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Abstract 
 

 During the evolution of sex, different sexual conflicts arise. Sexual conflicts reduce 

fitness of the opposite sex. That is why several mechanisms have evolved to resolve them, 

which leads to rapid and unpredictable co-evolution of male and female traits involved in 

reproduction. This rapid co-evolution of male and female reproductive traits driven by sexual 

conflict can further lead to reproductive isolation resulting in speciation. 

 I used the hermaphroditic fungus Neurospora crassa, which has two mating types, as 

a model organism. Mating types are proxy to sex, because both are needed for sexual 

reproduction, but they are not limited to either sex role. However by using male pheromone 

knock-out lines, I created an evolutionary setup, where either mating type is forced to adapt to 

its restricted sex role. After 21 sexual generations of adaptive co-evolution, I tested if mating 

types had adapted to the assigned sex by measuring fitness (production of sexual spores called 

ascospores). I used three evolutionary setups (lines): Δccg4 lines, where mat A is female and 

mat a is adapted to the male role, Δmfa1 lines, where conversely mat A is adapted to the male 

role and mat a is female, and wild-type lines used as controls, where both mating types have 

maintained and adapted to both sex roles. And discovered one Δccg4 line, which indeed 

adapted to the newly assigned sex roles. At generation 15 and 21 I obtained mixed results for 

the presence of sexual conflict by correlating male and female fitness in hermaphroditic 

partner mat a in this line, however I found a sexual conflict also in the asexual growth, where 

male role is associated with increased, but female role with decreased mycelium growth rate. 

This work will further allow to study genomic mechanisms underlying this adaptation. 
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1. Introduction 
 

 It is thought that sexual reproduction has evolved to get rid of deleterious mutations 

and bring together beneficial ones, thus producing an organism better suited to the changing 

environment (Lee et al., 2010). Most eukaryotic organisms exhibit sexual reproduction, which 

generally requires two complementary mates or sexes. In many eukaryotic organisms, two 

separate sexes can be found, which are quite different even though they share almost their 

entire genome. Males and females have different tasks and investment in their offspring, thus 

they can have different fitness optimums. As they share almost an entire genome or, in 

hermaphrodites, all of it, and have to make both sex roles compatible within one individual, 

there is a potential for genetic conflict (Abbott, 2011). Conflict arising as a consequence of 

different genetic evolutionary interests between the sexes is called sexual conflict. To escape 

sexual conflict, different genetic and epigenetic mechanisms are thought to have evolved: sex 

chromosome evolution, sex-biased gene expression and genomic imprinting. As natural 

selection has resolved many sexual conflicts in gonochorists (species with separate sexes), 

there is a higher potential of unresolved sexual conflicts in hermaphrodites, as they are not 

adapted to either sex role. In fact, most sexually reproducing organisms are hermaphroditic 

(Schärer et al., 2014). In order to study the evolution of separate sexes and sexual conflict, I 

applied experimental evolution using hermaphrodite Neurospora crassa. N. crassa is a 

hermaphroditic fungus with two mating types: mat A and mat a, which cannot fertilize 

themselves. By forcing one mating type to reproduce as male and the other as female, one 

could observe how hermaphrodites adapt to assigned sex roles, which eventually may lead to 

the evolution of separate sexes. Thus I used N. crassa lines with a male pheromone knock-

out, which renders these functionally female only and hermaphroditic mates as males, in a 

laboratory evolution setup, to adapt to the newly assigned sex-roles. 

 

 

1.1. Sexual conflict 
 

 It is well known that males and females differ in physiology, morphology and 

behaviour. Usually these differences are attributed to reproductive function and favoured by 

natural selection, but already back in 19th century Darwin noticed something strange, which 

somehow seemed to contradict his theory on natural selection (Darwin, 1859). He noticed that 

in some species males and females differ tremendously and that many differences are not 

attributed directly to the reproductive function; moreover many traits seemed to impair the 

survival of males mainly. One of the most striking examples is the peacock, where males 

possess long and colourful tails. This attribute clearly impairs male survival as the males are 

easily seen and the flight efficiency is impaired, thus they are prone to predation (Arnqvist & 

Rowe, 2005). So he came up with the term sexual selection, and concluded that this is not the 

case for the struggle for life, but as he put it: the struggle for female possession (Darwin, 

1859). He later elaborated this concept in his book "The Descent of Man, and Selection in 

Relation to Sex" (Darwin, 1871) by explaining that these burden traits actually increase 

mating success, as there is ongoing male-male competition for female acceptance. Thus these 

traits are selected by the opposite sex (mainly females). The fact that sexual selection is 

usually stronger in males (Bateman, 1948; Fritzsche & Arnqvist, 2013), can be explained by 

the number of gametes each sex produces. As females produce far fewer gametes than males 

do, there will be intense competition between the male gametes to fertilise the female gamete 

(Bateman, 1948). This competition reduces male lifetime breeding success (Lukas & Clutton-

Brock, 2014). 
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 Sex differences are prevalent in nature, but the genetic make-up of both sexes is 

almost the same. Thus the genes which are present in both sexes, but which encode for traits 

that have sex-biased selection, will lead to sexual conflict. The term sexual conflict, also 

called sexual antagonism, was introduced by Parker (1979). Sexual conflict occurs when 

evolutionary interests of the sexes start to differ, resulting in different fitness optimums 

between the sexes. As sexual conflicts can occur between the same and between different loci, 

we distinguish two types of sexual conflicts: intralocus and interlocus sexual conflict. 

 Intralocus sexual conflict is present when the shared gene has a positive role in one 

sex, but a negative impact on the other, leading to a situation where the sexes are impeding 

adaptive evolution of each other. Intralocus sexual conflict can create a situation where 

natural and sexual selection have opposite directions. One of the best examples is the already 

mentioned case in birds, where females are selecting for ornaments like long and colourful 

feathers in males, which makes male birds more vulnerable to predation (Arnqvist & Rowe, 

2005). 

