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Stellingen 

1) Resultaten van onderzoek naar de genetica van heterokaryon-incompatibiliteit zijn 
eerder verwarrend dan verhelderend. (dit proefschrift). 

2) In populaties van Aspergillus nidulans komen mitochondrieen van verschillende 
individuen waarschijnlijk nooit met elkaar in contact, (dit proefschrift) 

3) Het-genen zijn beter in het voorkomen van heterokaryon-formatie dan in het 
voorkomen van virusoverdracht. (dit proefschrift) 

4) Sexuele recombinatie van het-genen zou de verklaring kunnen zijn voor de 
afwezigheid van virussen in sexuele Aspergilli ondanks hun alomtegenwoordigheid in 
asexuele Aspergilli. (dit proefschrift) 

5) De benaming 'fungi imperfecti' is meer een antropocentrisch waarde-oordeel dan 
een biologische beschrijving. 

6) Het feit dat een universitair docent geen enkele didactische opleiding behoeft voor 
zijn of haar aanstelling geeft aan hoevee! belang de universiteit aan onderwijs hecht. 

7) Aan de halsstarrigheid waarmee sommige wetenschappers aan hun hypotheses 
vasthouden is niet te zien dat het hun doel is deze hypotheses te verwerpen. 

8) Politiek succes wordt vaak bereikt door de aandacht van problemen af te leiden en 
niet door problemen op te lossen. 

9) What all men believe must be true (Saint Cyril of Jerusalem, 340 A.D.). 

10) Het circus rond het promoveren zou kunnen doen vermoeden dat we met een 
overdaad aan vorm een gebrek aan inhoud proberen te compenseren. In mijn geval 
was dit niet nodig geweest. 

Stellingen behorend bij het proefschrift 'The transmission of cytoplasmic genes in 
Aspergillus nidulans' van Alex Coenen 

Wageningen, 12 februari 1997 
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Introduction 

The problem 

Evolution is the genetic adaption of organisms to a changing environment. The 
mechanism that enables living organisms to adapt is mutation followed by natural 
selection. Genes randomly mutate to form new genes. Whether or not a new gene will 
spread through a population and thus increase in frequency depends on the effect of 
that gene on the fitness of its host organism. Fitness is best defined as the number of 
successful progeny; these are progeny that themselves produce progeny. An organism 
with a relatively high fitness produces more successful progeny than an organism with 
a relatively low fitness. Therefore a gene in a host with a relatively high fitness will 
increase in frequency while a gene in a host with a relatively low fitness will decrease 
in frequency. This process is called natural selection. 

Selfish genes manage to increase in frequency despite a negative effect on host 
fitness. That selfish genes are maintained in populations can be the result of an 
enhanced transmission rate, a transmission rate that is higher than the transmission rate 
of 'normal' genes. The decrease in frequency of selfish genes due to their negative 
effect on host fitness is counteracted by an increase in frequency as a result of their 
enhanced transmission rate. An example of selfish nuclear genes are segregation 
distorters (Lyttle 1991). Mendel's first law states that parental genes are on average 
present in 50% of sexual progeny. However some genes are consistently included in 
more than 50% of sexual progeny. These genes are called segregation distorters. An 
extreme case of segregation distortion is formed by the 'killer' genes found in some 
fungi (Turner & Perkins 1979 & 1991, Nauta et al 1993). The 50% of progeny that 
do not contain the killer gene are not viable, consequently the killer gene is present 
in 100% of progeny. This means that a possible negative effect of the killer gene on 
host fitness (a lower than average progeny number) is compensated by the presence 
of the killer gene in all (and not only half) of the progeny. 
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Most of the genes in an organism are in the nucleus. However all eukaryotic 
organisms also contain genes in their cytoplasm. Cytoplasmic genes are the genomes 
of viruses, plasmids, mitochondria and chloroplasts. Because cytoplasmic genes can 
be transmitted independently of nuclear genes they can enhance their transmission in 
ways that nuclear genes can not. A cytoplasmic gene that is inherited uniparentally 
from the maternal parent can enhance its transmission rate by influencing the sex of 
its host. This tactic is employed by the cytoplasmic genes that induce male sterility in 
plants (Frank 1989). A cytoplasmic gene that is inherited biparentally from both 
parents can enhance its transmission rate by winning the ensuing competition between 
the two parental cytoplasmic genes (Gran 1976). In most species of animals and plants 
nuclear genes are only transmitted vertically (from parent to progeny). However, in 
fungi genes may also be transmitted horizontally (between different individuals, 
following somatic fusion). This appears to occur more frequently with cytoplasmic 
genes than with nuclear genes. Horizontal transmission allows cytoplasmic genes to 
enter new hosts while maintaining their presence in the old hosts. It is horizontal 
transmission that enables viruses to be maintained in host populations despite negative 
effects on host fitness. 

