and Wa50. The relationship
between expected outcrossing propensity and realized outcross-
ing propensity is a relatively strong correlation (R? =0.79): no single
strain departs from the central diagonal line in Figure 4a consist-
ently across experimental batches. This means that the expected
outcrossing propensity under no mate choice calculated from inde-
pendent Selfing and Outcrossing assays was a very good predictor of
the realized outcrossing propensity, supporting the absence of mate
choice in P. anserina. Figure 4a also shows that the het-v genotype
predicts well the level of outcrossing propensity, as strains of the
same genotype as the reference strain Waé3 generally show higher
expected and realized outcrossing propensity.

Figure 4b details further how the het-v/het-z allelic combinations
of each strain affected the level of realized outcrossing propensity,
as both loci are known to have a role in sexual incompatibility. Again,
the effect of having a different het-v genotype from the reference
is clear. Het-Z appears to have an effect within the V1 group (het-v
compatible with the reference), but that effect is not clear within the
V group, although more replication in the V:Z2 group would have
been needed to test for that effect (Table 3).

4 | DISCUSSION

In the ascomycete P. anserina, selfing and outcrossing are two repro-
ductive strategies that occur in the wild. We wondered what the fit-
ness consequences of these two strategies are and we addressed this
question by contrasting estimates of three fitness proxies from the

20z Joquiadaq z| uo 1sanb Aq £9092¢./8€Z/1/9€/9101LE/qa/Woo"dno-olwapede/:sdny Wwolj papeojumoq



MARTINOSSI-ALLIBERT ET AL.

245

two reproductive strategies over two generations. At F1, monokar-
yons were confronted in selfing and outcrossing events, and their

respective offspring were then assessed as selfing dikaryons at F2.

4.1 | Outcrossing fitness is consistently lower in
P. anserina

The fitness assays carried out over two generations showed con-
sistently lower fitness proxies for outcrossing events as compared
with selfing. This finding was surprising: because of the dikaryotic
vegetative stage of P. anserina that carries haploid nuclei of two dif-
ferent genotypes in the same cytoplasm, some benefits of outcross-
ing could have been expected similar to what can be found in diploid
organisms (Charlesworth & Willis, 2009). Benefits of outcrossing are
expected from the masking of recessive deleterious mutations and
may not be apparent if genotypes are highly lab-adapted or tested
in conditions with ad libitum resources, or else if the relevant fitness
proxies are not recorded. We planned our experiment to avoid such
pitfalls and therefore argue that our results are robust. Specifically,
we used wild collected strains, measured fitness using three major
proxies (development time, fertility and offspring survival) and with
a growth medium that mimicked the natural conditions of P. anserina,
by including horse dung and limiting nutrient availability. In addition,
F2 individuals were also assayed on a stress medium with the pre-
diction that heterozygous individuals would face challenges better,
again due to the masking of recessive mutations. Stress was induced
by the presence of nourseothricin, which is a compound produced
by Streptomyces bacteria in competition, to which P. anserina is
sensitive. However, this stress treatment had no effect on fitness
proxies apart from an interaction with het-v genotype and spore ger-
mination probability, suggesting that the dosage of nourseothricin
may not have been high enough. At the level of individual strains, fit-
ness proxies in outcrossing were always lower than or equal to prox-
ies in selfing but for one notable exception: the spore germination
probability of strain Wa124 at F1, which was extremely low in selfing
conditions (ca 5% germination) and recovered slightly with outcross-
ing (ca 15%). Taken in combination, our results thus strongly support
a generally lowered outcrossing fitness in P. anserina. It is known
that the genomes of P. anserina sampled from the Wageningen
population show little genetic diversity with the exception of a few
hotspots associated with non-self recognition loci, the het genes
(Ament-Velasquez et al., 2022). It is thus possible that, because of
low genetic diversity at most loci, there can be no positive effect
of outcrossing caused by heterosis, except in extreme cases where
a novel deleterious mutation could be masked. Instead, the main
aspect of genetic differences between strains induces outcrossing
costs due to incompatibility. The case of Wa124, for which very low
spore germination probability improved under outcrossing, could be
an instance of masking of a deleterious mutation. An additional cost
to outcrossing could arise in natural populations due to meiotic drive
by the Spok genes present at intermediate frequencies in popula-
tions of P. anserina (Vogan et al., 2019). In the present experiment,
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FIGURE 3 F2 fitness proxies measured in two environments for
selfing dikaryons originating from either F1 selfing or outcrossing
events. Time to reproduction (a), spore count (b) and spore
germination probability (c) are measured for selfing F2 dikaryons

in either benign conditions, or under stressful conditions induced
by the addition of nourseothricin. Five strains of het-v genotype

V (different from the reference genotype) and four strains of
genotype V1 (same as the reference genotype) are assayed. Each
measurement was replicated four times per strain per environment.
Figure S7 shows the same data detailed at the level of each strain.

we ensured that all strains had the same Spok status, so this effect
did not interfere with our measurements. However, it would be in-
teresting to include the effect of Spok genes on outcrossing fitness
and mate choice in future studies.