 Interlocus sexual conflict on the other hand is a conflict between male and female 

interaction, where actions of one sex (generally males) are decreasing fitness in the other sex 

(generally in females). One of the best examples is mating rates. Fitness of males is strongly 

correlating with insemination counts (number of mates), while in females there is a strict limit 

(Bateman, 1948), where passing the threshold, the fitness of females is decreasing. The most 

striking conflict has been observed in bedbugs, where males do not inseminate females 

vaginally, but instead pierce the abdomen of females and perform insemination, which can 

lead to infections, thus reducing the female lifespan by ~25% (Reinhardt et al., 2003). 

 As mentioned before, sexual conflicts are not only occurring in gonochorists, they are 

also present in hermaphrodites (Abbott, 2011; Schärer et al., 2014). As hermaphrodites are 

very widespread in nature, where 5-6% of animal species (Abbott, 2011) and more than 90% 

of plant genera are hermaphroditic (Schärer et al., 2014), they should also be studied. It is 

known that female fertility is much more limited than the fertility of males (Bateman, 1948), 

thus as hermaphrodites are not adapted to a particular sex role, hypothetically they can 

harbour a lot of sexual conflicts. The main reasoning behind this is that for a hermaphroditic 

individual it is more convenient to invest more in the male role (Leonard, 1993) which can 

increase fertilisation of more individuals, thus increasing its fitness, than by acting in the 

female role, which is limited and costly (Bateman, 1948). But eventually if all individuals will 

start to invest mainly in the male role, it will lead to a reduced fitness for the population, thus 

the conflict over fertilisation in simultaneously hermaphroditic organisms can be seen as the 

most prominent (Abbott, 2011). 

 Sexual conflict is thought to be a strong force that can lead to a fast and unpredictable 

coevolution of male and female traits, which are involved in reproduction (Parker, 1979; 

Reinhardt et al., 2003). For example, female bedbugs have evolved an organ called 

spermalege, which protects from pathogens introduced during the traumatic insemination 

(Reinhardt et al., 2003). Sexual conflict can also lead to evolution of reproductive isolation 

which might finally result in speciation (Chapman et al., 2003; Pennell & Morrow, 2013). 

 

 

1.1.1. Escaping sexual conflict 

 

 To increase the fitness for both sexes, it is necessary to evolve a mechanism that 

would affiliate or entirely escape sexual conflict. There are four ways to achieve this. The 

most common  way is sex-specific gene expression, while the most convenient  is the creation 

of sex chromosomes (Pennell & Morrow, 2013). Then there are less common ways - genomic 

imprinting, where some genes are expressed only, when coming from one parent, and ability 
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to select offspring sex depending on the phenotype of the mate, where males exhibit clear 

phenotype of sexual antagonism, for example, where large size is positively correlated with 

male, but negatively with female fitness (Pennell & Morrow, 2013). 

 The evolution of sex-biased gene expression is one of the mechanisms to escape 

intralocus sexual conflict. Sex-biased gene expression pattern is very common (Ingleby et al., 

2015). It can be accomplished via sex-specific hormonal cascades or alternative splicing 

(Pennell & Morrow, 2013). Also gene duplication followed by sex-specific expression can 

resolve intralocus sexual conflict (Griffin, 2015). Studies show that male-biased genes evolve 

faster, confirming that they are under stronger selection, thus they participate more in 

adaptation and speciation (Ingleby et al., 2015). One of the best examples is the fruit fly, 

where 90% of genes are expressed in a sexually-dimorphic pattern (Ingleby et al., 2015) and 

the sex and sexual identity is determined by X chromosome and autosome ratio through 

alternative splicing of key genes (Zarkower, 2001). A recent study showed that a similar and 

modified pathway also determines the sexual identity of intestines (Hudry et al., 2016), 

explaining observed sex differences. 

 It is thought that sex chromosomes start to evolve with an autosomal locus segregating 

for two alleles that have selection pressure to stop recombining, because of fitness differences 

in the sexes (Bachtrog et al., 2011; Beukeboom & Perrin, 2014; Immler & Otto, 2015; van 

Doorn & Kirkpatrick, 2007). The first region that stops recombining is the region, where the 

main sex-determining gene (in this case - mating-type locus) is located, and it expands 

(Immler & Otto, 2015; van Doorn, 2014). As sex chromosomes are present only in one of the 

sexes (Y, W, U, V) or both, but with two fold difference (X, Z), it is expected that a gene 

(allele), that has opposite fitness effects in the sexes, will translocate from the autosome to the 

respective sex chromosome. Thus it will lead to the accumulation of male (female) sex biased 

and specific genes which can be detrimental to the opposite sex, on the Y, V (U, W) 

chromosome (Bachtrog et al., 2011; Immler & Otto, 2015; Lindholm & Breden, 2002), but 

female (male)-biased gene and beneficial dominant allele and male (female) beneficial 

recessive allele accumulation on the X (Z) (Bachtrog et al., 2011; Ingleby et al., 2015; Pennell 

& Morrow, 2013). This would lead to feminization and de-masculinisation of the X 

chromosome (Bachtrog et al., 2011) and vice versa for Z. Later, when sex chromosomes are 

established, the evolution of dosage compensation can take place in the diploid sex 

chromosome systems, as well as the loss of functional genes on the Y chromosome (van 

Doorn, 2014) and U and V chromosomes (Immler & Otto, 2015). 

 N. crassa can be used as a model organism to study, how sexual conflicts are resolved. 

I expect that, if in N. crassa mating-type chromosomes start to develop and the mating types 

get associated to a particular sex role, the transition from hermaphroditism to gonochorism 

would involve sex chromosome evolution as in UV system, as N. crassa is a haploid 

organism. 

 

 

1.2. Neurospora crassa 
 

 The orange bread mould N. crassa is a heterothallic (cross-fertilisation occurs between 

two compatible partners (mating types) to produce sexual spores), multicellular filamentous 

fungus, which belongs to the phylum Ascomycota. Its haploid and filamentous thallus called 

mycelium, consists of branched hyphae growing in an apical direction and creating a net like 

structure. N. crassa can proliferate asexually by growth of the existing mycelium or by the 

asexual spores called conidia, which have the orange pigment characteristic to the species. 

