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Voorwoord 

Dit proefschrift is het resultaat van vier jaar onderzoek, verricht bij de vakgroep 

Erfelijkheidsleer van de Landbouwuniversiteit in Wageningen. In zekere zin valt 

zo'n proefschrift te vergelijken met een levend wezen. Uit de genetica is bekend 

dat de verschijningsvorm van elk levend wezen tot stand komt door een combinatie 

van erfelijke aanleg en invloeden uit de omgeving. Voor een proefschrift geldt 

eigenlijk hetzelfde: Zowel het werk van de auteur, als de bijdragen van zijn 

omgeving zijn onontbeerlijk om tot een verschijningsvorm te komen. 

Ik wil dan ook graag iedereen bedanken die in de afgelopen jaren deel van mijn 

omgeving is geweest en, direct of indirect, heeft bijgedragen aan het resultaat. 

Daarbij denk ik natuurlijk met name aan de mensen van de vakgroep Erfelijkheids

leer, waar de gemoedelijke sfeer voor mij het ideale werkklimaat vormde. 

Het verblijf in het theoretisch bolwerk, hoog op de tweede verdieping, werd 

bijzonder veraangenaamd door mijn kamergenoten Johan van Ooijen, Jan van 

Oeveren en Chris Maliepaard. 

Een verdieping lager waren het vooral de mensen van Microbiële Genetica met 

wie ik met veel plezier heb samengewerkt. Ik ben blij dat ik mijn theorieën over 

schimmels vrijelijk op hen heb mogen loslaten. Het doet mij veel genoegen dat de 

schimmel Podospora anserina (en massa's konijnekeutels) hierdoor het lab zijn 

binnengedrongen. Ik wil met name Fons Debets bedanken voor het vele meedenken 

en zijn gezelschap tijdens twee werkbezoeken. Dankzij de stagiaires Marijke 

Ophorst, Inge Haspels en Robin Hartman heb ik het bezit van twee linkerhanden 

enigszins kunnen verbloemen en mee kunnen doen met experimenteel werk aan 

Podospora. De samenwerking met Klaas Swart, Edu Holub en Marijn van der 

Gaag heb ik hierbij als erg prettig ervaren. Dat er van de resultaten van dit 

experimentele werk weinig tot niets in dit proefschrift is terug te vinden, ligt zeker 

niet aan hen. Dit is geheel te wijten aan mijn overdreven voorkeur voor theoretisch 

werk en de halsstarrigheid van Podospora. 

Mijn grootste dank gaat zonder enige twijfel uit naar mijn promotor, inspirator, 

discussiepartner en co-auteur, Rolf Hoekstra. Als hij me in 1983 niet op het spoor 

had gebracht van populatiegenetisch onderzoek aan schimmels, was ik nooit in deze 

fascinerende tak van wetenschap verzeild geraakt. Zijn onbezorgde en toch 

zorgzame manier van begeleiden heeft zeer veel bijgedragen aan de kwaliteit van 

mijn onderzoek en het plezier dat ik eraan heb beleefd. 



Tenslotte wil ik alle mensen bedanken waar ik de laatste jaren 'thuis' ben 

geweest. Het is fantastisch dat jullie er waren, want als je alleen maar over 

schimmels kunt theoretiseren, heb je geen leven. En Jeanette, je weet dat ik jou 

voor geen goud als omgevingsfactor had willen missen. Ik hoop dat we nu maar 

snel samen kunnen gaan wonen. 
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CHAPTER 1 

General introduction 

The evolution of genetic systems is perhaps the most difficult and exciting 
topic in evolutionary genetics. 

J. Maynard Smith (1989) 

Above all, we should start to think about fungal evolution in terms of 
modern population genetics ... 

CE. Caten (1987) 

Until recently the fungi have been almost completely neglected by evolutionary 
biologists and population geneticists. Population studies on fungi have mainly been 
performed by plant pathologists, interested in eliminating the pathogens and not in 
evolution (Sidhu, 1988). Genetical research on these large numbers of fungi, 
collected by mycologists, is scarce. The fungi studied by geneticists usually 
orgininate from one or a few natural isolates, showing little natural genetic 
variation. Ideas on the evolutionary biology of fungi (e.g. Rayner et al., 1987) are 
based on limited population genetic data, and the hypotheses lack the theoretical 
background that is abundantly available for animals and higher plants. 

Probably many reasons for this lack of population genetic research on fungi 
exist. Important obstacles for evolutionarily oriented population biological studies 
are the complexity of their growth and life cycles, and the general inaccessibility of 
the vegetative 'body' of the fungus, the mycelium. This complexity has been 
widely recognized, and has led to the characterization of the fungi as 'a mutable 
and treacherous tribe' (Raper, 1966b). Moreover, not only the definition of a 
fungal 'individual' is unclear (Todd and Rayner, 1980), also the species concept is 
vague (Brasier and Rayner, 1987; Perkins, 1991). The variety of mating systems is 
enormous (Raper, 1966b) and the possibility of genetic exchange during vegetative 
growth is confusing. 

Nonetheless, in this thesis some theoretical population genetic models on fungi 
are build and analysed. Until now, population genetic theory mostly deals with 
diploids that only reproduce sexually. This theory can partly be applied to the 
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fungi, but some important complications have to be taken into account. Haploidy, 
asexual reproduction, sexual reproduction of self-fertilizing haploids, and genetic 
exchange during vegetative growth are frequently found in the fungi and have to be 
incorporated into population genetic theory (Anderson et al, 1988; Barrett, 1987; 
Caten, 1987). 

Some basic understanding of functional explanations for the diversity of genetic 
systems is necessary for research on the evolutionary biology of the fungi. Unfortu
nately this diversity is so great that it cannot be completely treated in one thesis. 
Therefore this thesis is focussed on a widespread group of higher fungi, the 
filamentous ascomycetes. This group comprises some of the genetically best studied 
fungi (Neurospora crassa, Aspergillus spp. and Podospora anserind), which gives 
access to essential information. The basics of their genetic systems are relatively 
simple compared to those of other groups of fungi. 

Below, some introductory information will be given about the evolution of 
genetic systems and about filamentous ascomycetes, followed by an overview of 
several aspects of their reproductive systems. Heterokaryosis and vegetative 
incompatibility will be discussed as characteristic parts of the genetic system of the 
fungi. This introduction will conclude with some remarks about the definitions of 
'individual' and 'species', the purpose of theoretical modelling and an outline of 
this thesis. 

Genetic systems and their evolution 

The term 'genetic system' has been widely used, in several contexts. According 
to Darlington (1958) and Carson (1987) 'genetic system' refers to the cellular, 
nuclear and chromosomal events that bring about the replication, proliferation and 
recombination of the DNA during the life cycle of the organism. Roughgarden 
(1979) refers to genetic parameters that are necessary to determine the evolution of 
a trait as the genetic system of that trait. 

