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Introduction 

The continuation of life is dependent on constant production of new indi-
viduals. Ways to reproduce vary greatly among different life forms, ranging 
from clonal reproduction to production of new individuals through recombi-
nation of genetic material from two unrelated parental sources. The repro-
ductive strategy of an organism has both immediate consequences on each 
individual during its lifetime, depending on its need to find a mate to pro-
duce offspring. An organism’s reproductive strategy also has consequences 
for its possible evolutionary trajectory due to different constraints on the 
process of natural selection. In this thesis, I have used the fungal model sys-
tem Neurospora to test the generality of hypotheses raised on the evolution 
of reproductive traits and reproductive pathways.  

Reproductive mode, an organism’s path through 
evolution 
Classification of an organism’s reproductive mode is not always easy. The 
two extremes, clonal and recombination of genetic material from different 
sources are commonly categorized as asexual and sexual, respectively. The 
distinction of the forms in-between varies widely in the literature (Xu, 2004). 
In addition, many organisms are capable of both forms of reproduction, and 
sexually reproducing organisms show varying levels of outcrossing, ranging 
from complete self-sterility to obligate self-fertilization (Bell, 1982) 

In eukaryotes, sexual reproduction is common. Most animals and plants 
reproduce sexually and division of individuals into separate sexes, i.e., fe-
males and males, is also common (Bell, 1982; Billiard et al., 2011). In fungi 
and other microorganisms, reproduction, sex and recombination are often 
decoupled, and many species appear to reproduce exclusively asexually (Xu, 
2004; Heitman et al. 2007; Lee et al., 2010).  

The evolution of sex, both its origin and maintenance, represents one of 
the long-standing puzzles in evolutionary research due to the high costs as-
sociated with sexual reproduction, including the effort of finding a mate and 
the production of males. Despite these high costs, sexual reproduction is 
widespread (Bell, 1982). Through the years, a large theoretical framework 
has developed to explain the evolutionary consequences associated with 
different reproductive strategies. Theory predicts that an organism’s repro-
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ductive strategy has fundamental consequence for its genome evolution 
through the effects on effective populations size, genetic variation, selective 
power and drift (Charlesworth and Wright, 2001; Charlesworth, 2006).  

In comparison to outbreeding sexual species, asexual and highly inbreed-
ing species are prone to have reduced genetic variation due to smaller effec-
tive population sizes, which enhances the effect of genetic drift and reduces 
the efficacy of selection (Charlesworth and Wright, 2001; Haudry et al., 
2008). Reduced power of purifying selection is predicted to accelerate pro-
tein evolution due to accumulation of slightly deleterious mutations (Ki-
mura, 1968; Charlesworth et al., 1993; Charlesworth and Wright, 2001).  

In addition, the effective rate of recombination (i.e., the processes of 
crossing over or independent assortment of chromosomes to produce new 
combinations of the original genetic material) is lower for highly inbreeding 
and asexual species, leading to enhanced genetic linkage further reducing the 
genetic variation by stronger influence of background selection (purifying 
selection of deleterious mutations lead to the loss of linked alleles) 
(Charlesworth and Charlesworth 2000) and genetic hitchhiking (i.e., selec-
tive sweeps of advantageous mutations will drag linked deleterious alleles to 
fixation) (Rice, 1987; Charlesworth and Charlesworth, 2000). Both these 
processes further reduce the efficacy of selection in highly inbreeding and 
asexual species, as compared to sexually outcrossing species (Charlesworth 
and Charlesworth, 2000). In contrast, in sexually outcrossing populations, 
recombination can generate fitter combinations by breaking up the associa-
tion between adaptive and deleterious alleles (Barton and Charlesworth 
1998). Further, in asexual populations, deleterious mutations are predicted to 
inevitable accumulate according to “Mullers Ratchet” (Muller, 1964; Felsen-
stein, 1974; Haigh 1978). 

The above theories, predicting eventual genomic decay and lowered 
adaptability in highly inbreeding and asexual species, in combination with 
the finding that asexual or highly inbreeding eukaryote species are generally 
young and have descended from sexually outcrossing ancestors, have lead 
researchers to suggest that asexuality or high levels of inbreeding is an evo-
lutionary dead end (Takebayashi and Morrell, 2001; Barton, 2010). 

The above-described theoretical framework has only recently been ac-
companied by real data from large-scale studies on natural populations, and 
thus far, the evidence is both scarce and inconclusive (reviewed by Whittle 
et al., 2011).  

Rapid evolution of reproductive genes 
Already Darwin (1859) understood that variation in traits was inherited from 
parents to offspring, although he did not know the mechanism of inheritance. 
It took almost a century after the publication of Darwin’s groundbreaking 
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book “On the Origin of Species” (Darwin, 1859) until the structure of the heri-
table agent, the deoxyribose nucleic acid, now commonly referred to by its 
abbreviation DNA, was discovered by Watson and Crick (1953). The discov-
ery of the genetic code has had a profound impact on the study of evolution, 
and with the recent development of large-scale sequencing techniques the field 
of evolutionary genomics reveals new insights into the process of evolution. 

One of the most striking findings in the study of molecular evolution was 
that genes involved in reproduction are among the fastest evolving genes 
(Clark et al., 2006; Singh and Kulathinal, 2000; Swanson and Vacquier, 
2002a,b). The phenomenon is particularly well known in the animal king-
dom, where rapidly evolving genes have been found in virtually all steps 
from mating, or release of gametes, to fertilization of the egg by a single 
sperm cell (Clark et al., 2006). Seminal fluid protein encoding-genes or 
genes expressed in reproductive tissues are in general found to be evolving 
rapidly (Clark et al., 2006; Nielsen et al., 2005; Swanson et al., 2004, Wal-
ters and Harrison., 2010) and demonstrate high gene birth and death rates in 
several taxa (Haerty et al., 2007; Tian et al., 2009; Walters and Harrison, 
2010). Genes involved in reproduction are also found to be rapidly evolving 
in plants, particularly genes functioning in self/non-self-recognition (Clark et 
al., 2006; Fiebig et al., 2004; Ikeda et al., 2004). Examples of certain rapidly 
evolving reproductive genes are also found in other eukaryotes including 
fungi and algae (Armbrust and Galindo, 2001; Clark et al., 2006; Martin et 
al., 2011; Pöggeler and Kück, 2001) 

High divergence in genes can be due to either positive Darwinian selec-
tion or relaxed selective constraints. However, the generality of the rapid 
divergence of genes essential for the fundamentally important ability to re-
produce indicates a general adaptive explanation (Clark et al., 2006) and 
numerous examples of positive selection driving the rapid evolutions of 
these genes have been confirmed (e.g., Clark et al., 2006; Finn and Civetta, 
2010; Nielsen et al., 2005; Martin et al., 2011). 

Sexual selection and other forces driving the fast divergence 
Several theories are proposed to explain the rapid evolution of reproductive 
genes. In particular, different aspects of sexual selection have been proposed 
as the driving forces, including all sorts of interactions between and within 
the sexes.  

Generally, due to the larger investment in the gamete in females as com-
pared to males, females are expected to be more selective in their mate 
choice. Commonly the females’ gametes are the limiting factor in reproduc-
tion and therefore males are more likely to compete over females with other 
males, called male-male competition. But males might also need to adapt to 
female preferences (Andersson, 1994). The classical examples of sexual 
selection found in animals include the extreme secondary sexual traits, such 
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as large ornaments and elaborate courtship behavior. These secondary traits 
that in many cases are clearly maladaptive for an individual’s viability, such 
as a peacock’s long tail or flash signaling in fire flies, show that sexual selec-
tion can posses the power to override natural selection (de Crespigny and 
Hosken, 2007; Hosken and House, 2011). Further, the importance of sexual 
selection in many animal groups can be seen in the extensive divergence of 
external reproductive organs between closely related taxa (Andersson and 
Simmons, 2006). Many closely related species, in particular among insects, 
are distinguished mainly on the morphology of these organs (e.g., see Linné, 
1758; Andersson, 1994). It is thus perhaps not surprising that the pattern of 
rapid evolution extends to the molecular level of sexual traits. 

Another hypothesis put forward to explain the rapid divergence of in par-
ticular gamete recognition genes is enhanced species recognition in sympat-
ric populations to avoid the production of unfit hybrids (Howard, 1999), 
commonly referred to as reinforcement (Dobzhansky, 1937). Whether this 
form of mate choice can be considered sexual selection depends both on 
ones definition of sexual selection but also where in the process of speciation 
the two populations are. 

Other hypotheses have also been proposed to be driving the rapid diver-
gence of reproductive genes, including self/non-self recognition to avoid 
inbreeding. Pathogen resistance is also proposed as a driving force for the 
high divergence of reproductive genes, in particular for rapid divergence of 
surface proteins of gametes or female tract proteins to avoid infestation by 
sexually transmitted pathogens and disease (Clark et al., 2006). 