A potential explanation for low outcrossing fitness that we want
to eliminate could have been the presence of cryptic species of
Podospora among our strains; we present to that effect a phyloge-
netic tree including 8 of the 10 strains used in the present study in
relation to other strains of P. anserina collected in Wageningen and
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FIGURE 4 Predictors of outcrossing propensity in Mate Choice assays. In (a), expected outcrossing propensity under no mate choice,
calculated as the relative difference of perithecia number between independent Outcrossing and Selfing assays, is plotted against realized
outcrossing propensity, calculated as the relative difference of perithecia number between outcrossing and selfing perithecia in Mate
Choice assays. The vertical (resp. horizontal) dashed line represents the limit between expected (resp. realized) preference for outcrossing
(positive values) and selfing (negative values). The black diagonal line indicates equality between realized outcrossing propensity and

the expectation under no mate choice. The blue line represents the linear regression between the two variables. Error bars are standard
deviations calculated from four replicates per dot. In (b), realized outcrossing propensity is given for each allelic combination of the sexual
incompatibility loci: het-v and the locus het-Z, also known to have fertility effects. The genotype of the reference strain for outcrossing
assays, Waé3, is V1:Z1. Each dot represents four replicated measures, with the shape of the dot indicating experimental batch and the

accompanying number the identity of the strain.

TABLE 3 Type ll Anova table for a mixed-effect model with
realized outcrossing propensity as the response variable.

Effect Ve df p-Value
V genotype 32.8 1 <0.001
Z genotype 3.26 1 0.093
V genotype by Z genotype 1.55 1 0.233

to the P. comata and P. pauciseta species (Supporting Information S8).
The two remaining strains were not sequenced, but we note that
under our culture conditions P. comata is morphologically distinct
from P. anserina (Vogan et al., 2021), and that P. pauciseta was never
sampled in the Wageningen population.

[Correction added on 28 November 2022, after first online publica-
tion: ‘sub-species’ has been replaced with ‘species’ in the “A potential

explanation for ... P.pauciseta species.” sentence.]
4.2 | Non-self recognition gene contributes to
outcrossing cost

The role of het genes in non-self recognition in P. anserina has been
studied for many decades (Pinan-Lucarré et al., 2007; Rizet, 1953).

The primary function of such genes is thought to be to prevent my-
celial fusion of different genotypes during vegetative growth. Fusion
within a mycelium is beneficial as it optimizes nutrient flow, but fu-
sion between mycelia of different genotypes exposes them to risks
of parasitism and pathogen transmission (e.g. Biella et al., 2002).
Moreover, some het genes and in particular het-v have known plei-
otropic effects during reproduction that have been reported as
lowered fertility during crosses estimated in perithecia numbers
(Bernet, 1967). Here, we investigated further the effect of the het-v
genotype on different components of fitness during crosses: there
was no indication that het-v genotype mattered for time to repro-
duction and spore germination probability at F1, which were lower
for all outcrossing strains. In contrast, spore count (fertility) at F1
was less reduced in outcrossing events if strains shared the same
het-v genotype. This effect was also present at F2, where dikary-
ons that originated from F1 outcross only showed reduced fertility
if they were heterokaryotic for het-v (V/V1 genotype). By measuring
several components of fitness over two generations, we were able
to confirm that the effect of het-v on fertility is relevant to wild col-
lected strains. Moreover, we found that the negative effects are not
restricted to aborted perithecia, as was previously thought, but can
also result in perithecia with lowered spore count (Figure Séd). By
showing a generalized fitness cost to outcrossing, including but not
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limited to the effect of het-v, our results encourage a more detailed
study of het gene polymorphism throughout the life cycle.