There are two types of conidia: multinucleate macroconidia and uninucleate microconidia 

(Kim et al., 2012). Additionally, it can reproduce sexually through sexual spores called 
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ascospores. N. crassa possesses two mating types – which in this species are referred to as 

mat A and mat a. For the sexual reproduction to happen, they have to meet, as they are self-

incompatible. It starts, when a cell (e.g. conidium) from one mating type, which represents the 

male role, fertilises another mating type's hair-like receptive structure called trichogyne 

located on the protoperithecium, which on the other hand represents the female role (Staben 

& Yanofsky, 1990). As both mating types can reproduce as a male and a female, N. crassa is 

a self-incompatible hermaphrodite. During fertilization in the sexual fruiting bodies called 

perithecia ascogenous hyphae start to form and after nuclear fusion takes place, they develop 

into asci. The formed zygote (2N) undergoes two sequential meiotic divisions becoming 

haploid and performs mitosis, which results in eight ascospores per mature ascus (fig. 1). Half 

of the ascospores are mat A, half mat a. Mature ascospores are violently dispersed in the air 

and after heat-shock start to germinate. The sexual cycle is around two weeks, but the whole 

generation time less than three weeks long. The genome of N. crassa is ~40 Mb large and 

contains around ten thousand genes located on seven chromosomes (linkage groups I-VII) 

(Galagan et al., 2003). 

 
Figure 1. Sexual cycle of N. crassa (https://en.wikipedia.org/wiki/Neurospora_crassa). 

 

 N. crassa is one of the most studied fungi, because it is an ideal model organism to 

work with. The first advantage is the short generation time and easy maintenance, second it is 

a haploid organism, thus recessive mutations are observable in the phenotype. Lastly, its 

genome is sequenced and many strains are available. 

 

 

1.2.1. Mating types in N. crassa 

 

 As previously mentioned, for sexual reproduction to occur, N. crassa has two mating 

types, which have to meet. The mating type for an individual is determined by the presence of 
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either the mat A or mat a idiomorph in the mating-type locus on the mat chromosome (linkage 

group I). mat A is 5301 bp long. It encodes for a transcription factor, which is responsible for 

the expression of heterokaryon incompatibility, which leads to cell death if cells of the same 

mating type try to fuse, and sexual functions by determining cell fate and identity (Glass et 

al., 1990). mat a is 3235 bp long containing two functional genes, of which one encodes for 

perithecium maturation, which is dependent on the second transcription factor responsible for 

phenotypic expression (Staben & Yanofsky, 1990). I have to mention that both sequences are 

entirely different, thus they are referred to as idiomorphs, not alleles. The mating-type locus is 

controlling secretion of and response to pheromones (Staben & Yanofsky, 1990), where the 

pheromone CCG-4 (linkage group I) produced by mat A binds to the G-protein-linked 

receptor produced by mat a called PRE-2 (linkage group VII) and the pheromone MFA-1 

(linkage group V) produced by mat a binds to the receptor PRE-1 (linkage group III) on an 

mat A individual (fig. 2) (Kim et al., 2012). By using knock-out pheromone lines (Δccg4 and 

Δmfa1) in an evolutionary setup, two situations were created, where one of the mating types 

can reproduce only as female, but the other is forced to reproduce as male as there is none to 

fertilize it anymore (fig. 2). 

 
Figure 2. Sex roles in N. crassa. A - hermaphroditic lines (H), B - Δccg4 lines (C), C - Δmfa1lines (M). 

 

 

1.3. Sexual selection in Neurospora 
 

 As Neurospora is a hermaphrodite, generally it is better to invest more in the male role 

(see Sexual conflict). Thus traits, which increase motility, abundance and pheromone 

production are expected to be selected. But if there is a largely male-biased sex ratio, it is 

better to invest more in the female role by investing in the female reproductive structure 

called protoperithecium as well as in pheromone receptor production. Both sexes are expected 

to be selected for growth rates as well of course, as it increases the probability to meet a 

partner (Nieuwenhuis & Aanen, 2012). In comparison to other organisms, here in the male-

male competition environment the cost for investing in the male gametes (conidia) is virtually 

zero, as they can function as asexual spores in the case, when the attempt to fertilize a partner 

fails (Nieuwenhuis & Aanen, 2012). However, the real fight can be in overgrowing the 

competitor, especially if there is limited space. 

 As several individuals can fertilize one individual, there is space for conflict in 

parental investment and male-male antagonism. Indeed, in N. crassa, once mated, the 

fertilized mycelium by producing some kind of gas substance can inhibit the development of 

later fertilized perithecia (Metzenberg, 1993). Thus it might be better to ensure that the same 

mycelium is fertilized only by one partner, thus reducing the possibility for the negative 

effects of male-male antagonism on the mycelium (female), which can reduce its fitness 

(Nieuwenhuis & Aanen, 2012). 
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1.4. Aim of the project 
 

 The aim of the project was to study how the created artificial separate male and female 

(knock-out of male pheromone) lines from a hermaphroditic fungus N. crassa, co-evolved in 

an experimental evolution setup for 21 generations, have adapted to their respective sexes. To 

study that, phenotyping and genetic analyses were used. The hypothesis is that during the 

experiment either sex has evolved away from the intermediate hermaphrodite phenotype, and 

specialized for male or female reproductive success. Methods used include basic fitness 

experiments and linkage analyses of female beneficial traits to the sex-determining locus (mat 

region) using PCR techniques as well as analyses of correlation between reproductive fitness 

and mycelium growth rate.  
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2. Material and methods 
 

 For the experiments, we used 15 different N. crassa lines from strains FGSC#2489 

(mat A) and FGSC#4200 (mat a) with knock-out lines provided by Kim and colleagues (Kim 

et al., 2012): five Δccg4 (C) lines (a-♂; A-♀); five Δmfa1 (M) lines (A-♂; a-♀) and five 

hermaphrodite (wt) (H) lines. Males and females were co-evolved in these lines for 15 sexual 

generations for the linkage study and for 21 sexual generations for the basic fitness study and 

mycelium growth rate experiment (Supplementary material Appendix 1). Before sexual 

reproduction was induced every generation, ascospores were treated with UV for 12 s until 

generation 17 to induce variation and give some time (until generation 21) to purge 

deleterious mutations. 