In this thesis 'genetic systems' are defined as all those mechanisms and pro
cesses that are directly involved in the transmission of genetic information. With 
this definition a genetic system contains more than a 'mating system' or a 'breed
ing system', which both imply the occurrence of sexual reproduction. In fungi, 
however, both sexual and asexual reproduction can occur. Moreover, transmission 
of genetic material does not only occur vertically, by (a)sexual reproduction, but 
also horizontally, following anastomosis during vegetative growth (see below). 
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Therefore a broader definition is nescessary. 

Genetic systems take a central place in the study of evolution (Maynard Smith, 

1989). It is known since Darwin, that the process of evolution is a consequence 

natural selection, which is the result of variation, reproduction and heredity. 

Genetic systems determine the mechanism of reproduction and heredity, and thus 

the way in which variation is established. They are not only essential in evolution, 

but also a product of evolution themselves, because they are variable (especially in 

'lower' organisms) and genetically determined. The genetic system affects not only 

the fitness of the individual, but also the evolutionary potential of the population. 

So a study of the evolution of the genetic system hits the core of the evolutionary 

biology of a species. 

The selective forces influencing the evolution of genetic systems are manifold. In 

general, they may be the same as those considered in the context of the evolution 

of sex and mating systems (Williams, 1975; Maynard Smith, 1978; Bell, 1982; 

Stearns, 1987; Michod and Levin, 1988). Roughly, these selective forces can be 

divided in two types. First, there are external forces, operating from outside the 

individual, like saturated and heterogeneous environments ('The Tangled Bank') 

(Bell, 1982; Bell, 1987) or revolutionary arms races with predators or parasites 

('The Red Queen') (Bell, 1982; Hamilton, 1980; Bremermann, 1987). Secondly, 

internal forces may play a role, like DNA repair (Bernstein et al., 1981), the 

selective pressure of variable numbers of mutations (Muller, 1932, 1964; Kondra-

shov, 1982) or intragenomic conflicts between competing (nuclear or cytoplasmic) 

genes (Cosmides and Tooby, 1981; Hurst, 1992). 

Some of these arguments, used in explanations for the evolution of sex, are also 

used in this thesis. The question of how sex evolved, however, is not considered. 

Filamentous ascomycetes 

The ascomycetes form the largest subdivision of fungi, containing at least 15000 
species (Webster, 1980; Ainsworth, 1973), which is some 45% of all fungi 
(Burnett, 1987). They are characterized by the fact that the sexually produced 
(asco-)spores are borne in a sac-like structure, the ascus. Filamentous ascomycetes 
are, in short, those ascomycetes that are not yeasts. Yeasts are then defined as those 
fungi which, in a stage of their life cycle, occur as single cells, reproducing by 
budding or fission (Kreger-Van Rij, 1973). Filamentous ascomycetes typically form 
a mycelium, a network of vegetative filaments, the hyphae. These hyphae are 
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normally not build up by neatly separated cells, containing one nucleus each. 

Instead, the hyphae are formed by segments, separated by cross walls or septae, 

containing a pore that allows the transmission of mitochondria and nuclei. So 

hyphal segments often contain more than one nucleus. If a mycelium originates 

from one uninuclear spore, all its nuclei will be genetically identical and the 

mycelium is called homokaryotic. If, however, genetically different nuclei coexist 

in a mycelium, it is called heterokaryotic. 

The existence of such a heterokaryotic state is unique for the fungi. Hetero-

karyon formation can occur when two genetically different strains are grown 

together. Physical contact of the hyphae can sometimes lead to fusion, or anasto

mosis, which may lead to an exchange or invasion of cytoplasmic material and/or 

nuclei. Also, a (vegetative) incompatibility reaction may occur before or after such 

physical contact; in that case heterokaryon formation is prevented. The precise 

consequences of these phenomena for evolutionary genetics are still unclear. 

The filamentous ascomycete species most frequently studied in genetics, is the 

well known bread mold Neurospora crassa. This ascomycete proved to be particu

larly suited to genetic analysis after it had been discovered by Shear and Dodge 

(1927). Some other species belonging to the same family of Sordariaceae, like 

Sordaria fimicola and Podospora anserina, are also well investigated. These 

species belong to the class of the Pyrenomycetes, which typically form a flask-

formed fruiting body, the perithecium. Another well studied species that should be 

mentioned is Aspergillus nidulans, which belongs to another class, the Plecto-

mycetes. Their fruiting bodies are completely closed and are called cleistothecia. 

Taxonomy of fungi is mainly based on the modes of sexual reproduction 

(Ainsworth, 1973). Therefore the species where no sexual stage is known, the so 

called Fungi Imperfecti, are gathered in an artificial assemblage, the subdivision 

Deuteromycetes. This subdivision probably consists of many species closely related 

to the ascomycetes, that have simply lost the ability to reproduce sexually (Web

ster, 1980; Burnett, 1987). In a study on evolutionary relationships it may be 

confusing to investigate direct transitions of species belonging to different subdivi

sions. Therefore, in this thesis some asexual (or imperfect) species, like Aspergillus 

niger, will be regarded as filamentous ascomycetes. 

Life cycles of filamentous ascomycetes 

A description of the genetic system of a fungal species begins with a description 
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mycelium 

• • • 

conidia 

Figure 1. Life cycle of an asexual or imperfect ascomycete, like Aspergillus niger. 
The asexual propagules (the conidia) can germinate and grow out to a new mycelium. 

of its life cycle. Roughly, the life cycles of filamentous ascomycetes can be divided 
into three types: asexual, homothallic and heterothallic. A fourth type, the pseudo-
homothallic or secondarily homothallic life cycle, is probably derived from the 
heterothallics. Typically, these life cycles are mainly haploid. Sexual species have a 
very short diploid phase, just before meiosis. The individual mycelia are usually 
hermaphroditic, as they produce both male and female gametes. Additionally, 
mating type differentiation may be possible. After nuclear fusion and meiosis, 
normally eight ascospores are formed per ascus, in fruiting bodies that contain 
several asci. 

- An asexual life cycle (figure 1) is characterized by the lack of a sexual cycle. In 
for example Aspergillus niger the mycelium forms asexual spores, the conidia, 
which can germinate and form a new mycelium. 

- A homothallic life cycle is characterized by a sexual cycle with the capacity of 
self-fertilization (figure 2). Outbreeding, however, is usually possible too. As far as 
known, homothallic species lack any mating type differentiation. Some only 
reproduce sexually, like e.g. Sordaria fimicola, and others have an additional 
asexual cycle, like e.g. Aspergillus nidulans. 