Broadening the horizons 
Over time, the overwhelming majority of biological research has focused on 
the animal (in particular vertebrates) and plant kingdoms. Scientific knowl-
edge in other organism groups is not as detailed. The reason for the discrep-
ancy in attention given to different life forms is logical; curiosity is easier 
applied to creatures that are commonly and easily observed in our surround-
ings and to those that share features with ourselves.  

But, there are, of course, very important reasons for science to actively 
seek knowledge in the organisms that have been given less attention. First, it 
is obvious that in order to know the universality of a phenomenon, taxo-
nomically different groups need to be studied; i.e., a model based on obser-
vations in humans and house mice cannot with scientific support be general-
ized to a larger context than the specific division of mammals that share 
common ancestry with the studied species. Thus, in order to be able to infer 
a model for e.g. the animal kingdom as a whole, we must include studies on 
other animal taxa representing the earliest split from the lineage leading to 
mammals in the tree of life for animals. 
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A second and much more interesting reason for getting off the beaten 
track in biological research is that in the astonishing diversity of life forms 
the enormous variety of solutions for the same problems can be used to study 
the causes and consequences of the individual components of a given me-
chanism independently. For instance, in order to separate the effect of two 
factors on a specific process, such as the effect of sex-specific evolution and 
suppressed recombination on the evolution of sex chromosomes, we need to 
study organisms where the connection between the two factors is different. 

But perhaps the simplest reason may be the most important: the diversity 
itself – the adaptations and peculiarities unique to each organism that has 
ever populated the globe – is in itself fascinating and worthy of our full at-
tention.  

For all above reasons, I was lured into the world of fungi, the kingdom 
most people perhaps associate with relaxing mushroom picking excursions 
in the autumn, or the mold on old bread.  

But there is so much more. 

Fungi 

“We may be sure that as green plants and animals disappear from the globe, 
some of the fungi will always be present to dispose of the last remains” 

 
- B.O. Dodge, 1939 

 
The fungal kingdom is estimated to contain 1.5 million species (Hawk-

sworth, 2001) or more (Lutzoni et al., 2004). Although most fungal species 
do have chitin in their cell walls, do have extracellular digestion and live 
their lives as heterothrophs (Alexopoulos, 1996), the diversity of included 
species groups makes it difficult to satisfactory define what a fungus actually 
is. Therefore, definitions are commonly based on phylogenetic relationship 
(e.g., Lutzoni et al., 2004). 

Fungi are essential in virtually all ecosystems, and are of particular im-
portance for nutrient cycling and decomposition of plant material. Fungi are 
also important as mutualistic symbionts with other organisms, e.g., my-
corrhizae and lichens. Fungal parasites and pathogens infect organisms of 
most life forms, including humans and many human crops and domesticated 
animals. On the other hand, many fungal species are domesticated to differ-
ent degrees and of great importance in human food processing, including 
bread, beer and wine brewing, and fermentation of many other food sources. 
In addition, many mushrooms (fungal fruitbodies) are considered exclusive 
delicacies (Alexopoulos, 1996; Lutzoni et al., 2004). 

Another interesting aspect of fungal biology is the phylogenetic relation-
ships to animals and plants. Historically fungi were classified as plants, but 
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in 1993 a molecular phylogenetic study disclosed that fungi are closer rela-
tives of animals (Baldauf and Palmer, 1993). Since all three kingdoms be-
long to the eukaryotes, testing theoretical predictions developed from study-
ing animals and plants in fungi will help us understand the universality of 
these models in the Eukaryotes.  

In particular, the diversity of fungal reproductive strategies makes them 
especially interesting for the study of the evolution of reproductive traits 
(Xu, 2004). In animals and plants, sexual reproduction is the most wide-
spread reproductive strategy, and division of individuals into separate sexes 
is very common (Bell, 1982). In fungi, there are no distinct sexes, and repro-
ductive pathways and processes that are generally intrinsically connected in 
animals and plants are commonly decoupled. Further, strains kept in the 
laboratory are virtually immortal (Stajich et al., 2009). Thus, the possibility 
to investigate the evolutionary consequences for the reproductive compo-
nents separately makes fungi very interesting as model organisms in evolu-
tionary studies of reproductive traits (Billiard et al., 2011; Lee et al., 2010; 
Xu, 2004).  

Further, the rapid evolution of genes involved in reproduction, as demon-
strated by the finding of genes involved in virtually all steps from mating to 
fertilization in animals evolving under positive selection (Clark et al., 2006), 
has not yet been tested in fungi, although a few genes with known reproduc-
tive function have been shown to evolve rapidly (e.g., Pöggeler, 1999, Mar-
tin et al., 2011). The fast divergence of reproductive genes, in particular in 
animals, is mainly attributed to sexual selection. In fungal research, sexual 
selection has only recently been studied (Nieuwenhuis et al., 2011, Rogers 
and Greig, 2009), although reproductive success is known to differ within 
species (e.g., Dettman et al. 2003b).  

Neurospora – the “fruit fly” of filamentous ascomycetes 
There may be several reasons why one chooses to study a particular species 
or group of organisms. Often personal interest in a particular favorite organ-
ism is the driving factor. For others, the interest in a specific scientific ques-
tion becomes the crucial factor, which indirectly determines a model organ-
ism, such as the extensively studied fruit fly Drosophila. However, the cho-
sen model organism might grow on you, and by time becomes the favorite. 
For this thesis, the questions in mind – testing theoretical predictions on sex 
and reproductive gene evolution, mainly based on studies in animals and 
plants, in the fungal kingdom – were in need of a good fungal model organ-
ism; a model showing a diversity of reproductive strategies and being easy to 
work with in the laboratory. The filamentous ascomycete genus Neurospora 
proved to be the perfect choice for me. And indeed, it grows like crazy… 
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The genus Neurospora was scientifically described by Shear and Dodge 
in 1927, although it was before this extensively studied as a contaminant in 
French bakeries already in the mid-1800s, where it was called the red bread 
mold (Davis, 2000), and was used in Indonesia to ferment legume cakes 
called oncom (ontjom) (Ho, 1986). During the 20th century Neurospora re-
search developed and the genus became an important model in genetics. 
Over the years, laboratory methods for cultivation and crossing individual 
strains have been refined, and in 2003 the complete genome sequence of the 
species Neurospora crassa was published, as one of the first fungal genomes 
to be completely sequenced (Galagan et al., 2003). With the genome se-
quence available, powerful genetic tools have been developed as well as the 
production of gene deletion mutants for all non-essential genes (Dunlap et 
al., 2007). Further, several thousand strains of both mutants and wild types 
collected from all over the world are available from The Fungal Genetics 
Stock Center (FGSC, University of Missouri, MO, USA) (McCluskey, 
2003).  

During the last decade, Neurospora has become an important model for 
evolutionary studies, in particular in research regarding species concepts, 
speciation and sex chromosome evolution (e.g., Dettman et al., 2003a, b, 
Turner et al., 2010, Menkis et al., 2008, Ellison et al., 2011, Whittle et al.,  
2011). And recently it has been used as a model for studying evolution of 
reproductive genes (Wik et al., 2008, Strandberg et al., 2010). 

Neurospora reproduction 
Neurospora belongs to the Ascomycota, commonly called sac fungi, in 
which sexually reproducing species are distinguished by the sac-like struc-
ture, the ascus, wherein the sexually produced ascospores develop. The pub-
licly most commonly known Ascomycetes are likely the edible truffles and 
baker’s yeast. 

In contrast to most well known eukaryotes, Neurospora (like ascomycete 
fungi in general) lives most of its life as a haploid, i.e., with only one set of 
chromosomes in each cell. The diploid phase, which for most animals and 
plants represents the major part of the life cycle, is only very brief in Neuro-
spora. Almost immediately after karyogamy, meiosis takes place to restore 
the haploid state (Read and Beckett, 1996, Raju 1980). 

The genus Neurospora contains taxa representing all three major sexual 
reproductive modes present in the filamentous ascomycetes: heterothallism, 
homothallism and pseudohomothallism.  
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Figure 1. Life cycle of heterothallic Neurospora. Illustration by Marc Maas. 



 17 

Heterothallism 
Heterothallic taxa of Neurospora are self-incompatible, and thus each indi-
vidual strain needs to find a partner to go through sexual reproduction. Sex-
ual compatibility is determined by the mating-type locus (mat), which in 
Neurospora can be either mat a or mat A; mating partners need to be one of 
each mating type. The mating-types do not constitute different sexes; instead 
all individuals can produce both female and male reproductive structures 
(Whittle and Johannesson, 2011). Firgure 1 illustrates the life cycle of het-
erothallic Neurospora. 