In light of these results, we propose an explanation for the obser-
vation that only some het genes have prezygotic effects, i.e., show are-
duced fertility by lowering fertilization rates (Bernet, 1965). het genes
achieve their function of non-self recognition between vegetative my-
celia by the expression of different proteins triggering an incompati-
bility reaction leading to cell death (Pinan-Lucarré et al., 2007). During
outcrosses, het genes may lead to the production of self-incompatible
offspring, but at variable frequencies depending on their genetic ar-
chitecture. More specifically, most allelic het systems (involving two
alleles at the same locus) also undergo first division segregation at
meiosis (Esser, 1974), which result in few self-incompatible offspring,
while non-allelic systems (involving different loci) and allelic systems
with second division segregation produce many self-incompatible off-
spring. It appears that the het genes with an architecture that would
result in highest proportions of self-incompatible offspring, such as
the allelic het-v and het-z and the non-allelic het-c, d, e and r are also
the ones that cause prezygotic effects (Bernet, 1965). This observa-
tion suggests that prezygotic effect occur where reproductive effort
would be invested into inviable offspring and raises the possibility
that such mechanisms could avoid the fitness costs of incompatible
crosses. In this view, prezygotic effects of het loci should not be seen
as pleiotropic costs of non-self recognition loci, but rather as poten-
tially adaptive features directing reproductive allocation. In that sense,
het genes could contribute to prezygotic isolation, an important step in
the divergence of sympatric populations (Kirkpatrick & Ravigné, 2002).
In the ascomycete Neurospora, reinforcement has been described
through lowered fertility between sympatric sister species (Turner
et al., 2010), and similar reproductive barriers could very well arise in

Podospora as part of a speciation process (Ament-Velasquez, 2022).

4.3 | No mate choice detected in P. anserina

We had predicted that mycelia presented with two reproductive
partners would allocate more energy to the reproductive event
yielding highest fitness. Mate Choice assays were conducted at F1
by confronting monokaryons, which is likely not the most common
way mycelia encounter in nature. However, using monokaryons
was necessary to ensure that selfing and outcrossing partners were
given the same access to compatible reproductive structures (gam-
etes). Contrary to our expectation, we could detect no difference
between the expected and realized outcrossing propensity, indi-
cating that the number of perithecia allocated to different partners
was not affected by their availability. The evolution of mate choice
mechanisms will ultimately depend on the balance between costs
and benefits of such mechanisms weighted by the frequency of out-
crossing events. Consequently, a trivial explanation for the absence
of mate choice is that the prevalence of outcrossing in nature is so
low that mate choice mechanisms are not adaptive and thus simply
do not occur in P. anserina. Ecological conditions limiting the possi-
bilities for outcrossing (e.g., limit to dispersal of spores) could lead to
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the absence of mate choice, and a cost of outcrossing due to genetic
divergence between local populations (as in the case of the social spi-
der Stegodyphus dumicola, Berger-Tal et al., 2014). In fact, the actual
outcrossing rate of P. anserina is an unresolved question. The selec-
tive signatures of non-self recognition genes in P. anserina (Ament-
Velasquez et al., 2022) suggest that mycelia of different genotypes
must encounter frequently during vegetative growth. Nevertheless,
the morphological advantage of selfing in dikaryons (shorter disper-
sion of reproductive structures) might make outcrossing frequency
negligible even when confrontation of genotypes occur. However,
genomic data show levels of Linkage Disequilibrium (LD) decay in-
termediate between those found in outcrossers and extreme selfers
(Ament-Velasquez et al., 2022), suggesting that outcrossing does
occur after all. There are also genetic mechanisms that naturally lead
to the formation of monokaryons, which are then much more likely
to outcross. For instance, 1%-5% of spores produced by most strains
are monokaryotic and this level is increased by exposure to dihydros-
treptomycin or other stressors (Rizet, 1942; van der Gaag, 2005).
Additional monokaryotic mycelia may also result from the sectoring of
self-incompatible dikaryons (themselves originating from a previous
outcrossing event) (Bernet, 1965). The quantitative contribution of
monokaryons and dikaryons to outcrossing rates remains unknown,
but several lines of evidence suggest that outcrossing occurs in nature
to some extent. One then needs to resolve the apparent paradox of
the absence of detected mate choice in face of high fitness costs as-
sociated with outcrossing. We consider two more possibilities: first,
that we failed to detect mate choice in response to mate availability
because of a limitation of our experimental setup, and second, that
mate choice occurs at other levels independent of mate availability.
In our experimental setup, the propensity to outcross was es-
timated by the number of perithecia found at the border between
mycelia of different mating types. This method presents the advan-
tage of allocating parentage with certainty in Mate Choice assays,
so that perithecia can easily be attributed to either outcrossing or
selfing reproductive events. However, it also limits our understand-
ing of the resource allocation to one single fertility proxy. Although
the proportion of perithecia counted in Mate Choice assays did not
depart from the expectation derived from independent Selfing and
Outcrossing assays, it is still possible that other energy allocations
were modified in response to partner availability. For example,
perithecia of the selfing type could have received proportionally
more resources than outcrossing perithecia in Mate Choice assays.
Since we know that Selfing assays showed generally higher fertil-
ity and higher spore germination probability, we can ask whether
Mate Choice assays showed higher spore count or germination
probability than expected. In Figure S9, we show correlations be-
tween outcrossing propensity of strains and gains in fitness proxies
obtained in Mate Choice assays as compared with the expectation
from independent Selfing and Outcrossing assays. These show that
there is no gain obtained for spore count but suggest that there
may be an increase in spore germination probability in Mate Choice
assays for strains with a strong incompatibility with the reference
strain (> =-0.23 between spore germination gain and propensity to
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outcross, if Strain Wa4 is excluded, see Figure S9). This weak trend
suggests that resources could after all be reallocated during repro-
ductive events when several partners are available, which would
qualify as mate choice, but clearly warrants further investigation.