- A heterothallic life cycle is characterized by a sexual cycle without the capacity 
of self-fertilization (figure 3). Typically in a heterothallic ascomycete species two 
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mycel ium 

ascospore 

/ 
ascus 

ASEX 

conidia 

S E X 

MEIOSIS 

K A R Y O G A M Y 
ascogonium 

young ascus 

Figure 2. Life cycle of a homothallic ascomycete, like Aspergillus nidulans, with 
both sexual and asexual reproduction. (Self-)fertilization occurs in the ascogonium. 
There is no mating type differentiation. 

mycelium ASEX 

ascospore 

SEX 

Figure 3. Life cycle of a heterothallic ascomycete, like Neurospora crassa. Self-
fertilization is not possible, due to the action of two antagonistic mating types, '+' 
and '-'. Cross fertilization occurs by means of a conidium fusing with the trichogyne 
of an ascogonium of the opposite mating type. 
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mycel ium 

ascus 

MEIOSIS 
K A R Y O G A M Y 

conidia 

O 

Î 
ascogonium 

Figure 4. Life cycle of a secondarily homothallic (or pseudohomothallic) ascomycete 
like Podospora anserina, without asexual reproduction. Each ascospore contains two 
nuclei, with different mating types, so self-fertilization is possible. As a consequence 
only four ascospores are formed. 

mating types exist. Strains with identical mating types cannot be crossed, whereas 

strains with different mating types can. Normally, like in Neurospora crassa, an 

additional asexual cycle exists. 

- A pseudohomothallic or secondarily homothallic life cycle is characterized by the 

combination of self-fertilization and the possesion of mating types (figure 4). In for 

example Podospora anserina and Neurospora tetrasperma, binucleate ascospores 

are formed. As the two nuclei in a spore normally contain different mating types, 

the (dikaryotic) mycelia that grow out of the spores are self-fertile. 

Apparently these different life cycles are found within many families of asco-

mycetes. This implies that evolution from one type to the other must have occurred 

frequently. Therefore the evolutionary transitions between the first three types are 

studied, as described in chapters 2 and 3. 

Setting 

Homothallic fungi have the ability of self-fertilization, or selfing. It is fundamen

tally different from selfing in plants. This is illustrated in figure 5, where diploids 
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Plants Fungi 

intergam. 
selfing 

'selfing' 

outcrossing 

Diploid 

Haploid 

cT 
Gametes 

Î 

Diploid 

intragam. 
selfing 

intergara 
selfing 

'outcrossing' 

outcrossing 

Figure 5. Comparison of outcrossing and selfing in diploids (plants) and haploids 
(fungi). 
The diploid stages are indicated by boxes containing a single pair of 'chromosomes'. 
Haploids are produced after meiosis and are therefore combinations of these. In 
plants the gametes are produced by the diploid individuals, so each individual 
produces genetically different gametes. In fungi the gametes are produced by haploid 
hermaphroditic individuals and are therefore genetically identical. In plants 
intergametophytic selfing is called 'selfing', in fungi it is normally called 
'outcrossing', because it is a crossing of two different individuals. 

(plants) are compared to haploids (homothallic and heterothallic fungi). For these 
different types of organisms, different kinds of selfing are found. To distinguish 
them, the terms 'intergametophytic' and 'intragametophytic' have been proposed by 
Klekowski (1979) and Hedrick (1987), who were studying ferns. 

A (intergametophytically) selfing diploid plant is usually supposed to suffer from 
inbreeding depression, caused by in increase of homozygosity, that allows the 
expression of deleterious recessive alleles. Avoidance of inbreeding depression is 
generally believed to be the functional explanation of the evolution of 'homogenic 
incompatibility', that is the inability of organisms to fertilize themselves (Darwin, 
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1877). 

However, a haploid fungus that is (intragametophytically) selfing, combines two 

identical nuclei in a diploid, followed by meiosis. As the diploid is completely 

homozygous, recombination cannot occur. Strong selection against deleterious 

recessive mutants is expected, as these cannot 'hide' behind a dominant non-

deleterious allele. Furthermore, haploids by definition cannot be hetero- or 

homozygous, and can therefore impossibly suffer from a loss of heterozygosity. In 

this respect only effects of heterozygosity in the short diploid stage after non-

intragametophytic selfing can be important. That this may be the case is proposed 

by Leslie and Raju (1985). 

Note also that heterothallics, which are usually regarded as outcrossers, are 

actually able to perform (intergametophytic) selfing (See figure 5; Fincham et al., 

1979). This means that one has to be very careful with applying arguments derived 

from the study of breeding system evolution in plants, to the fungi (as Olive (1963) 

and Esser (1966) do). 

The sexual mechanism 

As described above, the reproductive systems of filamentous ascomycetes can 
most easily be divided in three types of life cycles: asexual, homothallic and 
heterothallic. A further division can be made by considering the sexual mechanism, 
that is the means by which the gametes and, after that, the nuclei fuse (Raper, 
1966b). Remarkably, the exact course of events during fertilization is very often 
unknown. 

Normally, in heterothallic fungi, the fertilizing (male) nucleus is present in a 
(micro-) conidium or spermatium, that functions as pollen in higher plants. How
ever, like in Neurospora crassa, also hyphae can function as male. The female 
'gamete' is located in the ascogonium, a structure that also holds the trichogyne. 
This is a hyphal thread that functions as a receptor of the male gamete. After the 
fusion of trichogyne and conidium, the proliferation of haploid nuclei of both 
mating types results in the formation of the dikaryotyic ascogeneous hypha. 
Nuclear fusion occurs in the penultimate cell of the ascogenous hypha and is 
followed immediately by meiosis. After an additional mitosis eight ascospores are 
formed (Glass and Kuldau, 1992). 

In homothallic fungi the trichogyne is usually absent. There are normally no 
special structures that function as male gametes. The exact course of events is 
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rather mysterious, and even in a well studied species like Aspergillus nidulans it is 

still unknown (K. Swart, pers. comm.). Hemmons et al. (1952) described the 

occurrence of 'relative heterothallism' in this species, as it apparently showed more 

cross-breeding then expected on the basis of chance. However, this notion could 

not be confirmed in Sordaria flmicola (Olive, 1956) and has only been confirmed 

in some crosses of A. nidulans strains. (K. Swart, pers. comm.). 

Far too few species have been studied to know how general the patterns 

described above are. An attempt to make a survey of the sexual mechanisms in a 

list of different species has failed by a lack of proper descriptions in the literature. 

Exceptional systems 

In general the reproductive systems of ascomycetes fit into the scheme described 

above. There are, however, some curious exceptions, that can illustrate the diversity 

of genetic systems mentioned in the first paragraph. 

A probably rather general anomaly is the occurrence of spore killing, as found in 

Neurospora spp. (Turner and Perkins, 1991; Turner, 1993), Gibberella spp. 

(Kathariou and Spieth, 1982; Sidhu, 1984) and Podospora anserina (Padieu and 

Bernet, 1967; Nauta et al., 1993). It can be observed, when a strain with a Killer 

genotype is crossed with a strain with a Sensitive genotype. Such a crossing results 

in the death of four ascospores, all with the Sensitive genotype. So only the Killers 

survive. It can be considered as a form of segregation distortion, because Mendels 

law of segregation is severely violated. Chapters 6 and 7 of this thesis are devoted 

to this phenomenon. 