The male structures are called conidia and are asexually produced mitotic 
spores, although a hyphal fragment can also function as the male cell (Davis, 
2000). Most heterothallic taxa of Neurospora form two types of conidia, 
macro- and microconidia, which are produced by different pathways and 
under different conditions. Both forms of conidia are believed to be involved 
in fertilization while the larger macroconidia are also believed to be impor-
tant in short-scale dispersal and colonization, thus representing an asexual 
life cycle in Neurospora (Springer, 1993). The typical orange macroconidia 
can be produced in massive amounts, sometimes referred to as the “orange 
bloom” (Perkins and Turner, 1988).  

The female structures are produced within the mycelia by differentiation 
of the vegetative mycelium to form protoperithecia, immature fruitbodies. 
From these structures a specialized female hypha, called trichogyne, grows 
out in active search for a compatible partner, mediated by chemotropic 
pheromone signaling from the male cells (Bistis, 1983). The trichogyne will 
home in towards a compatible male cell and coil around it (Figure 2) fol-
lowed by cell fusion (plasmogamy). After fusion, the male nucleus migrates 
through the trichogyne into the developing fruitbody in which the male and 
female nuclei in parallel go through a series of nuclear divisions before 
karyogamy. Shortly after karyogamy, meiosis takes place followed by a run 
of mitosis and development of the ascospores in the typical eight-spore ascus 
(Figure 1) (Raju, 1980). 

After maturation, the ascospores are actively discharged into open air. 
The sexually produced ascospores are believed to be long-lived in nature and 
important for long-distance dispersal. Germination is fire dependent and the 
ascospores will await heat or fire derived chemical activation to germinate 
(Davis, 2000). Independent studies have shown that heterothallic Neuro-
spora are highly outbred in nature (Ellison et al, 2011; Powell et al., 2003) 
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Figure 2. Photograph showing a trichogyne (the female receptive hypha) coiling 
around the germ tube of a conidium of compatible mating type. The blurry dots are 
germinating conidia. Photo by Dave Jacobson. 

Homothallism 
In contrast to the heterothallic taxa, homothallic taxa of Neurospora are self-
compatible and thus able to reproduce sexually autonomously (Whittle and 
Johannesson, 2011). Because they are haploid, homothallic sexual reproduc-
tion is genetically equivalent to asexuality since the two nuclei that will re-
combine are identical (Nauta and Hoekstra, 1992). The homothallic Neuro-
spora taxa have never been reported to outbreed and lack the structures 
needed for sexual outcrossing, i.e. trichogynes and condidia (Howe and 
Page, 1963, Perkins, 1987). There are only two exceptions, the two 
homothallic taxa N. kobi and N. pseudoreticulata have been described to 
form conidial structures, although for N. pseudoreticulata they do not appear 
to be normally functioning (Cailleux, 1971). For N. kobi the structures 
showed similarities to the typical orange conidia in the heterothallic species, 
although they were mainly immature (Arx, 1982). These two observations, 
of conidial structures similar to the conidia of heterothallic species, but ap-
parently degenerate, indicates that conidia might have been lost in the 
homothallic taxa, rather than being a novel structure in the heterothallic taxa 
producing them. In the ascomycetes in general, conidia in various forms are 
very common and many species seem to reproduce solely by the asexual 
conidial pathway (Ebbole, 2010; Lee et al., 2010). 
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Pseudohomothallism 
Pseudohomothallic species of Neurospora are self-compatible by being het-
erokaryotic for mating type (Whittle and Johannesson, 2011). The hetero-
karyotic life form is kept through out the life cycle as the sexually produce 
spores also contain nuclei of both mating types. However, occasionally self-
incompatible homokaryons are produced. There are two pseudohmomthallic 
taxa of Neurospora, N. tetrasperma and N. tetraspora. In order to maintain 
the heterokaryosis, recombination of the mating type chromosome between 
the centromere and the mating-type locus is either suppressed (N. tet-
rasperma) or obligate (N. tetraspora) (Raju and Perkins, 1994), indicating 
that these two taxa have evolved pseudohomothallism independently. Fur-
ther, homokaryons of N. tetrasperma are functional heterothallic, i.e., they 
produce both trichogynes, conidia and are able to cross, while N. tetraspora 
seem to have lost these characters (Backus, 1939; Raju, 1992) 

The mating-type (mat) locus in Neurospora 
The mating-type genes of ascomycetes are the master regulators of sexual 
reproduction; encoding transcription factors that not only regulate cell iden-
tity but also reproductive development (Lee et al., 2010). The two alternate 
mating-types in Neurospora, mat A and mat a, show completely dissimilar 
sequences and are therefore called idiomorphs (Glass et al., 1988). The mat 
A idiomorph contains three ORFs, mat A-1, mat A-2 and mat A-3, where mat 
A-1 confers mating identity and mat A-2 and mat A-3 are believed to be im-
portant for post-fertilization events (Ferreira et al., 1996, 1998). The mat a 
idiomorph only contains one ORF, mat a-1 (Staben and Yanofsky, 1990).  

Heterothallic (self-incompatible) Neurospora species have the typical he-
terothallic organization of mat, i.e. each individual is either mat A or mat a, 
and the genes have been shown to be conserved within the studied hetero-
thallic Neurospora species, including the pseudohomothallic N. tetrasperma 
(Wik et al., 2008).  

In contrast, the homothallic taxa of Neurospora with known mat-gene 
content show a high variation in the composition of mat genes. Some contain 
the full ORFs of all genes from both mat idiomorphs, while others have at 
lest one of the ORFs disrupted by a premature stop codon, or even lack one 
of the genes completely (Beatty et al., 1994; Glass et al., 1988, 1990; Wik et 
al., 2008). One of the most studied homothallic Neurospora species, N. afri-
cana, only contains the mat A idiomorph (Glass and Smith, 1994; Wik et al., 
2008). Further, the general evolutionary constraints seem to be relaxed for 
the mating-type genes in the homothallic taxa when compared to the hetero-
thallic (Wik et al., 2008). 
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Manipulating mat - reproductive mode switch in 
Ascomycetes 
The wide phylogenetic distribution of fungal species with different reproduc-
tive modes indicates that reproductive mode switches are common in fungi. 
Theoretical models on the selective forces driving evolution of self-
compatibility in fungi predict that evolution from heterothallism to 
homothallism should be common, while evolution in the opposite direction 
is very unlikely (Nauta and Hoekstra, 1992). Biological data suggest that in 
ascomycetes, homothallism may evolve by a single crossover in “pockets” of 
sequence similarity of the mating-type locus creating an individual contain-
ing both mating-types in the same genome (Turgeon and Debuchy, 2007).  

Published studies on reproductive mode switches in different Ascomycete 
genera show that homothallism has evolved from heterothallic ancestors on 
multiple occasions within Cochliobolus (Yun et al., 1999), Stemphylium 
(Inderbitzin et al., 2005) and Crivellia (Inderbitzin et al., 2006).  

The pattern of the mat structure found in Neurospora partially resembles 
the situation in Cochliobolus where Yun et al. (1999) found that the struc-
tural organization of the mating-type (MAT) loci in five tested heterothallic 
Cochliobolus species was conserved and that each individual strain was ei-
ther MAT-1 or MAT-2. The four homothallic species tested all had both 
MAT genes within their genomes, but each species had a unique organiza-
tion of the two genes. Further, all homothallic taxa had heterothallic taxa as 
their closest relatives, thus indicating that homothallism has arisen at multi-
ple occasions within Cochliobolus, by independent unequal cross-over 
events within the MAT locus (Yun et al., 1999, Turgeon and Debuchy, 
2007).  

In Stemphylium, two origins of homothallism from heterothallic ancestors 
are found (Inderbitzin et al., 2005). One group only contains the MAT1-1 
(homologue to the mat A idiomorph). The genetic mechanism making these 
strains self-compatible is not clear. In the other group, both MAT1-1 and 
MAT1-2 (homologue to mat a) are fused in the MAT locus. Further, the 
exact splicing site for the cross-over that gave rise to the fusion is traceable 
in the genetic sequences from these homothallic species, and phylogenetic 
analyses of the MAT genes supports monophyly of this group. Intriguing, 
the taxa found with the same fused MAT genes do not constitute a mono-
phyletic group when four non-coding molecular markers unlinked to MAT, 
are analyzed; instead they form two separate clades. Inderbitzin et al. (2005) 
explains this by lateral transfer of the fused MAT locus.  