Enhanced transmission rates allow the spread of selfish cytoplasmic genes. 
Therefore natural selection is expected to favour nuclear genes that regulate the 
transmission of cytoplasmic genes. This thesis concerns the regulation of the 
transmission of cytoplasmic genes in the fungus Aspergillus nidulans. The key question 
is whether the regulatory mechanisms can prevent the spread of selfish cytoplasmic 
genes. This introduction supplies the necessary background information about 
A.nidulans, cytoplasmic genes and the sexual inheritance and somatic transmission of 
cytoplasmic genes. Chapters one and two concern the genetic regulation of somatic 
incompatibility in A.nidulans. Chapter three concerns the spread of viruses in 
populations of A.nidulans and chapter four concerns the inheritance of mitochondria 
in A.nidulans. The thesis ends with a general discussion. 

Aspergillus nidulans 

Fungi are eukaryotic organisms that reproduce by the formation of asexual and/or 
sexual spores. Although historically classified as plants they do not form chlorophyll 
and do not possess stems, roots or leaves. In fact fungi are closer related to animals 
than to plants (Alexopoulos & Mims 1979). Fungi can be subdivided into two groups 
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by their mode of sexual spore production (Burnett 1976). Basidiomycetes form 
external basidiospores. Ascomycetes form internal ascospores. Fungi with no known 
sexual stage are classified as a deuteromycetes or fungi imperfecti. However it is now 
known that many fungal genera contain both sexual and asexual species. This has 
resulted in the confusing situation that two fungi belonging to the same genus can have 
different genus names. For example the genus Aspergillus officially contains only 
asexual fungi. Officially the sexual aspergilli should be given the genus name 
Emericella (Raper 1957). However in accordance with common practice (Raper and 
Fennel 1965) I will use the term Aspergillus for both sexual and asexual aspergilli. 

Sexual ascomycetes can be further classified as homothallic or heterothallic 
(Alexopoulos and Mims 1979). Homothallic ascomycetes can produce sexual progeny 
by selfing or by outcrossing. Selfing is the sexual fusion of two nuclei from the same 
individual. Outcrossing is the sexual fusion of two nuclei from different individuals. 
Heterothallic ascomycetes can only produce sexual progeny by outcrossing. In fungi 
heterothallism is regulated by mating types (Glass and Nelson 1994). In heterothallic 

mycelium 

conidiospores ascospores 

mycelium 

conidiospores ascospores 

mycelium 

Figure 1. Life cycle of Aspergillus nidulans. The nuclei in ascospores formed by selfing are 
identical to the nuclei in the conidiospores. The nuclei in ascospores formed by outcrossing are 
recombinants of the two parental nuclei. 
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fungi a zygote cannot be formed by the fusion of two nuclei with identical mating 
types. Mating types are not synonymous with male and female: many heterothallic 
fungi are hermaphroditic. Fungi can also be classified as filamentous or single-celled. 
Single celled fungi are yeasts. Filamentous fungi grow vegetatively by forming a 
network (mycelium) of threads (hyphae). The cells in a hypha are separated by septa. 
Septa contain a pore so that there is direct cytoplasmic contact between the cells in a 
hypha (Alexopopulos & Mims 1979, Burnett 1976). 

Aspergillus nidulans is a homothallic filamentous ascomycete (Raper & Fennel 1965). 
It is a soil fungus common to large parts of the world. The life cycle of A.nidulans 
is shown in Figure 1. The asexual conidiospores are formed in long chains on conidial 
heads (Figure 2), one conidial head carrying about 10" conidiospores. The 
conidiospores are spherical and ±3^m in diameter. In A.nidulans the conidiospore cell 
wall contains a green pigment. The sexual ascospores are formed inside closed 
spherical fruitbodies called cleistothecia. Ascospores have the shape of flying saucers 
(see cover photo), a diameter of +4jnm and a brown-red colour. A cleistothecium is 
a black sphere with a diameter of +0.1mm and contains 104 a 105 ascospores. The 
initial step (fertilization) of sexual reproduction in filamentous ascomycetes is the 
formation of a dikaryon containing two haploid nuclei (Alexopopulos & Mims 1979, 
Burnett 1976). The actual reproductive structures and fertilization mechanism of 

Figure 2 . Conidiospore production in Aspergillus 
nidulans (drawing Thea Heij). 
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A.nidulans have never been observed (Benjamin 1955). In general the gametangia of 
this type of ascomycete consist of female ascogonia and male antheridia, a single 
nucleus being introduced into the ascogonium from the antheridium (Alexopopulos & 
Mims 1979). Rowlands and Turner (1976) observed that in A.nidulans the 
mitochondria are inherited from the parental strain that forms the ascospore and 
cleistothecial wall. This suggests the presence of structures similar to ascogonia and 
antheridia in A.nidulans. A.nidulans is homothallic, the two nuclei in the dikaryotic 
hyphae can either originate from the same strain (selfing) or from different strains 
(outcrossing). Zygotes containing diploid nuclei are formed in the dikaryon by 
repeated mitosis and karyogamy of the same two nuclei (Figure 3). This is the only 
diploid stage in the life cycle. Soon after its formation each diploid nucleus undergoes 
one meiotic and one mitotic division resulting in the formation of eight haploid 
ascospores. Cleistothecia burst when ripe releasing the ascospores into the 
environment. 

dikaryon mitosis karyogamy diploid 

mitosis karyogamy et cetera.... 