Some species that do not neatly fit the classification homothallic / heterothallic 

are Chromocrea spinulosa (Mathieson, 1952), Sclerotinia trifoliorum (Uhm and 

Fujii, 1983; Fujii and Uhm, 1988), Glomerella cingulata (Wheeler, 1954), Nectria 

haematococca (Matuo and Snyder, 1973) and Ceratostomella fimbriata (Olson, 

1949). In all these species (and probably many others) both self-fertility and self-

sterility are found, although the genetics is mostly unclear. 

In Chromocrea spinulosa, for example, the situation seems quite bizarre: Sixteen 

ascospores are formed, eight large ones and eight small ones. The large spores are 

self-fertile and the small ones are self-sterile. Selfed large spores do, again, 

produce the same pattern of sixteen ascospores, eight large ones and eight small 

ones. The genetic mechanism behind this system is not understood yet; both 

mutation (Mathieson, 1952) and mating type switching (Perkins, 1987; Anderson et 



G E N E R A L I N T R O D U C T I O N 2 1 

al., 1988) are suggested. 

Another peculiar species is Podospora arizonensis, which is apomictic (Main-

waring and Wilson, 1968). It forms eight ascospores, four large ones and four 

small ones, from which only the large ones germinate in the lab. Before ascospore 

formation, the two nuclei in the penultimate cell of the crozier do not fuse, but 

instead they submit to two mitoses. So meiosis is skipped. It is completely unclear 

why. 

Finally, Anagnostakis (1982) performed a crossing experiment in Endothia 

parasitica, in which she used a mixture of conidia, sampled from two different 

strains, to fertilize a third strain. She found that at least 17 out of 109 randomly 

isolated ascospores, collected from 4 perithecia found in a sample of 22, had three 

parents: two fathers and one mother. This was presumably the result of 

recombination between two paternal nuclei, before nuclear fusion between a 'male' 

and a 'female' nucleus. From the same (heterothallic) species it is reported that self 

fertilization can occur after cross fertilization has taken place (Anagnostakis, 1988; 

Milgroom et al., 1993). 

It may be clear that the evolution of the 'general' pattern of genetic sytems in 

filamentous ascomycetes has to be understood, before the existence of all these 

exceptional cases can be explained. 

Heterokaryosis and the parasexual cycle 

For a long time heterokaryon formation has been considered to be beneficial 
(Pontecorvo, 1946; Jinks 1952a; Davis, 1966). Clearly, heterokaryosis can be 
regarded as the analogue of heterozygosity and a dikaryotic mycelium can be 
compared with a diploid. All benefits ascribed to being diploid (like the possibilty 
of heterozygous advantage and dominance over recessive deleterious alleles) can 
also be applied to originally haploid individuals if they are heterokaryotic. More
over, heterokaryosis offers a plastic system which can quickly accomodate environ
mental changes by an overall change in nuclear ratio (Jinks 1952a; Roper, 1966). 

Also, especially for the imperfect fungi, heterokaryon formation seems to offer 
an alternative for sex, by means of the parasexual cycle (Pontecorvo, 1956; Roper, 
1966; Caten, 1981). This cycle allows genetic recombination without sex. Shortly, 
it consists of the following sequence of events: (1) heterokaryon formation; (2) 
fusion of two unlike haploid nuclei, forming a diploid; (3) segregation and mitotic 
recombination; (4) non disjunction and aneuploidy, finally leading to a recombined 
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haploid. 

In imperfect fungi this parasexual, mitotic recombination offers the only possibil
ity for genetic analysis and the construction of genetic maps (Debets, 1990). It may 
also be important in nature, because it offers opportunities for genetic 
recombination, which otherwise cannot occur in imperfect species (Pontecorvo, 
1956). 

However, heterokaryosis and parasexual processes probably only play a minor 
role in natural populations. Since Caten and Jinks (1966) examined the natural 
occurrence of heterokaryosis, it has become clear that, although it is shown to 
occur (Jinks, 1952b; Ming et al., 1966), the frequency and significance of hetero
karyosis and parasexual recombination in nature were generally overestimated 
(Caten, 1981). This is due to the occurrence of vegetative incompatibility reactions, 
that block heterokaryon formation. 

Vegetative incompatibility 

Vegetative incompatibility (also referred to as somatic or heterokaryon incom
patibility) shows up frequently between different natural isolates of a species 
(Carlile, 1987; chapter 4). As far as is known, a vegetative incompatibility reaction 
occurs when two strains differ at one or more alleles at their incompatibility loci. 
Only strains identical for all their vegetative incompatibility alleles are compatible. 

Clearly vegetative incompatibility restricts the occurrence of heterokaryon 
formation and, as a consequence, parasexual recombination. Its wide occurrence 
suggests that there may exist a selective pressure favouring incompatibility and, 
therefore, a selective disadvantage of heterokaryon formation. This would imply 
that heterokaryosis is generally not advantageous. 

In chapters 4 and 5 of this thesis, models on the evolution of vegetative incom
patibility are discussed. Selective explanations, as suggested by Day (1968), Caten 
(1972) and Hartl et al. (1975) are studied, in particular the problem to explain the 
high frequency of vegetative incompatibility reactions between natural isolates. 

Individuals and species 

Defining the 'individual' is a general problem in biology (Buss, 1987), which 
evidently also applies to the fungi (Todd and Rayner, 1980; Rayner, 1991). 
Indiviuals can be defined both as genetically uniform entities and as physiological 
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entities, for which respectively the terms 'genets' and 'ramets' have been used in 

plants. (Harper, 1977; Stevens and Van Damme, 1988). If asexual reproduction is 

considered, the relevance of this distinction is clear: The progeny of one sporu-

lating (imperfect) fungus consists of a large number of ramets, that all belong to 

the same genet. 

Therefore, the mycelial unit, as an independent, physically distinct body-form 

within a population (Todd and Rayner, 1980) can probably best be regarded as the 

individual. However, the possibility of heterokaryosis, which allows the establish

ment of mixed mycelia, can then cause a mixing of 'individuals'. If heterokaryosis 

is a common feature, a network of interconnected mycelia can be formed, which 

gives rise to a community of genetically different units (Rayner (1991)). 

So if an individual is defined as a genetically uniform entity, it can consist of 

several physiologically distinct 'ramets', and if it is defined as a physiologically 

distinct entity, it can be a collection of different genetical units. As the presumable 

high frequency of vegetative incompatibility predicts a low frequency of hetero

karyosis in nature (Carlile, 1987; this thesis, chapters 4 and 5), the physiological 

entity is considered as the preferable description of the individual in this thesis. 

Another problem arises for the definition of 'species'. Usually reproductive 

isolation is considered to be the best criterion for recognition of a species (Dobs-

hansky, 1950; Mayr, 1970). As noticed by Maynard Smith (1989) and Perkins 

(1991) this immediately raises the problem, that a species can only be defined if 

the organisms reproduce sexually. It would be impossible to refer to an imperfect 

fungal species. 