Experimental studies provide evidence on the ease of transformation from 
heterothallism to homothallism. Yun et al. (1999) incorporated the fused mat 
genes of the homothallic Cochliobolus luttrellii into a heterothallic MAT-
deletion strain of C. heterostrophus, which was enough to enable self-
fertilization. Likewise, Pöggeler et al. (1997) showed that the fused mating 
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type locus from the homothallic Sordaria macrospora could induce fruit-
body formation when transformed into heterothallic strains of Podospora 
anserina. These data further strengthen the hypothesis that transition from 
heterothallism to homothallism may depend solely on an unequal cross over 
in the MAT locus. 

The evidence for reproductive mode switches in the other direction (i.e., 
from homothallism to heterothallism) is scarce, but not absent. Experimental 
studies have shown that deletion of either one of the mat genes in Gibberella 
zeae, which is capable of both selfing and outcrossing, results in self-sterility 
without affecting the ability to cross (Lee et al. 2003). And within the genus 
Aspergillus the direction and mechanisms behind switches in reproductive 
mode is debated (Galagan et al., 2005; Rydholm et al., 2007; Lee et al., 2010) 

Taken together, both theoretical predictions and empirical data strongly 
favors shifts in reproductive mode from heterothallism to homothallism over 
vice versa. From the information available for Neurospora, i.e., the mat gene 
structure and degeneration of reproductive structures in homothallic taxa, it 
seems likely that the direction of switches within Neurospora is no exception 
(Perkins, 1987). But, in order to test any hypothesis on direction of switches 
within Neurospora, we need to have a robust hypothesis on the evolutionary 
relationships between the taxa representing the different reproductive modes. 

Taxonomy and evolutionary history of Neurospora 
Neurospora is one of many genera belonging to the family Sordariaceae. 
Classification of taxa within the family has largely been based on spore 
morphology, mainly because it represents one of the most prominent mor-
phological characters and shows extensive variation between taxa. Lately, 
molecular phylogenetic studies have proven the original classification to be 
insufficient (Cai et al., 2006; Dettman et al., 2001; Dettman et al., 2003a, 
2006; Pöggeler, 1999), although Garcia et al. (2004) argue that spore wall 
ornamentation may still be useful to sort out relationships within species 
groups, but not to separate the different genera. 

Independent phylogenetic studies using different sets of molecular mark-
ers have all found that the heterothallic species of Neurospora, including the 
well studied N. crassa and the pseudohomothallic N. tetrasperma, form a 
monophyletic group (Cai et al., 2006; Dettman et al., 2003a; Pöggeler, 
1999). Relationships within this clade have been thoroughly investigated, 
although not yet fully resolved (Dettman et al., 2003a, 2003b, 2006; Menkis 
et al., 2009; Villalta et al., 2009). 

Concerning the rest of the taxa in Neurospora, molecular based phyloge-
netic studies consistently show that the genera Neurospora and Gelasino-
spora do not form two separate monophyletic groups (Cai et al., 2006; 
Dettman et al., 2001; Garcia et al., 2004). This led Garcia et al. (2004) to 
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revise the classification and consider Gelasinospora to be a synonym of 
Neurospora. Cai et al. (2006) did not support the new classification since, 
based on their data, doing so would not create a monophyletic group. How-
ever, Cai et al. (2006) found no support for the monophyly of either Neuro-
spora or Gelasinospora, and I therefore do not see any conflict with the fu-
sion of the genera by Garcia et al. (2004) and I consequently use the revised 
names throughout this thesis. 

Sexual attraction: mate first, ask questions later? 
Sexual attraction of compatible mates in heterothallic species of Neurospora 
is mediated by mating-type dependent pheromone signaling (Bistis, 1983). 
Male mat A cells secrete the pheromone CCG-4 which bind to the phero-
mone receptor PRE-2 on the surface of mat a trichogynes (the female recep-
tive hyphae). And in the opposite direction mat a males produces MFA-1 
which binds to PRE-1 in mat A females (Kim and Borkovich, 2004, 2006). 
Deletion of either of the pheromone precursor gene ORFs (ccg-4 or mfa-1, 
respectively) results in mating-type specific male sterility due to lost ability 
to attract the female trichogyne, while female fertility, vegetative growth and 
macroconidiation is unaffected (Kim and Borkovic, 2006). In Podospora 
anserina the pheromones have been shown to only be essential for the initial 
attraction and cell fusion with no effect on later stages in sexual reproduction 
(Coppin et al., 2005). Thus the pheromone - pheromone receptor interactions 
seem to be specialized for sexual attraction of compatible mates, although 
further functions have been suggested (Kim and Borkovich, 2004). 

The protein sequences for each of the two pheromones is identical be-
tween the species Neurospora crassa and species of Sordaria (Martin et al., 
2011), indicating that they are solely able to signal mating type and not spe-
cies identity. This is further strengthened by a large-scale crossing experi-
ment where hybrid crossings between N. crassa and N. intermedia were able 
to pass this stage in the reproductive pathway, i.e., the trichogyne grows 
towards and fuses with the male cells of compatible mating-type of the other 
species (Dettman et al., 2003b). Despite this, true hybrids have not been 
found in nature, and in the above-mentioned crossing experiment sympatric 
hybrid crossings were shown to abort the sexual development at an earlier 
stage than allopatric hybrid crosses, indicating that reinforced post-mating 
barriers have evolved in order to avoid the production of unfit hybrids 
(Dettman et al., 2003b, Turner et al., 2010). Thus it seems that the female in 
these crosses are able to distinguish between mate choices after mating has 
occurred (Turner et al., 2010). 

The pheromone receptor genes pre-1 and pre-2 are G-protein coupled re-
ceptors, and ligand binding results in activation of a signal transduction 
pathway that prepares the cell for cell fusion and further regulates phero-
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mone precursor and pheromone receptor gene expression (Kim and Bork-
ovic, 2006). Both of these pheromone receptor genes have been found to be 
expressed in strains of both mating-types, and studies in Neurospora and on 
the gene homologues of pre-1 and pre-2 in other fungi have suggested post-
fertilization functions including induction of meiosis, nuclear migration and 
internuclear recognition (Casselton and Olesnicky, 1998; Chikashige et al., 
1997; Debuchy 1999).  

Rapid evolution of pheromone receptor genes in Neurospora 
In contrast to the conserved pheromones, the pheromone receptor genes 
(pre-1 and pre-2) are found to be highly divergent between Neurospora 
crassa and Sordaria macrospora (Pöggeler and Kück, 2001), although at the 
time the driving forces behind the differentiation were not investigated. In 
fungi, a few examples of high divergence of reproductive genes are reported 
(Brown and Casselton, 2001; Pöggeler, 1999; Pöggeler and Kück, 2001; 
Martin et al., 2011).  

Why would these genes evolve faster than other genes? Rapid evolution 
of reproductive genes in animals is largely attributed to different aspects of 
sexual selection, such as sperm competition and cryptic (post-mating) female 
choice (Clark et al., 2006). Would these theories hold as a starting hypothe-
sis in fungi? Until recently nothing was known about sexual selection in the 
fungal kingdom. This year Nieuwenhuis et al., (2011) was the first to present 
evidence of sexual selection in wild type strains of fungi by showing both 
male-male competition and female choice in the basidiomycete Schizophyl-
lum commune. An experimental study in yeast is probably the first study of 
any organism to experimentally demonstrate the spread of a sexually se-
lected trait (the strength of phermone signaling) in a population (Rogers and 
Greig, 2009). In the latter, the trait under selection was known, while in the 
study of S. commune the traits involved are unknown, but must be of a mo-
lecular character since all interactions take place on the cell level (Nieuwen-
huis et al., 2011). Perhaps the scarce amount of reports on sexual selection in 
fungi is due to the difficulty of observing the traits under selection. 

Another hypothesis proposed to explain the fast evolution of gamete rec-
ognition genes is selection for enhanced species recognition in sympatric 
species (Howard, 1999; Swanson and Vacquier, 2002b). Perhaps the ob-
served reinforcement between sympatric species of Neurospora (Dettman et 
al., 2003b) can explain the fast evolution of the phermone receptor genes in 
Neurospora?  
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Pheromone signaling in self-compatible species: loss of 
function? 
If a taxon is capable of proceeding through sexual reproduction without at-
tracting a mate, what happens to the genes involved in mate recognition and 
attraction? Will they be lost, or do these genes have other functions that will 
cause them to be maintained also in the genomes of the homothallic taxa? 
Studies of pheromone precursor and receptor genes in other homothallic 
ascomycetes show variation in the use and necessity of these genes in differ-
ent species. In the homothallic Sordaria macrospora, deletion of any one of 
the four genes did not affect sexual reproduction, while deletion of a com-
plete pheromone precursor and receptor-pair, or both pheromone precursors, 
or both receptors, all had drastic effects on sexual reproduction. Deletion of 
both pheromone receptors made the fungus sterile (Mayrhofer et al., 2006). 
In Gibberrella zeae, which is homothallic, but still outcrossing (Schmale et 
al., 2006; Zeller et al., 2004), one of the pheromone precursor and receptor 
pairs seems to have no function at all, while the other pair enhances repro-
duction but it is not essential for selfing (Lee et al., 2008). And intriguingly, 
in Aspergillus nidulans the pheromone precursor and receptor pairs seem to 
be essential only for selfing, not outcrossing (Seo et al., 2004).  