The linkage study is performed to see if and how many genes, which encode for the 

observed fitness, are linked to mating type. It is expected that female beneficial genes get 

linked to mat A as it can only reproduce as female because of the knocked-out male 

pheromone (ccg4) and male beneficial genes to mat a as it is forced to reproduce only as 

male. To test if indeed fitness is linked to the mating-type locus, we selected two mat A 

(females) and two mat a (males) from the evolved Δccg4 line (C5) at generation 15, where 

one female (F1) had a high and the other (F2) intermediate fitness, while both selected males 

had a low fitness (M3 and M6) (Supplementary material Appendix 6, Extended Data Figure 

1). We crossed all these four lines with each other accordingly: F1 x M6; F1 x M3; F2 x M6; 

F2 x M3 and performed fitness assay. 

 The fitness experiment was done with eight lines: three Δccg4 lines (C3, C5, C7), 

three Δmfa1 lines (M1, M2, M5) and two hermaphrodite lines (H4 and H5) to see if indeed 

mat A have adapted to its female role in the C lines and male role in the M lines and the 

opposite to mat a, while hermaphrodites are expected to not differ and can be used as 

controls. 

 

Media 

 For conidia growth in tubes Vogel's Minimal Medium (VM), but for the fitness assays 

to inhibit spreading through the plate - Synthetic Crossing Medium with Sorbose (SCS) was 

used (Supplementary material Appendix 2). After media are prepared they are autoclaved. 

 

Evolving the lines until 21st generation 

1. Harvesting all the ascospores (from the lid) to inoculate the new (next) generation on 

the plates with SCS medium. 

2. Heat-shock at 60 ºC for 30 min to germinate (only sexual spores (ascospores) survive - 

allowing to get discrete generations). Put in a 25 ºC incubator. 

3. Until 17th generation on 2nd or 3rd day - UV treatment for 12 s to introduce new 

mutations. Put back in the 25 ºC incubator. 

4. On the 7th day - mating (mixing everything by adding water). Then remove the water 

and put back at 25 ºC. 

5. On the 21st day - harvest all the ascospores again and continue like that until 21st 

generation is reached. 

 

Fitness assays, when the 15th and 21st generation is reached 

1. Perform single ascospore isolation (100) by collecting one and put that one ascospore 

in separate tubes. 

2. Heat-shock and put at 25 ºC on day-night (12:12) cycle. 

3. After 4 days growth, determine the mating types of the isolates by PCR (see below). 

4. Then transfer a loop of conidia to a fresh VM tube to obtain fresh conidia. 
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5. Select randomly 30 ♂ and 30 ♀ genotypes of each line. 

6. 1st day - inoculation of conidia - both sexes - according to the fitness assay setup 

(Supplementary material Appendix 1): 

Basic fitness 

1) Evolved males and females 

i. male fitness 

30 ♂ samples x 1 ♀ (the same reference) 

ii. female fitness 

30 ♀ samples x 1 ♂(the same reference) 

30 "♂" samples x 1 ♂(the same reference) 

2) Evolved hermaphrodites (wt) (not for the linkage study) 

i. evolved A fitness 

30 A samples x 1 a Δ mfa1♀ 

30 A samples x 1 a Δ pre2 ♂ 

ii. evolved a fitness 

30 a samples x 1 A Δ pre1 ♂ 

30 a samples x 1 A Δ ccg4♀ 

60 inoculation points (fig. 3) of the male/female (evolved) x 60 inoculation points of 

reference accordingly (female/male) on one Petri dish per genotype. We used a non-evolved 

partner for female, but an evolved partner for male fitness assessment. Three replicates per 

individual genotype were made. 

 

 
Figure 3. Fitness assay. A - example of a SCS plate, where one of the 30 samples of line's mating type is mated 

with a compatible reference strain. B - Inoculation needles with which 60 inoculation points of a sample are 

placed on the plate. 

 

7. Grow the SCS plates at 25 ºC in the dark. 

8. On the 8th day - mating (by adding water). 

9. Wait for two weeks and harvest the spores from the lid with 5 ml ddH2O. 

10. Count, how many ascospores are produced, by taking photos of 5x5 µl droplets and 

analyzing with Fiji (ImageJ) program. 

 

Mycelium growth rate 

 Mycelium growth rate was measured to see if there is a trade-off between sexual 

reproduction and asexual growth as I have selected for the sexual reproduction, while it is 

thought that in nature asexual reproduction is more important. 

 Harvest conidia from VM tubes and inoculate 2 µl in the centre of SCS plates. Grow 

the SCS plates at 25 ºC. Mycelium growth rate was measured in both directions (horizontal 

and vertical) for three consecutive days. 
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Determining the mating type: DNA extraction and PCR 

 DNA extractions for determining the mating type was done, using Chelex
®
 100 Resin 

(Bio-Rad Laboratories, CA, USA) dirty prep method (Supplementary material Appendix 3). 5 

µl of the supernatant was then used for a PCR (Supplementary material Appendix 4). 