Therefore a species concept like that proposed by Lemke (1973), saying that 'the 

species is an integral system for genetic recombination, and members of a given 

species are expected to share a common gene pool', is probably the most adequate 

one. The possibility of heterokaryosis as a means to exchange genetic information 

between conspecifics, is included in this concept. However, its practical value is 

doubtful, as the impact of incompatibility systems in nature is unclear. 

Furthermore, in fungi also sexual incompatibility and intersterility between (groups 

of) individuals are widespread (Anderson et al., 1988), and crosses between 

'species' are not unusual in fungi (Lemke, 1973; Perkins and Turner, 1988). 

These problems are to some extend reflected in nomenclature. Many species that 

rarely have been reported to reproduce sexually, have a different name for the 

imperfect and the perfect stage (e.g. Fusarium moniliforme is the imperfect stage of 

Gibberella fujikuroi). Of some species the names have changed during the years 
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(e.g. Endothia parasitica, the chesnut blight, nowadays has to be called Crypho-

nectria parasitica), and for many others taxomists disagree (e.g., the thrush fungus, 

Candida albicans, a yeast, has 36 times been described as new and has 96 syn

onyms in 11 different genera (Lodder and Kreger-van Rij, 1952). Clearly, these 

taxonomie difficulties form an obstacle for anyone studying fungal literature. 

Why using theoretical models ? 

The research described in this thesis consists of theoretical models. These 
population genetic models have the purpose to make statements about the evolution 
of genetic systems in filamentous ascomycetes, that is, about real organisms. Such 
models are necessarily oversimplifications of what is happening in nature; they are 
an attempt to abstract from nature some significant aspects of the true situation 
(Crow and Kimura, 1970). Processes in nature are often extremely complex and 
under influence of many, and variable, environmental factors. Incorporating 
everthing that can be of importance in nature, can and will never be the intention 
of a theoretical model. When a model would be as complex as nature itself, it does 
not clarify anything. 

The purpose of theoretical modelling in this thesis is therefore to find out to 
what extend (relatively) simple explanations can account for the phenomena 
observed in nature. Theoretical models are an excellent tool to investigate argu
ments, that are used to explain experimental findings. They can test the validity of 
such arguments, they can result in predictions and raise essential new research 
questions. One of the important aims of the research described in this thesis is to 
formulate such predictions and questions, which can stimulate experimental study 
of fundamental problems in the evolution of genetic systems in fungi. 

Outline of the thesis 

In this thesis attention is focussed in the first place on the evolution of reproduc
tive systems. With population genetic models, comparable to those that have been 
build for higher plants (e.g. Charlesworth and Charlesworth, 1978a,b), conditions 
that can explain the evolutionary transitions of heterothallism to homothallism and 
vice versa are investigated (chapter 2). Also, explanations for the occurrence of 
hermaphroditism (in stead of separate male and females, or dioecy) and for asexual 
reproduction in filamentous ascomycetes are studied (chapter 3). Especially the fact 



GENERAL INTRODUCTION 25 

that hermaphroditic heterothallism has apparently evolved frequently and dioecy 

has not, seems remarkable. 

The evolution of vegetative incompatibility and the high number of Vegetative 

Compatibility Groups (VCGs) is investigated by means of deterministic (chapter 4) 

and stochastic models (chapter 5). The role of parasitic nuclear genes and harmful 

cytoplasmic elements as selective agents is studied and compared with the assump

tion that vegetative incompatibility is selectively neutral. The influence of popula

tion size, mutation rate and random genetic drift is studied. 

After these models on general and widespread genetic systems, spore killing is 

studied as a more aberrant case (chapter 6). The evolutionary dynamics of this 

form of segregation distortion is investigated, in an attempt to explain its existence. 

Finally the special case of sexual non-allelic incompatibility in Podospora 

anserina is studied (chapter 7). As this genetically well-known form of incompati

bility proves to be evolutionary enigmatic, a hypothesis is proposed that explains 

sexual incompatibility as a suppressor of spore killing. 
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CHAPTER 2 

Evolution of mating types 

with R.F. Hoekstra 
Heredity 68 (1992) : 405-410. 

Summary 

In the ascomycete family of Sordariaceae both heterothallism (with two mating 
types) and homothallism (without mating types) are common. A population genetic 
model is made in an attempt to find out under which conditions evolution from one 
system to the other is conceivable. 

Analysis shows that evolution from hetero- to homothallism is possible, but 
evolution from homo- to heterothallism is improbable. As in these haploid fungi self-
fertilization has other consequences than in diploid organisms, homothallism seems to 
have little disadvantage. 

It is found that polymorphism in homo- and heterothallism can be stable, although 
this has not yet been found in Sordariaceae in nature. 

Introduction 

Most population genetic models about the evolution of sex and mating systems 
concern animals and plants (e.g. Maynard Smith, 1978; Bell, 1982; Stearns, 1987; 
Michod and Levin, 1988). The fungi are largely overlooked. Some of the reasons 
for this may be the relative lack of knowledge about their population structure and 
genetics, the complex life cycle of many fungi and the puzzling variety in 
reproductive systems. This variation however also offers an opportunity for 
comparative studies of the evolutionary forces that shape the different mating 
systems. 

This study presents a model of the evolution of mating types in filamentous 
Ascomycetes, exemplified by the family Sordariaceae. This family includes some 
genetically well-known species like Neurospora crassa, Podospora anserina and 
Sordaria fimicola, living on rotten plant material or herbivore dung. They show 
relatively simple life cycles (see below). Some population genetic (Perkins and 
Turner, 1988) and molecular (Glass et al., 1990) data are also available and 
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provide useful information. The model will probably also be valid for many other 

ascomycete species, but these are not treated explicitly here. 

In the Sordariaceae (as in many other ascomycete families) roughly two mating 

systems exist: homothallism and heterothallism. Homothallic species are self-fertile 

and have no mating types, whereas heterothallic species are self-sterile and posses 

mating types. Here 'mating types' is defined as 'two different sexes without 

morphological sex-differentiation'. These mating types get different names in 

different species, but are called + and - in this study. 

Note that the terms monoecy and dioecy are confusing in this context. In plants 

these terms refer to species in which individuals produce gametes of only one sex 

or of both sexes. All Sordariaceae make both, independent of mating type. (The 

implication of this fact will be discussed in chapter 3. 

A remarkable phenomenon is the occurrence of both homo- and heterothallic 

species within many related ascomycete genera and families. This means that 

homo- and/or heterothallism must have evolved independently quite often. One 

may suspect, then, that the thresholds for switching from one system to the other 

cannot be too high. 

The purpose of this study is to discover the conditions, defined in general fitness 

parameters, under which homothallism can evolve to heterothallism and vice versa. 

The model 

The model is based on a typical Sordariaceae life cycle as presented in figure 1. 

Note the following characteristics: 

1) The life cycle is haploid. There is only a very short stage of diploidy (in the 
young ascus) which is immediately followed by meiosis. 