Detecting selection using protein coding gene sequences 
Genes coding for proteins are particularly useful for detecting selection since 
the translation of the DNA sequence into an amino acid (protein) sequence is 
based on nucleotide triplets (codons) and a change of nucleotide (i.e., muta-
tion) has different consequences for the protein depending on in which of the 
three positions in the codon the mutation occurs. Generally a change in the 
first or second position leads to a change of the amino acid in the protein, 
while for many codons a change in the third position does not affect the pro-
tein sequence (although they might not be selectively neutral: e.g., Chamary 
et al., 2006; Plotkin and Kudla, 2011). A nucleotide change that does not 
alter the amino acid is called synonymous, while one that leads to a change 
of amino acid is called non-synonymous (Klug and Cummings, 2000). This 
difference in consequence for different mutations can be used to estimate the 
selective constraints acting on a gene. Given that mutations occur in any of 
these positions at equal rate, and that drift (loss or fixation due to stochastic 
factors) has the same effect on both, the chance of these mutations to be 
fixed depends on the selective forces acting on the mutation. If we assume 
that the synonymous positions are neutral, we can then compare the ratio of 
non-synonymous changes per possible non-synonymous site (dN) with the 
ratio of synonymous changes per possible synonymous site (dS) to infer the 
selective pressure acting on the gene.  
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If we observe that the rate of accumulation of amino acid changing muta-
tions is lower than the rate of accumulation of neutral substitutions, we will 
assume that the non-synonymous changes have had a negative effect on the 
protein and have thus been removed. This is generally called negative or 
purifying selection. If instead we observe that the amino changing mutations 
are accumulating at a faster rate than the neutral, we take that as evidence of 
the change in the proteins to be positive, and this is called positive selection. 

If we observe no difference in the rate of accumulation between amino 
acid changing and neutral mutations, the gene is assumed to evolve neu-
trally, which may indicate that the gene is not functional. 

Thus, the estimated ratio of dN over dS, dN/dS, will show the selective 
forces acting on a protein coding gene: dN/dS < 1 is purifying selection, 
dN/dS = 1 is neutral evolution and dN/dS > 1 is indication of positive selec-
tion. 

Due to functional restrictions it is not very likely that positive selection 
would affect all codons in a gene sequence at all times, and therefore models 
estimating the dN/dS values on the individual codons have been developed, 
in order to detect genes where changes in specific amino acids are positively 
selected (Delport et al., 2009).  

Computational methods to estimate selection in gene sequences 
The program codeml included in the Phylogenetic Analysis by Maximum 
Likelihood (PAML) package (Yang, 1997, 2007) is the today most widely 
used program for estimating dN/dS to infer selection in protein coding 
genes. Two types of models are commonly analyzed: branch models and 
codon site models.  

The branch models are used to investigate differences in overall dN/dS 
for the complete gene sequence over branches in a phylogenetic tree. Three 
types of branch models can be analyzed: i) one-ratio where all branches in 
the phylogeny are assumed to have the same global dN/dS, ii) free-ratios, 
where all branches are allowed an individual dN/dS, and iii) local ratios, in 
which the branches are divided into partitions, where each partition is al-
lowed an individual dN/dS estimate for the included branches. 

Codon site models estimate dN/dS for sites (codons or amino acids) over 
the phylogenetic tree. These models are generally used to estimate the selec-
tive constraints of a gene, and in particular to investigate if a gene contains 
codons evolving under positive selection. Four models divided into two 
nested pairs are implemented in codeml and commonly used to test for posi-
tive selection. The first pair consists of the nearly neutral (M1a) and the 
positive selection (M2a) model. M1a assumes two different classes of 
codons: one class where dN/dS is estimated from the data, but is smaller 
than one (0 < dN/dS < 1) and one class where dN/dS = 1. M2a adds one 
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extra class (to the M1a model) with dN/dS  1, thus, allowing positive selec-
tion (Wong et al., 2004; Yang et al., 2005). 

The second pair consists of the beta (M7) and the beta&  (M8) model. 
M7 uses a  distribution of dN/dS over codons in the interval 0 < dN/dS < 1, 
while M8 adds one extra class with dN/dS  1.  

The models of each pair are nested, and the relative fit of the models can 
be evaluated using the difference in likelihood values and the degrees of 
freedom (difference in parameters) with a 2-distribution to get a p-value. 
And the 5% level for the p-value is commonly used to reject the null model 
(the model not allowing dN/dS > 1). The comparison of the second pair ap-
pears to be more powerful. 

If the test provides significant support for positive selection, the Bayes 
empirical Bayes (BEB) approach (Yang et al., 2005) implemented in codeml 
can be used to identify specific codons with a high posterior probability of 
evolving under positive selection. 
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Research aims 

General aims 
The general aim of my thesis was to use molecular data from the fungal 
model Neurospora to investigate if the theoretical framework concerning the 
evolutionary consequences of reproductive traits and the rapid evolution of 
reproductive genes extends to the fungal kingdom. 

Specific aims 
I:  Establish Neurospora as a model for the study of evolution of repro-

ductive systems, by constructing a phylogeny for the genus based on 
molecular data (paper I). 

II: Test hypotheses on the ancestral reproductive mode for the genus 
Neurospora in order to infer how many times and in which lineages 
reproductive mode switches may have occurred (paper I). 

III: Test theoretical predictions on genomic consequences associated with 
reproductive mode. Especially, investigate if i) homothallic (self-
compatible) taxa show a loss of selective power as predicted by theory 
and ii) if reproductive strategies are linked to differences in neutral 
substitution rate (paper I). 

IV:  Test if the high sequence divergence between taxa in the pheromone 
receptor genes pre-1 and pre-2 is driven by positive selection in the 
heterothallic (self-incompatible) Neurospora taxa and investigate if 
differences in expression of the pheromone signal system can be im-
portant for reproductive barriers between taxa (paper II). 

V: Test if the selective constraints acting on the pheromone receptor 
genes pre-1 and pre-2 are mating-system dependent in Neurospora 
(paper III). 

VI: To use a combination of gene expression data and evolutionary ex-
pressed sequence tags (ESTs) to identify a large set of genes involved 
in reproduction in Neurospora in order to test if reproductive genes 
are generally faster evolving compared to other genes in Neurospora.  
(paper IV) 

VII:  Identify candidate reproductive genes that are rapidly evolving in 
Neurospora (paper IV). 
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Summaries of papers 

Paper I – Establishing Neurospora as a model for 
studies on mating-system evolution 
The genus Neurospora contains taxa representing a wide range of reproduc-
tive strategies. Sexual reproduction in Neurospora is exhibited in the forms 
of heterothallism (self-incompatibility), homothallism (self-compatibility) 
and pseudohomothallism (partially self-compatibility). In addition many taxa 
can propagate asexually by formation of asexual spores (conidia). The genus 
thus has the potential to be used as a model for studies on mating-system 
evolution and the evolutionary consequences associated with different re-
productive strategies. 

In order to infer evolution, it is necessary to have a robust hypothesis on 
the interrelationships of the studied taxa. As the genus name implies, the 
genus Neurospora was at first distinguished by the nerve-like ornamentation 
of the ascospores (Shear and Dodge, 1927). However, modern molecular-
based phylogenetic studies have questioned the original spore morphology-
based classification, and several attempts have been made to sort out the 
relationships both within the genus Neurospora and within its family, the 
Sordariaceae, using molecular methods (Cai et al., 2006; Dettman et al., 
2001, 2003a; Garcia et al., 2004; Pöggeler, 1999). One clade, containing the 
heterothallic Neurospora taxa and one pseudohomothallic taxon has been 
extensively studied (Dettman et al., 2003a, 2006, Menkis et al., 2009; 
Villalta et al., 2009) but the larger fraction of taxa in the genus still lacks a 
hypothesis on the evolutionary history connecting them.  

Given the unclear evolutionary relationship between the taxa of Neuro-
spora, the aim of paper I was to establish a robust molecular based phylog-
eny for the genus. For this purpose partial sequences from seven genetic loci 
were amplified from 43 Neurospora taxa, including the majority of de-
scribed and available taxa, and one newly described homothallic species, N. 
minuta. The included taxa represents all the different described reproductive 
strategies found in the genus. Both maximum likelihood bootstrap and 
Bayesian inference analyses were used to build hypotheses on phylogenetic 
relationships between taxa. 