Oligonucleotides used for mating-type region fragment amplification were mata-1-1F (5'-

TAACCTCACTTAGCGGTCAT-3') and mata-1-1R (5'-CAAAGAAGGTTGCCATTAAC-3') 

for mat a and matA-3-1F (5'-GAGTCGTCCTCAGTCATCAT-3') and matA-3-1R (5'-

GATATCCTTGCGTAATCTCG-3') for mat A. PCR was ran at this program in a 2720 

Thermal Cycler (Applied Biosystems, CA, USA):  

1. Denaturation: 95 ˚C 10 min 

2. 28 (32 - for the mat a) cycles: 

a. DNA denaturation: 95 ˚C 1 min 

b. Primer hybridization: 57 ˚C 1 min 

c. DNA synthesis: 72 ˚C 1:30 min 

3. Final synthesis: 72 ˚C 5 min 

 PCR products were loaded with GelRed on 1.5% agarose gel and run at 9 V/cm and 

imaged with Molecular Imager
®
 Gel Doc™ XR+ Imaging System (Bio-Rad Laboratories, 

CA, USA). 

 

Mycelium preparation for DNA extraction for Illumina sequencing 

 For the samples I want to sequence, mycelium for DNA extractions according to the 

protocol was prepared: 

1. 3% malt extract solution is prepared and autoclaved (10 ml per sample). 

2. Inoculate the medium with conidia or mycelium and let it grow for 2-3 days at 25-30 

°C on a shaker. 

3. Take out the mycelium by draining it through large filter paper and then fold it over 

and use additional tissue paper and press against a work bench to get rid of the 

remaining liquid. 

4. Cut the mycelium in 80-100 mg pieces and put them into Eppendorf tubes with 2-3 

replicates (in case if the extraction fails). Now the samples can be freezed or used for 

the extraction straight forward. 

 

Statistical analysis 

 GraphPad Prism 5 software was used to generate graphs and for statistical analysis. 

The data of female and male fitness assays with evolved Δccg4 (C) and Δmfa1 (M) and 

hermaphroditic (H) (used as controls) lines first were tested for normal distribution. If data 

were normally distributed then two-tailed unpaired t-test was applied, if not - Mann-Whitney 

U test was applied to see if female fitness is linked to mating type. Then I correlated 

hermaphroditic individual (C mat a, M mat A and H) (fig. 2) female and male fitness to see if 

there is a trade-off (sexual conflict) in the hermaphroditic organisms. I also tested for a 

possible trade-off between sexual reproduction (fitness) and asexual growth (mycelium 

growth rate). In both cases linear regression function was used. Two-way ANOVA was 

applied to analyze if there are statistically significant differences between the same samples 

inoculated at different time. 
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3. Results 
 

 First of all, I have to mention that comparisons between the lines (batches) cannot be 

made, because of strong batch effects (Supplementary material Appendix 7, Extended Data 

Figure 2). 

 

 

3.1. Linkage experiment 
 

 To see if and how many genes responsible for the observed fitness differences 

(Supplementary material Appendix 6, Extended Data Figure 1) are linked to the mating type 

locus, we examined C5 line, where I made four different crosses between a high fitness 

female (F1) and an intermediate fitness female (F2) and two low fitness males (M3 and M6). I 

did not observe that female beneficial traits would be linked to mating type (fig. 4), although 

in one cross (F2xM6) fitness is associated with mat A (P = 0.0384; 1056, 774.5; U = 309.5), 

with many genes involved as there was a variance between the samples, resembling even 

distribution, not two extremely separated fitness values, as it would be seen in the case of one 

gene linkage. As expected, fitness of offspring from higher fitness parents is higher compared 

to offspring fitness from lower fitness crosses (fig. 4). 

 
Figure 4. Linkage experiment - female fitness by mating type. F1 - high fitness female, F2 - intermediate fitness 

female, M3 - low fitness male, M6 - lowest fitness male. Data tested for normal distribution using Kolmogorov-

Smirnov test and analyzed accordingly: two-tailed unpaired t-test (F1xM3), Mann-Whitney U test (F1xM6; 

F2xM6; F2xM3). *P < 0.05. One data point is an average value of three biological replicates (30 in total). 

Error bars indicate standard errors. 
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 I also performed correlations between male and female fitness for mat a to test for the 

existence of sexual conflict between the male and the female function. I observed a trade-off 

only in one cross (F2xM6), when one outlier is excluded (fig. 5), where female fitness is 

positively associated with mat A (fig. 4). All the other lines showed positive correlation, 

suggesting that there is no sexual conflict present. Investment in F1xM3 cross, which showed 

statistically significant positive correlation, is attributed to the total fitness (fig. 5).

 
Figure 5. Correlation (linear regression) between mat a female and male fitness in four C5 line crosses. 

 

 

3.2. Male and female reproductive success of evolved lines 
 

 The second and main experiment was to assess basic fitness of evolved lines to see if 

indeed N. crassa has adapted to the newly assigned sexes. It is important to mention that all 

lines were measured separately (done at different time), thus comparisons between different 

lines in total fitness should be taken with precaution. Results show no difference between 

males and females (mating types) in M and hermaphroditic (H) lines, while in two C lines 

there is a statistically significant difference between males and females, though with an 

opposite pattern (fig. 6). Hence the female fitness is linked to particular mating type in C5 (P 

= 0.0002; t = 4.003; df = 49) and C7 (P = 0.0187; t = 2.449; df = 41) lines, and both of these 

lines have the highest female fitness compared to all the other lines (fig. 6). 
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Figure 6. Female fitness of evolved Δmfa1 (M), Δccg4 (C) and hermaphrodite (H) lines by mating type. Whiskers 

indicate minimal to maximal values. Data tested for normal distribution and analyzed accordingly: two-tailed 

unpaired t-test (M2; H5) with Welch's correction (C5; C7) and Mann-Whitney U test (M1; M5; C3; H4). ***P < 

0.001, 
(
*

)
P < 0.05 (but with Bonferroni correction not significant, because >0.00625), ns = not significant. 

There is no statistical significance between mating types of the M and H lines. Note that y-axes have different 

scales. 

 

 To test for the presence of sexual conflict, linear regression analyses between male 

and female fitness were also applied on hermaphrodites (mat A (M lines), mat a (C lines and 

H5) and both mat A and mat a (H4 line)). 