2) Each individual mycelium forms both conidia and ascogonia, that is both male 
and female gametes. As stated above this is completely independent of mating type. 

3) The conidia serve as both male gametes and asexual spores. (This is a 
simplification of the situation found in N. crassa, where micro- as well as 
macroconidia exist. The first seem to serve mainly as fertilizing agent and the 
second as asexual spore (Perkins and Turner, 1988). In the laboratory, however, 
both can perform both functions.) 

4) Because of haploidy self-fertilization does not imply recombination. (A similar 
phenomenon in ferns is called intragametofytic selfing (Klekowski, 1979; Hedrick, 
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Figure 1. Life cycle of the heterothallic model organism. A haploid mycelium 
contains either nuclei' of mating type + (black dots) or of mating type - (open dots). 
The conidia can develop asexually into a new mycelium or fertilize ascogonia of the 
opposite mating type. After karyogamy and meiosis an ascus with eight ascospores 
(four of each mating type) is formed. The homothallic model organism has the same 
life cycle, but has no mating types (self-fertilization is possible). 

1987).) From a genetic point of view then the formation of selfed spores is 

equivalent to forming asexual spores. 

Furthermore, the following assumptions are made in the model: 

There are two heterothallic mating types, + and -, with frequencies x, and x2, and 

one homothallic 'mating type' ± with frequency x3 (x, + x2 + x3 = 1). These three 

types are assumed to be determined by three alleles at one locus. The fitness of a 

heterothallic cross + x - equals 1, the crosses ± x - and ± x + have a fitness Wj 

(w;<l). The homothallic crossing ± x ± has a fitness w2 when it concerns 

outcrossing (frequency 1-s) and w3 when selfing (frequency s). 

All mycelia produce the same amounts of ascogonia and conidia. There is an 

excess of conidia formed, so all ascogonia are fertilized. (This can be compared 

with ovules and pollen in higher plants. (Charlesworth and Charlesworth, 1978b)) 

The conidia disperse randomly over the area. Some land on unoccupied substrate 
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and have a chance to germinate. Others land on a mycelium and may be able to 

fertilize ascogonia. There is an active attraction between unlike mating types as in, 

for example, Podospora anserina (Esser, 1959) and Bombardia lunata (Zickler, 

1952). Identical mating types do not attract each other. This means that both a + 

conidium landing on a + mycelium, and a - conidium landing on a - mycelium will 

get lost. All ascogonia on a heterothallic mycelium will be fertilized, but of course 

not by conidia of its own mating type. 

Both sexual spores (ascospores) and asexual spores (conidia) are formed. The 

difference in fitness between these spores (relating to differences in viability as 

well as frequency) is expressed in the parameter 0, denoting the fitness of an 

ascospore relative to that of a conidium. Since 6 will appear of no importance in 

the analysis of this model, its precise definition will be discussed in chapter 3. 

Taking all these assumptions into account the following recurrence relations can 

be derived: 

Wx[ = xx [ 1 + \ 6 (-? ^ + —2— + w, (1 s)x3)] ( la) 
«"1 A"] ""I " Q 

, , X.+W.X, X. „ m ^ 
Wx2 = x2 [ 1 + - e (-! l-l + — l — + Wj (1 -s)xj\ ( lb) 

W4 = xi[l+±e((l-s)(2w2x3+wl(xl+x2))+wl^—+wl^— +2w3s)] (lc) 

where 

W= \+Q[x3{l-s){w2x3+wx{x^x2))+x2- —+xx— —+w3s] (Id) 

When x, = x2 (which can be shown to be the case in all equilibrium conditions, 

see Appendix) ,with x, + x2 = p and x3 = q, this can be simplified to 

Wp'=p[l+\e{- 1-+w1(l-s)qy\ • (2a) 
\p+q 



M A T I N G T Y P E S 3 1 

Wq' = q[U\Q((l-s)(2w2q+wlP) + -p?-+2w3s)] (2b) 
-p+q 

where 

-p+wxq 
W = l+Q[q(l-s)(wlp + w2q)+p- +w3sq] (2c) 

{p+q 

When (2b) is rewritten as 

s!_ _ EMI. 
q W 

it is easy to see that q will increase when f(q) = F(q)-W > 0 

It can be deduced that f(q) = A.q2 + B.q + C, with 

A = (l-s)(w2 - w,) 

B = I + w2(l-s) + w3s - ViWjiS-s) 

C = lAw1(3-s) + w3s - I 

There will be an equilibrium when f(q) = 0, so two equilibrium points can be 

deduced, one stable: 

= -B-W-AAC (3) 
1 2A 

and one unstable: 

_ -B^B2-4AC ( 4 ) 
2 2vl 

Using the Taylor expansion it can be shown that for p « 0: heterothallism can 

invade if A+B+C < 0, that is if 

w, > 2— — (5) 
1 2-s 
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and for q » 0: homothallism can invade if C > 0, that is if 

w, > 2 ?- (6) 
1 3-s 

There appear to be four possible states: homothallism (ho), heterothallism (he), 

stable polymorphism (po) and a frequency- dependent state (fd), where neither type 

can invade (heterothallism being stable if q > q2, and homothallism if q < q2). 

Conditions (5) and (6) describe which of these states is reached, except in cases 

when 0 < qh q2 < 1 where the final state depends on q. The four states occur in the 

following cases (for all q, except when stated otherwise) : 

po: (C > 0 and A+B+C < 0) or (C > 0 and A+B+C > 0 and A > -lAB > 0 and 

q < q2) or (C < 0 and A+B+C < 0 and A < -ViB < 0 and q > q2) 

fd: C < 0 and A+B+C > 0 

he: C < 0 and A+B+C < 0 and not (A < -'AB < 0 and q > q2) 

ho: C > 0 and A+B+C > 0 and not (A > -!4B > 0 and q < q2) 

Before discussing some special cases, it should be noticed that the invasion of 

heterothallism in a homothallic population is very unlikely to happen with two 

mating types (two simultaneous mutations) at once. That is, one has to consider the 

introduction of one mating type first. This means that x, = 0 or x2 = 0. Elaborating 

this case gives condition (1) again for heterothallic invasion. The frequency q must 

be 0.5 at least, because the ± mating type must also serve as heterothallic partner. 

The expressions A, B and C in formulas (3) and (4) now become 

A = 2{\-s)(w2-w,) 

B = 2sw3 - (l+s)w2 

C = w, 

After the right mutation the second mating type can invade under the same 

conditions as the first (condition (5)). 

To achieve a better impression of these formulae, some special cases will be 

considered (See figure 2 for illustrations) 

1) No selfing : s = 0 

Homothallism can invade if w, > 2/3 and heterothallism if w2<w1. 

2) All homothallics are selfing : 5 = 1 
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Figure 2. Equilibrium states in four different cases, po = stable polymorphism, he = 
heterothallism, ho = homothallism, fd = frequency dependent, a: s=0 (no selling, 
discussed as case 1 in the main text), b: s = 1 (all homothallics are selfing, case 2), 
c: s = 0.5 and w2 = w3 (homothallic crosses are equally fit), d: s = 0.5 and w, = w2 

(outbreeding crosses with homothallics are equally fit). 