Another possibility is that allocation of reproductive resources
does not respond plastically to partner availability, but still reflects a
form of mate choice. The two scenarios that we discuss below do not
involve the active recognition of partners and plastic response that
are usually implied in the term “mate choice,” but they would qualify
as preferential allocation of reproductive resources. First, we have
seen that prezygotic incompatibilities determined by het-v may act as
reproductive barriers to avoid the production of low fitness offspring.
Generally, genetic incompatibilities are simply expected to incur fit-
ness costs, but prezygotic incompatibilities may allow a reduction in
such costs by avoiding the allocation of resources to the development
of spores that would later be self-incompatible. However, to truly con-
stitute a form of mate choice this mechanism would have to result in a
fitness benefit, such as the recovery of spore germination probability
described in the previous paragraph, which remains to be measured.
Second, it is possible that the reproductive morphology of P. anserina
in its dikaryotic form acts in several ways to strongly favour selfing,
precluding the need for further reproductive allocation mechanisms
in response to mate availability. Most selfing events in natural con-
ditions would happen within a dikaryotic mycelium while outcrosses
always happen at the contact zone between two growing mycelia. In
that context, selfing is largely favoured due to the proximity of repro-
ductive structures of opposing mating types within the same myce-
lium. The position of protoperithecia (female reproductive structures)
on the mycelium could influence the opportunity for outcrossing to
occur. In the laboratory, most strains show rings of perithecia far from
the edge of the mycelium, which could be indicative of a morphology
that evolved to favour fertilization of the mycelium's own female re-
productive structures. At the same time, strain genotype as well as
growth medium can alter the pattern of placement of protoperithecia
(Boucherie & Bernet, 1980) meaning that there could be variation in
this trait. The same is true of the production of microconidia (male
gametes) that is also modulated by growth conditions and genotype
(Arnaise et al., 2001; Coppin, 2002). Microconidia production could
thus also contribute to the regulation of reproductive allocation. In
that hypothesis, there could exist a regulation of reproductive strate-
gies towards a nearly exclusive selfing in dikaryons, driven by the cost
of outcrossing that we revealed here.

Our experiment eliminated the morphological aspect of selfing
by using only monokaryons at F1 in order to make selfing and out-
crossing comparable. However, in natural conditions, selfing would
benefit from that morphological aspect, which may contribute to re-
productive allocation decisions in P. anserina.

5 | CONCLUSION

We have shown that there is a general cost of outcrossing to fitness in
wild collected strains of P. anserina, and detailed the contribution of a

non-self recognition locus to these costs. Our findings strengthen the
view that P. anserina does not benefit from outcrossing despite being a
functionally diploid organism that frequently encounters conspecifics.
Although our experiment failed to detect mate choice in P. anserina,
we suggest that mechanisms preventing costly outcrossing are likely
to exist and propose that the reproductive morphology of P. anserina
favouring selfing, as well as prezygotic effects of het-v (and potentially
other het systems), could have evolved as part of such mechanisms.
We thus propose that sexual incompatibility in P. anserina could be
adaptive rather than a collateral cost of non-self recognition loci.

Despite these dispositions to selfing in dikaryons, there are
genomic signatures of outcrossing in P. anserina (Ament-Velasquez
et al., 2022; Hartmann et al., 2021), which remind us that benefits
of outcrossing might still be detected under conditions that re-
main to be established (e.g. exposure to pathogens or competitors).
Outcrossing rates could then be regulated for example by the pro-
duction of monokaryotic spores.

Fungi have long been model organisms for the study of genet-
ics, but they can also be useful tools for the understanding of costs
and benefits of different mating systems, and on the propensity of
fungi to engage in different reproductive strategies (see e.g. Giraud
et al., 2005). Continuing to explore fungal mating systems will not
only help us understand the evolution and population dynamics of
these major actors of our ecosystems, but it is also likely to provide
insights on the role of sexual reproduction as a determinant of ge-

netic diversity.
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