 In M lines, the overall situation is the same showing that increased female fitness does 

not affect male fitness in the hermaphroditic, as male evolved mat A, individuals thus there 

seems to be no trade-off between male and female function and hence no sexual conflicts (fig. 

7). 

 
Figure 7. Linear regressions between male (M) and female (F) fitness in M line A mating type, which is evolved 

as male, but still hermaphrodite. 

 

 Also in C lines there is no trade-off between male and female fitness in 

hermaphroditic male-evolved a mating type. C3 and C7 lines even show a strong positive 

correlation, meaning that if one is better in the male role, it is also better in the female role 

(fig. 8). Hence sexual conflicts are not present also in the C lines. 
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Figure 8. Linear regressions between male (M) and female (F) fitness in C line a mating type, which is evolved 

as male, but still hermaphrodite. Significant P values in bold. 

 

 Hermaphroditic (H) lines also do not show significant trade-offs, although in H4 line 

there is a tendency for a reduced male fitness in higher female fitness hermaphrodites (fig. 9).  

 
Figure 9. Linear regressions between male (M) and female (F) fitness in hermaphroditic (H) lines. 

 

 Thus there are no prominent sexual conflicts present in the evolved lines even if they 

are adapted to the newly assigned sex roles, where a slight trade-off was observed only in the 

hermaphroditic line H4. H5 mat A male fitness has not yet been obtained. 

 

 

3.3. Sexual reproduction and asexual growth - is there a trade-off? 
 

 To see if there is a trade-off between sexual reproduction and asexual growth, we also 

measured mycelium growth rate. 

 We discovered that in M lines there was a tendency for a trade-off with two significant 

negative correlations in M5 mat A male fitness and M5 mat a (female fitness), while in C 

lines there were very mixed tendencies with one significant positive correlation for C5 mat a 

male fitness and almost significant negative correlation for the female fitness (Supplementary 

material Appendix 8, Extended Data Figure 3). Also tendencies in both hermaphrodite lines 

were mixed (Supplementary material Appendix 8, Extended Data Figure 3). 

 Taken together it seems that there is a tendency for a trade-off in female fitness. 
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4. Discussion 
 

 I studied if artificially created sexes in a naturally hermaphroditic fungus diverged by 

specialization into either the male or female role, after 21 sexual generations of experimental 

evolution. I expected that sexual conflict drives selection for linkage of sex specific traits to 

the sex determining locus, i.e. the mating-type locus. To see if female fitness became linked 

to mating type, I performed several female and male fitness assays in which either mat A or 

mat a is as female (Δccg4 or C and Δmfa1 or M respectively) and hermaphroditic (H) control 

lines. As the male-evolved mating types, which are still able to reproduce as females, but 

during the evolution experiment never did, because there were no partners to fertilize them, 

we expected that they would have lower female fitness than mating types that evolved as 

females. In the H lines I do not expect any mating type associated sexual divergence, thus 

they can be considered controls. I also tested for a possible trade-off between sexual 

reproduction (fitness) and asexual growth (mycelium growth rate). 

 

 

4.1. Is female fitness linked to mating type? 
 

 I expected that during laboratory co-evolution the mating types will specialize to the 

sex role they are restricted to: females should increase in female reproductive success, while 

males – assuming that it is costly for them to invest in female function – should have reduced 

female reproductive success. In hermaphrodites, both mating types should be equally good in 

either role. 

 However only one line (C5) showed that the mating types adapted to their respective 

sex roles (fig. 6). In the linkage experiment, one of the adapted line's crosses also showed that 

the female fitness is associated to the mating type (fig. 4). I observed that mat a fitness has 

decreased in female fitness comparisons between the mating types (fig. 4). As the mat a are 

selected for their male fitness in this case, their female fitness is expected to decrease over 

time, if there is a trade-off. Indeed, this difference in female fitness between the mating types 

can be explained by the sexual conflict observed between female and male fitness in 

hermaphroditic male-evolved mat a individuals at generation 15 (fig. 5). Thus sexual conflict 

might be driving co-adaptation to the respective sex roles in this cross. However sexual 

conflict was not observed in the same line at the 21st generation in fitness between the sex 

roles in male-evolved individuals (fig. 8). But we did observe a conflict between female and 

male fitness associated with asexual growth (Supplementary material Appendix 8, Extended 

Data Figure 3 and see Correlations between both sex roles and asexual growth), where 

mycelium growth rate was positively correlated with male, but negatively with female fitness. 

But the main contributor of the observed difference at the 21st generation in female fitness 

between the sexes are the females (mat A), which seem to have managed to allocate most of 

the resources into the functional female role as it can be seen, when the female fitness is 

compared to the controls (hermaphroditic lines) (fig. 6). 

 Surprisingly, another line (C7) with the same knock-out showed a trend for adaptation 

to the opposite direction (i.e. males had a higher female fitness than females) and can be 

explained by the positive correlation between female and male fitness in hermaphroditic 

male-evolved individuals (fig. 8). It suggests that there is a mutation that increases the fitness 

of both sex roles (general fitness), thus individuals selected for male fitness are jointly 

selected for a higher female fitness. As a result, the hermaphroditic male-evolved individuals 

had a higher female fitness than females. A good indicator that there really is a positive 

mutation that increases overall fitness in this line, is the fact that it has a very high female (fig. 

6) and male (fig. 8) fitness. Other lines did not show any difference between the mating types, 
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thus they did not adapt to the newly assigned sex roles. Possibly, 21 generations are a bit too 

short time for selection to act to produce clear phenotypes. Continuation of the experiment in 

which the lines are allowed to co-evolve for more generations and tested again can give as 

more insights. 

 Hermaphroditic lines were used as controls, thus I expected that there will not be any 

difference in fitness between both mating types, which turned out to be true (fig. 6). Thus 

these lines work as good controls in this experiment. 