Homothallism can invade if Wj > l-w3 and heterothallism if w, > 2w3. 
3) All outcrossing sex has the same fitness : w, = w2 = 1 

(a) selfing mildly deleterious : w3 > 0.5 
Heterothallism can never invade, homothallism is stable. 

(b) selfing strongly deleterious : w3 < 0.5 

Both homo- and heterothallism can invade, polymorphism is stable. 

It is clear that conditions for homothallism to invade a heterothallic population 
will be much easier realized then conditions for heterothallism to invade. A 
heterothallic population can only be stable with strong selection pressure against 
homothallism and/or selfing. 

The model seems to suggest, therefore, that evolution from hetero- to 
homothallism may be possible, but that evolution from homo- to heterothallism is 
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expected to be rare. At the same time it shows that, when evolution from homo- to 

heterothallism or vice versa occurs, one should also expect to find populations 

polymorphic for this trait. 

Discussion 

One of the few discussions on the evolution of heterothallism in ascomycetes has 

been given by Olive (1958, 1963). He assumes that in the early evolution of the 

fungi homothallism preceded heterothallism. In the homothallic species Sordaria 

flmicola a number of mutations affecting the sexual process have been found. In 

the laboratory 'heterothallism' could be created by selecting for self-sterile colonies 

that could be crossed with each other (El Ani and Olive, 1962). It is suggested that 

heterothallism might evolve by 'the occurrence and association of pseudo allelic 

self-sterility mutations in a compound locus of two or more subunits'. 

The nature of the selective forces that promote the evolution of heterothallism u 

under natural conditions is not clear, but according to Raper (1968) and 

Esser(1971, 1974) these should mainly be the promotion of outbreeding and the 

prevention of inbreeding. This last argument, however, deserves a closer look. 

What is meant by inbreeding is actually intragametofytic selfing. (Selfing as it 

occurs in diploids, intergametofytic selfing, is possible with both homo- and 

heterothallism in these fungi.) This selfing does not imply any recombination and 

is in fact equivalent to asexual reproduction. This means the 'usual' disadvantages 

of inbreeding are not applicable here. 

A model on the evolution of mating types in isogamous populations has been 

studied by Hoekstra (1982, 1987). Using comparable parameters (and with s = 0), 

he found that heterothallism can invade if w, > w2 and homothallism if w, > 1/2. 

The difference with the present model is the second condition, which is less severe 

here (w, > 2/3). The reason for this is the gamete differentiation in the present 

model and the fact that no ascogonia get lost by incompatible fusions. 

It does not mean, however, that the evolution of heterothallism has become easy. 

It is hard to find convincing reasons why w,, w2 and/or w3 should be a lot smaller 

than 1. 

The idea that heterothallism must have preceded homothallism in evolution is 

supported by DNA sequencing of the mating type genes of Neurospora crassa and 

the comparison of these sequences with other Sordariaceae (Glass et al., 1990; 

Metzenberg and Glass, 1990). It is found that + and - (called A and a in 



MATING TYPES 35 

Neurospora) are dissimilar and that most (but not all) homothallic species carry 

homologous sequences of both mating types in one haploid genome. Mating type 

switching like in yeast (Herskowitz, 1988) is very improbable in the Sordariaceae. 

The fact that most homothallic Sordariaceae do not form conidia is not reflected 

in the model assumptions (Perkins and Turner, 1988), which means that 

outcrossing can only take place by occasional mycelial contact. So in homothallic 

species in nature, the frequency of selfing must be close to 100 per cent. This is 

supported by the finding that RFLP and mating type analysis show far less 

variation within homothallic species then within heterothallic species (Glass et al., 

1990). 

This possible lack of conidia may make the model less valid for the evolution of 

homo- to heterothallism. It is easy to see, however, that a more realistic model 

would put a heterothallic mutant at an even greater disadvantage than in the present 

model, because it decreases the chance of finding an appropriate mate. This will 

therefore only produce more severe conditions for the evolution of heterothallism. 

The only explanation for the existence of heterothallic Sordariaceae seems to be 

that in some cases the fitness thresholds for intermediate stages are too high. More 

ecological research on these species is needed, to find out if and why that should 

be the case. 

Note that the model suggests that polymorphism in homo- and heterothallism 

may very well be stable. In Sordariaceae no report of such polymorphism has been 

found. In some species of comparative ascomycete families both homothallic and 

heterothallic strains are described (e.g. Glomerella cingulata (Wheeler, 1954), 

Gibberella zeae and Nectria haematococca (Booth, 1971)), but the stability of these 

strains in nature is somewhat obscure. It may very well be that polymorphism 

occurs in some species but has never been reported. 

The lack of conidia in many homothallic species, the differentiation in male and 

female gametes in addition to mating types, and the existence of related fungi 

imperfecti, offer some intriguing additional questions. These will be analyzed in a 

comparative model in the next chapter. 



36 CHAPTER 2 

Appendix 

Equal heterothallic frequencies are stable. 

Formulas (la) and (lb) can be rewritten to 

x1 xl (a + bx2) 

x'2 x2(a + bx{) 

with 

a = (l+1/20w;(l-5)xi)(l-x/)(l-x2) + Vriwpcj 

b = V^l+XjO-w,)) 

to 

It is easy to see that x, and x2 are mutually interchangeable, so if x, lx2 converges 

1 for x, < x2, it will also converge to 1 for x2 < x,. 

If x, <x2, then x, lx2 converges to 1 without oscillations if 

je, a + bx~ 
-1 > 1 > i 
xx a + fecj 

As both a>0 and b>0, these conditions hold if x, < x2 . 

So x, lx2 always converges to 1 and equal frequencies of the heterothallic 

genotypes are stable. 
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CHAPTER 3 

Hermaphroditism and other reproductive 
strategies 

with R.F. Hoekstra 
Heredity 68 (1992) : 537-546. 

Summary 

The evolution of different reproductive systems in filamentous ascomycetes is 
studied in a population genetic model. These fungi differ essentially from higher 
plants and animals, because mating types can exist in addition to male and female 
gametes, and the conidia serve as both male gametes and asexual spores; moreover 
selfing is genetically equivalent to asexual reproduction in these haploid organisms. 

A variable fitness of ascospore production is predicted as the explanation for the 
evolution of two systems that abundantly exist in nature: hermaphroditism in 
heterothallic species, and the formation of both asexual and sexual spores in 
homothallic species. Imperfect fungi will evolve if sexual spores do not show a 
remarkably higher fitness than asexual spores. 

Introduction 

A great variety of reproductive systems exist in filamentous ascomycetes. 
Compared with the reproductive systems in higher plants, some specific differences 
attract attention. The first is the possible occurrence of mating types in addition to 
the existence of both male and female gametes (discussed in the previous chapter), 
where only crossings between male and female with unlike mating type are 
possible. The second is that both sexual and asexual spores exist, while the asexual 
spores (conidia) can often also serve as male gametes. Finally the fact that the 
gamete-producing individual is haploid has some special implications for selfing 
and inbreeding. 