In the reconstructed phylogenetic tree, individual clades representing taxa 
of different reproductive modes are spread over the phylogeny, showing that 
reproductive mode switches have occurred in multiple independent lineages 
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of Neurospora. Statistical methods inferring the ancestral reproductive mode 
of the genus suggested homothallism as the ancestral reproductive mode in 
Neurospora and that heterothallism has evolved twice from homothallic 
taxa. A homothallic ancestor is in strong contrast to biological data from 
Neurospora, and both theory (Nauta and Hoekstra, 1992) and empirical data 
of reproductive mode switches in other ascomycete genera (Turgeon and 
Debuchy, 2007) strongly suggest that homothallism is much more likely to 
be the derived state. 

Further, maximum likelihood based analysis revealed that reproductive 
mode was connected to differences in molecular evolution. First, highly in-
breeding (homothallic) taxa showed accelerated protein evolution, as pre-
dicted by theory, i.e., taxa that are asexual or highly inbreeding suffer from 
less efficient selection (Charlesworth and Wright, 2001; Charlesworth, 
2006). In addition, the self-incompatible (heterothallic) taxa with the ability 
to reproduce asexually by production of conidia showed a three-fold higher 
substitution rate compared to the mainly homothallic taxa unable to repro-
duce asexually by this pathway. 

Paper II – The evolutionary constrains on the 
pheromonal signal system in the self-incompatible 
(heterothallic) Neurospora 
Studies from a wide range of eukaryotic taxa have shown that genes in-
volved in reproduction are rapidly evolving in comparison with other genes 
(Brown and Casselton, 2001; Pöggeler and Kück, 2001; Clark et al., 2006), 
and the high divergence rate is believed to be important for the establishment 
of reproductive barriers between taxa. Several different mechanisms have 
been proposed as driving the rapid divergence (Clark et al., 2006). Rein-
forcement of reproductive barriers between closely related taxa to avoid 
hybrid crosses (Dobzhansky, 1937) is one factor expected to drive the high 
divergence of gamete recognition proteins (Howard, 1999). Reinforced post-
mating barriers between sympatric taxa have previously been found in Neu-
rospora; and the sympatric hybrid crossings seem to be aborting somewhere 
between fertilization, plasmogamy, and nuclear fusion, karyogamy (Dettman 
et al., 2003b; Turner et al., 2010). 

The initial step of mate recognition in heterothallic (self-incompatible) 
taxa of Neurospora is mediated by mating-type dependent pheromone sig-
naling, facilitated by two pairs of pheromone (MFA-1 and CCG-4) and phe-
romone receptors (PRE-1 and PRE-2). The two pheromones have shown to 
be completely conserved between Neurospora crassa and Sordaria taxa, 
while the pheromone receptor genes (pre-1 and pre-2) show high sequences 
divergence, compared to other genes (Pöggeler and Kück, 2001). 
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In this study we investigate the evolutionary constraints on the phero-
mone receptor genes pre-1 and pre-2 in the heterothallic taxa of Neurospora. 
For this purpose the complete ORF for both pre-1 and pre-2 were sequenced 
from 12 and 13 taxa respectively and analyzed using maximum likelihood 
methods to determine the selective constraints over codon sites for each 
gene.  

The analysis showed that for both genes the membrane-spanning domains 
are conserved between taxa while the part encoding the C-terminal intracel-
lular domain evolves rapidly. Both genes contain codons evolving neutrally 
in this domain while pre-1 in addition contains codons under positive selec-
tion (Figure 3).  

Both PRE-1 and PRE-2 are G-protein-coupled pheromone receptors, and 
ligand binding activates a signal transduction pathway further regulating 
pheromone and receptor gene expression. We thus wanted to investigate if 
the sympatric inter-specific crosses indicating reinforcement generated dif-
ferent expression patterns of the pheromone and pheromone receptor genes 
compared to successful crosses. In contrast to our expectations, we detected 
a generally higher gene expression in the unsuccessful hybrid crossings, and 
models for this finding is discussed. 

 
Figure 3. A schematic 2-dimensional graph of a pheromone receptor. Asterisks (*) 
indicate the location of the sites in the intracellular C-terminus found to be under 
positive selection in PRE-1. 

Paper III – Evolutionary fate of pheromone receptor 
genes in self-compatible (homothallic) Neurospora 
The homothallic taxa of Neurospora are able to go through sexual reproduc-
tion by mating of two identical nuclei within the same individual mycelium. 
Since they generally lack both male and female mating-structures (i.e., co-
nidia and trichogynes) they are assumed to be obligate selfing. Thus there 
are no indications of a need to attract a mating partner in these taxa.  
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Further, the mating-type (mat) genes, believed to be the master regulators 
of sexual reproduction, show signs of genetic decay in the homothallic taxa, 
and very few homothallic taxa contain intact ORFs for all genes (Wik et al., 
2008). It is not known if the observed genetic decay in the mat genes in the 
homothallic taxa is further extended in the genetic machinery operating dur-
ing sexual reproduction in the heterothallic taxa.  

The pheromone receptor genes pre-1 and pre-2 are used by heterothallic 
taxa to mediate directional growth of the trichogyne (female receptive hy-
pha) towards the male mating partner and they are transcriptionally regulated 
by the mat genes (Coppin et al., 1997; Kim and Borkovich, 2006). Studies 
on homothallic taxa in other ascomycete genera suggest that the pheromones 
and receptors are still functional although all genes are not needed to un-
dergo sexual selfing (Lee et al., 2008; Mayrhofer et al., 2006; Seo et al., 
2004). 

Given the unknown function of the pheromone receptor genes in the 
homothallic Neurospora, and the observed decay of the mat genes, which are 
assumed to regulate the pheromone signaling pathway, the aim of paper III 
was to investigate if the two pheromone receptor genes pre-1 and pre-2 
evolve under the same constraints in the homothallic taxa as had previously 
been observed in the heterothallic taxa (paper II). The aim was also to inves-
tigate if the two genes showed different evolutionary constraints in the dif-
ferent clades of homothallic taxa, since they might represent individual 
switches from heterothallism to homothallism and thus different mechanisms 
behind the self-compatibility (paper I). For this purpose the gene sequence 
for pre-1 and pre-2 was amplified from 16 and 15 homothallic taxa, respec-
tively. The taxa were chosen to represent all the separate homothallic clades 
and lineages identified in paper I.  

Molecular analysis showed that, for each of the two pheromone receptor 
genes the same general evolutionary constraints seem to act in both hetero-
thallic and homothallic taxa of Neurospora, and we did not see signs of a 
general decay as have previously been observed in the mating-type genes 
(Wik et al., 2008). Thus interpret our results as the pre-genes serving other 
functions beyond mate-recognition. 

For pre-1, the selective constraints showed no clear signs of either a gen-
eral mating-system nor a homothallic clade identity evolution, and in both 
the heterothallic and the homothallic taxa codons were identified to be 
evolving under positive selection in the part of the gene encoding the intra-
cellular C-terminus domain. 

In pre-2 we found evidence of a subtle difference in overall dN/dS for the 
homothallic compared to the heterothallic taxa. Further, two taxa showed 
multiple frame shift mutations leading to premature stop codons indicating a 
loss of function for pre-2 in these taxa. 
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Paper IV – High evolutionary rate in reproductive genes 
in Neurospora 
Genes involved in reproduction are among the fastest evolving genes in 
many animals, and large scale evolutionary analyses have showed a general 
pattern of faster evolution of reproductive genes compared to other genes 
(Clark et al, 2006). In many cases the rapid divergence is driven by positive 
Darwinian selection (Clark et al, 2006). Although the phenomenon is most 
studied in animals, examples of rapidly evolving reproductive genes have 
been found in a wide array of eukaryotic groups including plants, fungi and 
algae (Armbrust and Galindo, 2001; Ferris et al., 1997; Pöggeler, 1999; 
Swanson and Vacquier, 2002a).  

In fungi, most of the rapidly evolving genes are involved in the initial 
steps of mate recognition, such as genes for pheromone receptors and mating 
type genes (Martin et al., 2010; Pöggeler and Kück, 2001; Wik et al., 2008), 
but so far the studied genes are too few to draw conclusions about a general 
trend of faster evolution for reproductive genes in fungi. 

The genes used to recognize a mate of compatible mating type are well 
known in Neurospora, and studies on genes involved in fruitbody develop-
ment are accumulating (e.g., Nowrousian 2007, 2009), but little is known of 
the genes responsible for the functions after initial attraction and before 
fruitbody development, the stage were the processes commonly believed to 
explain the rapid evolution of reproductive genes would most likely be oper-
ating in fungi. 