 Previous work on sexual differentiation between the mating types was done on wild-

type Neurospora tetrasperma. In comparison to N. crassa, N. tetrasperma has a large 7 Mbp 

long region around the mating-type locus (containing >1500 genes) with suppressed 

recombination (Samils et al., 2013). 196 of the genes in this region showed mating-type 

biased expression (Samils et al., 2013). These genomic differences between the mating types 

have led to feminization of mat A and masculinisation of mat a, where the mat A is associated 

with female sexual development, but the mat a with vegetative development (Samils et al., 

2013). We expect similar things to happen in our Δccg4 lines over time, but right now only 

one line seems to have developed in this direction. 

 

 

4.2. Correlations between both sex roles and asexual growth 
 

 It is expected that investing in a sex role, which is not used, is wasteful. However, the 

only adapted line at 21st generation did not show sexual conflict (fig. 8). Possibly there is no 

sexual conflict, or our fitness measurements might not accurately reflect the relative 

investment into male and female function. Moreover, the only line where we observed a 

negative trend between male and female fitness was a hermaphroditic line that evolved as 

hermaphrodite (fig. 9), which raises a question that maybe in hermaphrodites there can be 

more sexual conflicts than in gonochorists. Evolving separate sexes may thus actually resolve 

sexual conflicts present in hermaphrodites, as there is a positive correlation observed between 

male and female fitness for hermaphroditic male-evolved individuals in the Δccg4 lines (fig. 

8). Thus because of lack of sexual conflict in sexual reproduction of male-evolved individuals 

from the adapted line, and to see if asexual growth is associated with sex role, we correlated 

mycelium growth rate with sex role fitness. 

 As males can fertilize females with any kind of cell, increased mycelium growth rate 

to meet a partner can be seen as advantage (Nieuwenhuis & Aanen, 2012). Overall our results 

show that there is no consistency in relation between mycelium growth rate and male fitness, 

while female fitness seems to be negatively correlated with mycelium growth rate, thus 

presenting a trade-off (Supplementary material Appendix 8, Extended Data Figure 3). 

Assuming that sexual reproduction is costly in females (Nieuwenhuis & Aanen, 2012), a 

trade-off can be expected between sexual reproduction and asexual growth. 

 Our results in the adapted line are consistent with the results presented by the 

Johannesson group, where increased mycelium growth rate is associated with masculinisation 

(male fitness) in N. tetrasperma (Samils et al., 2013). Interestingly, mycelium growth rates 

may participate in explaining the observed difference in female fitness between the sexes (i.e. 

mating types) in C5 and C7 lines, where we observed opposite adaptations (fig. 6). There are 

opposite results between male and female correlations with mycelium growth rate. In C5 line 

female fitness has a negative, but male fitness has a positive correlation while in C7 line there 

is a slightly opposite trend (Supplementary material Appendix 8, Extended Data Figure 3). 

The observed sexual conflict in the C5 line suggests that reduced investment in asexual 

growth for females and increased investment in asexual growth in males could be the key 
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strategy used to adapt to the newly assigned sex roles in this line, thus possibly explaining the 

adaptation (Supplementary material Appendix 8, Extended Data Figure 3 and fig. 6). 

 Why sexual conflict was not observable between the male and female fitness in 

hermaphroditic male-evolved individuals (fig. 8), but was present in asexual growth between 

the sexes (Supplementary material Appendix 8, Extended Data Figure 3) in C5 line, might be 

the adaptation of the evolved lines to sorbose, a sugar which inhibits spreading through the 

plate. As a result the conflict seen in the mycelium growth does not show up in the fitness 

results, as the samples overgrow plate in around four days, while we perform mixing with 

water (mating) after one week, thus even the slowest growing males are fertilizing all the 

females anyways in this limited space. Also we used a non-evolved partner for female, but an 

evolved partner for male fitness assessment. 
 

 

4.3. Future perspectives 
 

 I have performed fitness assays and correlations between the male and female fitness 

as well as mycelium growth rate. However, more experiments should be done to answer 

several questions. To see if the evolved lines are better than ancestral (control) lines, 

competition assays between evolved and non-evolved lines marked with GFP (Supplementary 

material Appendix 5) to be able to later differentiate ascospores by using flow cytometry have 

to be performed. In addition, the DNA and RNA of the best candidates (C5 line) and controls 

have to be sequenced to pinpoint the adaptive mutations as well as mating type linked 

mutations and gene expression to see how the genomes that are associated with the mating 

types have evolved and deal with separate sexes and sexual conflicts at the genomic level. 

 There are some drawbacks in our experiments as well that have to be overcome. For 

example, we did not use an evolved male partner, when assessing female fitness, thus 

comparisons between total male and female fitness cannot be made. The problem is that non-

evolved lines are not adapted to sorbose, thus they do not grow as fast, therefore the fast 

growing evolved lines overgrow them, so next time an evolved partner has to be obtained and 

used in the fitness assays. The other drawback as previously mentioned is, that to be able to 

make comparisons between different samples, they have to be tested at the same time, but as 

the sample size is very large to be able to do that the project needs quite a lot of workforce. 

 The lines could be allowed to co-evolve for a longer time as only one line adapted to 

the newly assigned sex roles after 21 generations. 
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5. Conclusions 
 

 By evolving male pheromone knock-out Neurospora crassa lines in an evolutionary 

setup, where either mating type is forced to adapt to its restricted sex role, after 21 sexual 

generations we obtained one Δccg4 line, which indeed adapted to the newly assigned sex 

roles. Meanwhile the hermaphroditic lines used as controls did not differ between the mating 

types. Then I searched for sexual conflicts to explain this adaptation. At generation 15 and 21 

I obtained mixed results for the presence of sexual conflict between male and female fitness in 

the hermaphroditic male partners of this adapted line. However I found a sexual conflict in the 

asexual growth, where male role is associated with increased, but female role with decreased 

mycelium growth rate, thus maybe explaining the observed adaptation. Testing for the 

presence of sexual conflicts is not so easy, thus many different methods should be used in 

testing traits, where there could be a trade-off between the sex roles. As we obtained only one 

adapted line, the experimental co-evolution can be continued to see greater differences 

between the sexes in the future, but right now this work allows to study genomic mechanisms 

underlying the already discovered sexual differentiation of the mating types in this particular 

line. 
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Appendix 1 

 