Mating systems such as monoecy, dioecy, gynodioecy and trioecy are known in 
plants. The evolutionary forces that can account for these different types have been 
thoroughly studied (Charlesworth and Charlesworth, 1978a, b; Charlesworfh and 
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Ganders, 1979; Gregorius et al., 1982, 1983; Ross, 1982). For fungi, however, such 

studies appear to be lacking. 

This paper is a theoretical analysis of the evolutionary relations between a 

number of fungal reproductive strategies. Attention is mainly limited to the family 

of Sordariaceae, which contains a number of well-studied species like Neurospora 

crassa and Sordaria fimicola; many ascomycete mating systems are represented. 

All heterothallic Sordariaceae investigated to date have both conidia (male 

gametes) and ascogonia (structures holding the female gamete) and can therefore be 

considered to be hermaphrodite. No report on a natural dioecious filamentous 

ascomycete (i.e. with separate male and female individuals) is known to us. This 

leads to the question why, in heterothallic Sordariaceae, hermaphrodites with 

mating types do occur, whereas separate males and females without mating types 

do not. 

It is also remarkable that in many homothallic species (such as the homothallic 

Neurosporas and Sordaria fimicola) the conidia are absent and ascogonia no longer 

form trichogynes (small hyphae growing towards fertilizing conidia). This means 

that no asexual spores are formed and outcrossing is probably very rare, being only 

possible after heterokaryosis. 

Another phenomenon in fungi, incomparable to higher plants, is the existence of 

imperfect fungi, in which no sexual stage is found. Although taxonomically they 

are not classified as ascomycetes, most can be considered as such because they 

show all characteristics of ascomycetes except a sexual cycle (e.g. Ainsworth, 

1973). These imperfect fungi can be considered as pure male ascomycetes, which 

only form conidia and no ascogonia. As there are no more females to fertilize, the 

conidia have ceased to function as male gametes and are now specialized as asexual 

spores. 

A model is developed in this study in an attempt to find evolutionary pathways 

for all these different mating systems, as illustrated in figure 1. The important 

fitness parameters are the differences between sexual and asexual reproduction and 

between selfing and outbreeding. 

The model 

The model organism in this study is the idealized ascomycete described 
previously (chapter 2). It has a haploid life cycle and in principle can form both 
conidia and ascogonia. In the young ascus karyogamy and meiosis take place and 
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Figure 1. Overview of the evolutionary transitions considered. Conidia are 
symbolized by a dot above a stalk, ascogonia by a cup on a stalk (ready to catch 
airborne conidia). Strictly selfrng ascogonia that do not get fertilized by conidia are 
symbolized by a cup covered with a lid. 
Arrows indicate possible transitions between: (1): Homothallics and heterothallics 
(chapter 2). (2): Hermaphrodite, male and female heterothallics (Section A). (3): 
Different types of homothallics (Section B). 

the ascospores are formed. Population size is assumed to be infinite and generations 
are separated. 

It is assumed that the conidia and ascospores formed are dispersed randomly 
over the habitat of the population. They can land on three different kinds of 
substrate: (1) on an appropriate site where they can germinate, (2) on an unfit site 
where they cannot survive, or (3) on a site which is already occupied by another 
individual. In the last case a landing conidium can fertilize an ascogonium of that 
individual, whereas a landing ascospore will get lost. It is assumed that there are 
always sufficient conidia in the population to fertilize all available ascogonia. 
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The 'twofold disadvantage of sex' (Maynard Smith, 1971) or 'cost of genome 

dilution' (Lewis, 1987) is manifested in the production of ascospores. In the 

ascospores half of the genes are of paternal origin (the conidium) and half of 

maternal origin (the ascogonium), while in an asexual spore all genes are from 

'paternal' origin. Although half of its genome is lost, a conidium may profit by 

sexual reproduction, because the female parent provides the resources for producing 

several (normally eight) ascospores out of one conidium. This female parent, 

however, experiences a twofold cost of sex, compared to a situation where she 

would produce asexual spores or selfed ascospores. It is essential, therefore, that 

ascospores, being more resistant and capable of remaining viable for long periods, 

have a higher fitness than asexual spores (Perkins and Turner, 1988). In addition, 

some kind of inbreeding depression must occur to explain outbreeding. 

Several types of individual are considered. They differ in the production of male 

and female gametes and in the frequency of self-fertilization. An individual 

producing only conidia (a 'male') forms N conidia, and an individual producing 

only ascogonia (a 'female') forms n ascogonia. A hermaphrodite forms otN conidia 

and ßn ascogonia. As the energy required to form a conidium (just a small cell) 

must be much lower then that needed to form an ascogonium (the receptive 

structure) plus a fruiting body filled with ascospores, we assume n « N. If all 

individuals can use the same amount of energy for reproduction, then a + ß = 1 for 

all hermaphrodites. This is assumed in the model, so we may define a = z and 

ß = 1-z, where z is the 'maleness' of the individual. 

The selfing rate for homothallic species is s. Outbred and selfed progeny have a 

relative fitness of 1 and d respectively. 

As elaborated in Appendix I a general recursion equation can be derived from 

these assumptions. It is shown that the differences in fitness between sexual and 

asexual spores can be summarized by a single parameter 0 for the fitness of 

ascospore production. 

When a population contains different types of individuals, where type j has a 

frequency x-, a maleness z. and a selfing rate Sj, this general recurrence relation is 

given by: 
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where 

Note that the model covers both homo- and heterothallic populations, but not 

populations polymorphic for this trait. 

In subsequent sections a number of specific models are analysed. The different 

types of individual and the possible transitions between them are shown 

schematically in figure 1. Both a constant and a variable ascospore fitness 

parameter 6 are considered. 

A]. Heterothallic population with males, females and hermaphrodites. Constant 

ascospore fitness 8 

Consider a population with three types j , j = 1 representing males (z, = 1, s, = 0), 

y ' = 2 representing hermaphrodites (z2 = z, s2= 0) and j = 3 representing females 

(z3=0,s3=0). 

From the resulting recurrence relations (see Appendix II), it can be deduced that 

the population is in equilibrium if 

i l (2) x, + zx. 1 2 0 - 1 

It is easy to see that for 6 < 2 a pure male population is stable. This implies that 
with 6 < 2 the evolution of imperfect fungi is expected. For 9 > 2 polymorphism is 
stable; the equilibrium values of xy depend on the starting frequencies and are 
located on a straight line segment (figure 2). Thus, in an infinite population, one 
should expect to find trioecy: populations with hermaphrodites, males and females. 

In a finite population random genetic drift may cause the frequencies in the 
population to change along the equilibrium line (2). As stated in Appendix II no 
specific tendency towards dioecy or hermaphroditism could be found, so in the 