The aim in paper IV was to use a combination of microarray and evolu-
tionary expressed sequence tag (EST) analysis to identify a large set of genes 
involved in reproduction in the heterothallic taxa Neurospora intermedia. 
The EST-sequences were aligned to the gene homologous in the three taxa 
N. crassa, N. discreta and N. tetrasperma with publicly available genome 
sequences.  

Molecular analysis revealed that the genes induced during reproduction in 
our study are faster evolving than genes induced in vegetative growth and 
genes constitutively expressed in our samples. The pattern of rapid evolution 
of reproductive genes previously mainly described in animals is thus for the 
first time shown in a fungal model. 
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Conclusions and future prospects 

The presented studies in this thesis serve as a framework for using the fila-
mentous ascomycete genus Neurospora as a model in the study of molecular 
evolution in relation to reproductive mode and behavior. The new multi-
locus phylogeny unraveling the relationship between taxa representing dif-
ferent reproductive strategies presents a framework on which reproductive 
mode switches and their evolutionary consequences can be further investi-
gated. It is clear from the phylogeny that regardless of the ancestral repro-
ductive mode for the genus, multiple switches have occurred within Neuro-
spora, and thus the genus provides an excellent model to study the mecha-
nisms and processes driving switches in reproductive mode. 

The evidence of accelerated protein evolution in the homothallic taxa 
makes Neurospora a highly interesting model for detailed studies on ge-
nomic change associated with reduced effective recombination rate and 
lower selective capacity. Future genomic comparisons may reveal the distri-
bution of the indicated decay over the genome and which genetic machiner-
ies are mostly affected. 

Rapid evolution is here shown to be a general pattern for genes induced in 
the early stage of reproduction in heterothallic Neurospora and serves as the 
starting point for further investigation, including functional assessment of 
the identified genes. This pattern should also motivate ecological studies 
aiming to investigate the prevalence in fungi, of the processes involved in 
the rapid evolution of reproductive genes in animals and plants, including 
female choice and male-male competition, processes that are still largely 
unknown in fungi. The herein identified reproductive genes that are rapidly 
evolving among heterothallic (self-incompatible) Neurospora are interesting 
candidates for further studies on their potential role for differentiation be-
tween taxa or possible role in the establishment of reproductive barriers be-
tween closely related taxa. The discovery that the pheromone receptor genes 
(pre-1 and pre-2) are likely functional in most homothallic taxa of Neuro-
spora calls for further studies to assess their role in self-compatible taxa in 
the genus. 

In this thesis I have further strengthened the role of the seemingly insig-
nificant bread mold Neurospora as a powerful evolutionary model-system. 
So next time you find mold on that old loaf of bread, remember there is more 
to it than what meets the eye. It is a window to evolution. 
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Svensk sammanfattning 

För att livet självt ska fortgå krävs att nya individer ständigt produceras ge-
nom fortplantning. Hur detta går till kan vara väldigt olika för jordens alla 
olika livsformer, men man kan generellt dela upp de olika formerna av fort-
plantning i två olika huvudstrategier: sexuell och asexuell reproduktion. Or-
ganismer som reproducerar sig asexuellt skapar helt enkelt en ny individ 
genom att kopiera sitt eget DNA och sedan på ett eller annat sätt knoppa av 
en ny klon av sig själv. Detta sätt att föröka sig är till exempel vanligt bland 
bakterier, men förekommer också hos både växter, djur och svampar.Vid 
sexuell reproduktion skapas istället en ny individ genom att DNA från två 
olika källor kombineras. Denna kombination sker ofta via sammansmältning 
av DNA och efterföljande reduktionsdelning (meios). Hur pass olika dess två 
källorna är kan variera från att vara två helt obesläktade individer till att vara 
två celler med identiskt DNA. I jämförelse med asexuell reproduktion kan 
skillnaden alltså vara hårfin eller rent av obefintlig ur ett genetiskt perspek-
tiv. Skillnaden består då istället i själva processen i vilken den nya individen 
skapas. 

Hur en organism reproducerar sig har konsekvenser för hur den lever. 
Självsterila, sexuella, organismer, som till exempel däggdjur, måste generellt 
ägna mycket möda åt att hitta och attrahera en partner, vilket asexuella och 
självfertila sexuella organismer inte behöver göra. Hur en organism reprodu-
cerar sig har också konsekvenser för hur det naturliga urvalet formar dess 
arsvmassa (genom). Asexuella och självfertila organismer har ofta en be-
gränsad effektiv populationsstorlek, vilket gör dem känsligare för påverkan 
av stokastiska faktorer, som av ren slump har effekt på vilka genvarianter 
(alleler) som behålls inom en population. Utöver detta gör den minskade 
effektiva rekombinationen av arvsmassan mellan individerna i populationen 
att det naturliga urvalet inte har samma chans att verka oberoende på bra och 
dåliga mutationer i ett genom, vilket med tiden förväntas leda till ansamling 
av svagt ofördelaktiga mutationer i populationen. 

En annan intressant aspekt av sexuell reproduktion är att de gener som är 
involverade i processen hör till de snabbast evolverande av alla gener, i alla 
fall hos djur där detta fenomen är välstuderat. Trots att det inte är lika väl 
studerat i växter, svampar och alger finns det flera exempel på snabbt evol-
verande reproduktiva gener även hos dessa organismer. Många olika hypote-
ser har föreslagits om vad det är som driver den snabba evolutionen av just 
gener som är inblandade i reproduktion, men sannolikt är det flera olika pa-
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rallella processer som tillsammans ger upphov till fenomenet. En av teorier-
na är att det är just kampen mellan och inom könen om att få reproducera sig 
på bästa sätt som gett upphov till den snabba evolutionen.  

I denna avhandling har jag studerat släktet Neurospora, en grupp svampar 
som tillhör sporsäckssvamparna. Neurospora är väldigt bra som modellsy-
stem för denna typ av frågor, då släktet innehåller arter med stor variation i 
reproduktiva strategier. Mitt mål var att undersöka hur väl biologiskt data 
från svamp passar olika teorier om fortplantningsformens betydelse för ge-
nomevolution Jag har även undersökt om fenomenet med jämförelsevis 
snabb evolution av reproduktiva gener också gäller för svampar.  

 När jag med hjälp av genetisk information konstruerade ett släktskaps-
träd för Neurospora var det tydligt att det i släktets evolutionära historia har 
skett flera skiften från ett sätt att fortplanta sig till ett annat. Med utgångs-
punk från mitt föreslagna släktskapsträd kunde jag sedan testa vilka konse-
kvenser olika reproduktionsstrategier medfört för genomens evolution. Jag 
utförde även en storskalig analys av gener som var högre uttryckta (aktivera-
de) vid reproduktion jämfört med vegetativ tillväxt, och kunde konstatera att 
gener involverade i reproduktion evolverar fortare än andra gener, även hos 
svampar.  

För att ten individ av Neurospora ska hitta en kompatibel partner för sex-
uell fortplantning utsöndrar den feromoner. Dessa feromoner detekteras av 
den kompatibla partnern med hjälp av feromonreceptorer i en specifik honlig 
struktur kallad trikogyn. När trikogynen via receptorn känner av feromon-
signalen växer den i riktning mot den högsta koncentrationen. Det finns två 
par av feromon/receptor i Neurospora och tidigare studier har visat att båda 
generna som kodar för receptorerna evolverar snabbt. Jag undersökte om den 
snabba evolutionen i självsterila arter kunde bero på positiv selektion av 
förändringar i proteinsekvensen, och fann att för den ena genen (kallad pre-
1) var det så. Analysen av den andra feromonreceptorkodande genen (pre-2) 
visade att den snabba evolutionen inte går att förklara med positiv selektion. 
Jag undersökte också om de evolutionära krafter som formade dessa gener 
var olika för självfertila arter jämfört med självsterila. Eftersom självfertila 
arter inte behöver hitta en partner är det oklart om dessa gener fyller någon 
funktion för dem. Men mina resultat visade inte på några tydliga generella 
skillnader i evolutionära krafters verkan på generna mellan självsterila och 
självfertila arter, och jag drar därför slutsatsen att de båda generna fyller en 
funktion även för de självfertila arterna.  
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Tack! 

Nästan sex år senare sitter jag här och försöker förstå att det faktiskt blev en 
avhandling till slut. Och det är dags att försöka summera upp det som verkli-
gen har betytt något under vägen hit: kollegor som bidragit till att det alltid 
varit roligt att gå till jobbet och släkt och vänner som stöttat mig på vägen 
fram till slutförandet av boken du just nu håller i.  