Workflow 
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Appendix 2 

 

Media recipes 
 

Vogel's Minimal Medium (VM): 

Sucrose 1% 

Agar 1.5% 

Vogel's 50X salts stock: 2% 

dH2O 755 ml 

Na3 citrate.2H2O 125 g 

KH2PO4 250 g 

NH4NO3 100 g 

MgSO4.7H2O 10 g 

CaCl2.2H2O (dissolved) 5 g 

Trace element solution* 5 ml 

Biotin stock solution for Neurospora (5 mg biotin in 50 ml 50% ethanol) 2.5 ml 

* Citric acid.1H2O - 5 g; ZnSO4.7H2O - 5 g; Fe(NH)42(SO4)2.6H2O - 1 g; CuSO4.5H2O - 0.25 

g; MnSO4.1H2O - 0.05 g; H3BO3 (anhydrous) - 0.05 g; Na2MoO4.2H2O - 0.05 g 

 

Synthetic Crossing Medium with Sorbose (SCS) 600 ml: 

Sorbose 12 g 

Agar 9 g 

25% Glucose-Fructose solution 1.2 ml 

2 L 2XSC stock: 300 ml 

KNO3 4 g 

K2HPO4 2.8 g 

KH2PO4 2 g 

MgSO4.7H2O 2 g 

NaCl 0.4 g 

CaCl2.2H2O (dissolved separately) 0.4 g 

Biotin stock solution for Neurospora (5 mg biotin in 50 ml 50% ethanol) 0.2 ml 

Trace element solution for Neurospora 0.4 ml 
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Appendix 3 

 

Protocol for DNA extraction with Chelex
®
 100 Resin 

 

1. Make 5% Chelex
®
 100 Resin bead dilution in dH2O and autoclave. 

2. Place the solution on a magnetic stirrer and pipette 150 µl per sample in a PCR plate. 

3. Add one loop of conidia to the wells: 

a. heat the loop in a flame till it is red 

b. dip the loop into the Chelex solution, creating a "lens'' 

c. touch the conidia of a sample with the loop 

d. dip the loop into the 150 µl in its respective well 

e. sterilize the loop and repeat for each sample 

4. Close the wells well and vortex. 

5. Place the samples in a heating block (PCR machine) at 95 °C for 15 min. 

6. Vortex again. 

7. Spin down the Chelex and other debris at 1000g for 2 min. 

8. Samples (the supernatant) are ready to use for a PCR or stored at 4 °C for weeks. 

When pipetting samples for PCR, be sure not to pipette in the Chelex. 
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Appendix 4 

 

Polymerase chain reaction (PCR) 
 

Reagents Volume per 1 sample (µl) in total 20 µl 

10X Buffer MgCl2* 2 

Nuclease free H2O 11.9 

10 mM dNTPs* 0.4 

10 mM Fw primer 0.3 

10 mM R primer 0.3 

Dream Taq* 0.075 

DNA 5 

*- Thermo Scientific (MA, USA) 
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Appendix 5 

 

Set up of competition assays 
 

a. Δccg4 

1. male-male competition 

a. 60 inoculate points ♀ Δccg4 - A 

b. 30 inoculate points ♂ GFP - a 

c. 30 inoculate points ♂ evolved Δccg4 - a 

2. "male"-female competition 

a. 60 inoculate points ♂ Δpre1 - A 

b. 30 inoculate points ♀ GFP - a 

c. 30 inoculate points "♂" evolved Δccg4 - a 

3. female-female competition 

a. 60 inoculate points ♂ Δpre2 - a 

b. 30 inoculate points ♀ GFP - A 

c. 30 inoculate points ♀ evolved Δccg4 - A 

b. Δmfa1 

1. male-male competition 

a. 60 inoculate points ♀ Δmfa1 - a 

b. 30 inoculate points ♂ GFP - A 

c. 30 inoculate points ♂ evolved Δmfa1 - A 

2. "male"-female competition 

a. 60 inoculate points ♂ Δpre2 - a 

b. 30 inoculate points ♀ GFP - A 

c. 30 inoculate points "♂" evolved Δmfa1 - A 

3. female-female competition 

a. 60 inoculate points ♂ Δpre1 - A 

b. 30 inoculate points ♀ GFP - a 

c. 30 inoculate points ♀ evolved Δmfa1 - a 

c. hermaphrodite 

1. male-male competition 

1) 

a. 60 inoculate points ♀ Δmfa1 - a 

b. 30 inoculate points ♂ GFP - A 

c. 30 inoculate points (♀♂) evolved wt - A 

2) 

a. 60 inoculate points ♀ Δccg4 - A 

b. 30 inoculate points ♂ GFP - a 

c. 30 inoculate points (♀♂) evolved wt - a 

2. female-female competition 

1) 

a. 60 inoculate points ♂ Δpre1 - A 

b. 30 inoculate points ♀ GFP - a 

c. 30 inoculate points (♀♂) evolved wt - a 

2) 

a. 60 inoculate points ♂ Δpre2 - a 

b. 30 inoculate points ♀ GFP - A 

c. 30 inoculate points (♀♂) evolved wt - A 
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Appendix 6 

 

 
Extended Data Figure 1. Female reproductive success in evolved line C5 (Δccg4) at 

generation 15. F1 (highest fitness female), F2 (intermediate fitness female) and M3 (low 

fitness male), M6 (lowest fitness male) used for the linkage experiment.  
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Appendix 7 

 

 
Extended Data Figure 2. Female fitness of ten F1xM6 samples inoculated with one week 

difference in the experimental schedule. Three biological replicates per sample. Data analyzed 

with two-way ANOVA. ***P < 0.001, ns = not significant. 

  



31 

Appendix 8 

 

 
Extended Data Figure 3. Linear regressions between mycelium growth rates and female (F) 

and male (M) fitness in evolved lines at generation 21. 

 