Hanna: alltid lika entusiastisk och din dörr har alltid varit öppen om jag 
behövt prata med dig. Du är en ständig idéspruta och det har varit väldigt 
inspirerande att få lära av en äkta ”svampnörd”. Du brinner verkligen för 
svamp(forskning), och det smittar av sig. Tack för att du har stått ut med 
mina emellanåt naiva idéer och för allt stöd när det har varit tufft. Och tack 
för snart sex år av intensivt samarbete, trevliga middagar, utflykter och allt 
härligt ”skitsnack”. Det har varit ett sant nöje att få vara din första dokto-
rand. Tack för allt! Jag hoppas verkligen att vår vänskap inte slutar här. 
Magnus, tack för att du ville hoppa in som handledare under det sista, inten-
siva året! Din aldrig sinande entusiasm och stora kunskap i ämnen jag inte 
själv behärskar har varit ovärderlig. Dig kan man alltid lita på! Tack! Re-
becka, tack för all peppning, ”det är klart det fixar sig”. Och vilken hjältein-
sats nu på slutet! Utan dig hade det inte gått! Hoppas verkligen att jag kan 
vara till samma hjälp för dig när det är din tur. Och jag kommer aldrig att 
glömma vårt äventyr i Kalifornien, och KTVU… Lotta, vilken tur att jag 
hade dig i början, så att jag inte behövde vara ensam ”vilse i petriskålen”. 
Och alla våra svampfika. Och tänk vilken skillnad ett c kan göra! Natassa, 
you are my personal confidence-booster. Thanks! Nicklas, du är inte riktigt 
klok. Tack! Yu, thanks for helping me getting started with the analyses. Sa-
sha, thank you for correcting my swenglish. And everybody who was ever 
part of “svampgruppen”: all above + Audrius, little-Tim, big-Tim, Stina, 
Mikael, Eric, Pádraic, Ioana, Carrie-Ann, Eugenie, Andreas. Thank you 
for stimulating discussions, fun excursions, and cheerful dinners, for all the 
joy and for all your support. I really enjoyed working with you all!!! 

To all the past and present seniors at the department of Evolutionary Bi-
ology, Hans, Carles, Elena, Anders, Jennifer, Mattias, Urban, Jochen, 
Tanja, Simone, thank you for providing an excellent research environment! 
I have learnt a lot from you! 

My office-mates, Robert, Carina and Judith, thank you for all the years 
of good company and all the chats and gossip. Judith, thanks for your desk-
top mess! (but I think I’m the all-time-champion) Carina, thank you for 
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your help with statistics and for listening to me complaining, without com-
plaining about it. Robert, thanks for sharing the last stressful days in the 
office. We made it! Can you believe it?  

Mina första kontorsgrannar: Lina, Julia, Peter (och alla ni andra i Elenas 
grupp) tack för att ni alltid fick mig att känna mig välkommen, även när jag 
“avbröt” era gruppmöten. Emma, tack för alla samtal om allt som hör livet 
till, speciellt som stressad småbarnsförälder, och för alla trevliga och roliga 
stunder både på och utanför jobbet. Ha de' bäst "Down under"! Gunilla, tack 
för alla kloka ord och goda samtal. Några förstående ord kan göra så myck-
et! And thank you Oddný, Nicklas & co, for completely honest and comple-
tely crazy conversations. What a relief to be able to let off steam or speak 
out freely without being judged! Thank you for your open-mindedness! Be-
noit thank you for explaining PAML without making me feel stupid, even 
when I was. Birgitta, tack för ditt tålamod och all hjälp med besvärlig pap-
persexercis. Hoppas jag blir lika klok som du en dag! To all past and present 
colleges at the department of Evolutionary Biology, all above + Erik, 
Frank, Lina, Cia, Helena, Carolina, Eva, Mikael, Santi, Niclas, Sofia, 
Ammon, Eva, Lujiang, Lucie, Martin, Matt, Ülo, Jorge, Maria, Signe, 
Anna-Karin, Nanet, Malin, Vera, Sofia, Ilona, Axel, Violeta, Susanne, 
Annika, Anne, Sen, Johan, Carina S, Hannu, Ki Woong, Páll, Jelmer, 
Ayça, Holger, Per, Pontus, Marcus, Linnéa, Henrik, Rebecca, Cecilia, 
Severin, Frida and all the students, and everybody else that I have forgotten 
to mention. Thank you for making the department a very pleasant place to be 
and for all nice lunch conversations, and parties. And thank you for provid-
ing an atmosphere where a question is never stupid. And Neurospora is a 
perfect model in the study of molecular evolution in relation to reproductive 
mode and behavior (Gotcha! Or did you really read it all through before?) 

Hanna, Karolina, Anneleen, Hugo, Anja, Anna, Charlotte, Maria, 
Wim, Peter, Stefan, Afsaneh, Henrik, Elisabeth, and lots of other people 
at EBC for all the fun and many interesting conversations during the years. 
Björn and Paolo thanks for teaching me R. Mikael, tack för att du lärde mig 
Perl (försök 1). Henrik, tack för att du lärde mig Perl (försök 2). Cajsa tack 
för att du (inte heller) lärde dig Perl tillsammans med mig (båda försöken). 

To all the people at the Townsend lab in Yale, Jeff, Andrea, Zheng, 
Francesc, Aleksandra, Zhang. Thank you for your help in the lab and for 
always making me feel very welcome. And to Dave, for showing me the 
difference between “identical” cell lumps under the microscope, and for 
allowing me to use your awesome photograph in my thesis. Thanks to Marc 
for the nice illustration of a heterothallic life cycle. And to all my co-authors 
from elsewhere, Dania, José, Josep and Jason. And to Takao and every-
body else who helped me come up with new ideas. 

And for all the people I have forgotten to mention, please fill in your 
name: Tack___________________! (excellent idea Santi!) 
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Jag är också djupt tacksam för alla bidrag jag fått från följande stiftelser, 
Helge Ax:son Johnsons Stiftelse, Stiftelsen Lars Hiertas Minne, Nilsson-
Ehle-donationerna via Kungliga Fysiografiska Sällskapet, Kungliga Veten-
skapsakademien och Knut och Alice Wallenbergs Stiftelse. 

De senaste åren har varit en svindlande berg-och-dal-bana. Ungefär halv-
vägs i min doktorandtid födde jag mitt första barn, ett dygn senare höll jag 
min mamma i handen när hon tog sitt sista andetag. Ni är många som på 
olika sätt hjälpt mig att ta mig igenom de tyngsta stunderna. Jag är evigt 
tacksam. Ett så kreativt arbete som forskning kräver att man är i balans, utan 
ert stöd hade det varit så mycket svårare! 

Tack Cilla för att du visade mig att även ett svampmycel kan ha person-
lighet. Jag hade nog inte skrivit den här avhandlingen om jag inte varit din 
labbråtta. Du är en förebild i mitt liv. Tack för allt! Tack Josefin, Mariana, 
Lollo, Sara, Lena, Lena, Luisa för att ni alltid trott på mig! Och för alla 
härliga avbrott från jobb och stress, trots att det varit alldeeeeleees för säl-
lan…. Och tack också alla Uppsala-vänner, Joel, Eva, Karolina, Mats, 
Erik, Linn, Einar, Cia för sköna avbrott från jobb och stress! 

Tack alla ”Wallbergare” (oavsett efternamn) för hjälp med barn och alla 
trevliga ”kalas” som tvingat mig att tänka på något annat emellanåt… Putte, 
tusen tack för all tid med barnen! Och all hjälp med allt. Det är få förunnat 
att få sån uppbackning från sina svärföräldrar.  

Mina föräldrar, Karl och Yngve, och alla andra ”Nygrenare” (oavsett 
efternamn, eller blodsband): Tack för alla trevliga träffar och allt stöd genom 
åren! Ser fram emot sommaren, kanske kan alla kusinerna träffas i stugan? 
(för ja, i sommar ska jag ha semester! Eller, vänta, hur var det nu… var det 
någon ny ansökan med deadline i sommar…? ;-) ) Pappa: Einstein lär ha 
sagt ”Jag har ingen särskild talang. Jag är bara passionerat nyfiken.” Om det 
är något ord jag spontant skulle attribuera dig, när jag tänker tillbaka på min 
uppväxt, så är det just nyfiken. Och så det ständiga problemlösandet. Jag tror 
det smittat av sig… (eller är det generna?) Mamma: Du skulle vara stoltast 
på planeten om du kunde hålla den här boken i handen nu. Vetskapen att du 
inte kommer vara med när jag ska försvara den är fortfarande svår att accep-
tera. Hjärtat skriker - DU FATTAS MIG!  

Idun och Tyra, mina älskade bustroll, tack för att ni finns.  
Dr Andreas, du gör mig till en bättre forskare.  
Tack Andreas. Du gör mig bättre.  
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