Figure 3 . The thousands of zygotes in a cleistothecium are formed by repeated mitosis and 
karyogamy of the same two nuclei (drawing Klaas Swart). 
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The following factors make fungi in general and A.nidulans in particular a 
valuable model organism. 
1) Fungi are very simple eukaryotic organisms. 
2) In fungi meiosis follows directly after nuclear fusion, so for most of the life cycle 
the nuclei are haploid. Therefore the genotype is always expressed in the phenotype. 
3) One fruiting body from an ascomycete contains enough progeny for a complete 
genetic analysis 
4) A.nidulans is easy to culture under a wide variety of conditions and can be stored 
indefinitely 
5) A.nidulans has a generation time of two weeks. 
6) In A.nidulans it is relatively easy to isolate both nuclear and mitochondrial 
mutations. 
7) There exists an immense amount of knowledge on the 'molecular' genetics, 
morphology, metabolism and experimental manipulation of A.nidulans (Pontecorvo 
1953, Raper and Fennel 1965, Clutterbuck 1974, O'Brian 1990). 

Two problems in performing population genetics with A.nidulans are determining 
fitness and distinguishing individuals. Ideally fitness is determined by counting 
progeny. However A.nidulans can produce millions of sexual and asexual progeny on 
a small area in a short period of time. Consequently it is impossible to take equal 
samples from different isolates or to accurately count the number of progeny in a 
sample. In my research I have attempted to overcome this problem by performing 
competition experiments. The problem in determining fungal individualism is that 
independent mycelia belonging to the same somatic compatibility group can fuse to 
form a single mycelium. Therefore it is tempting to view somatic compatibility groups 
as individuals. However this means that independent mycelia growing at great 
distances from each other can be the same individual! In clonal plants a distinction is 
made between genets (genetical individuals) and ramets (physiological individuals). In 
my research I distinguish between isolates rather than between individuals. 

Cytoplasmic genes 

Cytoplasmic genes are genes that can exist outside of the nucleus. This includes 
the genomes of plasmids, viruses and cell-organelles (such as mitochondria and 
chloroplasts). Most cytoplasmic genes cannot survive independently of nuclear genes. 
Nuclei and organelles have a mutualistic relationship. Chloroplasts are essential for 
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green plants, mitochondria are essential for all aerobic cells. Plasmids and viruses are 
best considered as parasites of the cell but can be mutualists in some cases. 

Plasmids are common in bacteria (Hardy 1981) and in fungi (Esser et al. 1986) 
but rare in higher eukaryotes. Fungal plasmids are linear or circular double stranded 
DNA fragments of +5kb in size (Esser et al. 1986). In general fungal plasmids can 
integrate into the mitochondrial or the nuclear genome (Nargang 1985, Wickner et al 
1986). Plasmids are involved in inducing senescence in Podospora anserina and 
several Neurospora species (Marbach & Stahll994). There are no reports of plasmids 
in Aspergilli. The differences between viruses and plasmids are that viruses can form 
a protein capsule which protects their genome and that the virus genome encodes some 
of the genes necessary for their own reproduction. This gives viruses a certain amount 
of freedom of movement that plasmids have not. Viruses are common in fungi (Buck 
1986). Mycoviruses have isometric protein capsules and a segmented double stranded 
RNA genome. It is not known whether the segments are all part of the same virus. 
Some of the segments may be mutants (so called defective interfering particles, 
Kirkwood & Bangham 1994) or the entire population of segments may constitute a so 
called quasispecies (Eigen 1993). The size of the genome ranges from 5 to 10 kb 
(Buck 1986). The genome minimally encodes for capsule proteins and an RNA 
polymerase. The RNA polymerase is essential because eukaryotic cells only contain 
enzymes for the transcription of DNA into DNA and DNA into RNA and not for the 
transcription of RNA into RNA. Mycoviruses have been found in 10 asexual 
aspergillus species (Buck 1986, Varga et al. 1994) but never in A.nidulans or in other 
sexual aspergilli. 

Mitochondria contain a circular double stranded DNA genome. Mitochondria can 
contain large numbers of genomes per mitochondrion and large numbers of 
mitochondria per cell. The number of mitochondria per cell differs with species, cell 
function and stage in life cycle. A yeast cell contains around 50 mitochondria, a liver 
cell several thousands (Whittaker & Danks 1978). Their function is the production of 
energy by the degradation of carbohydrates and fatty acids. Their evolutionary origin 
is as endosymbiotic prokaryotes (Gray et al. 1984, Yang et al. 1984, Cedergren et al 
1988). In the course of evolution almost all of the genes on the mitochondrial genome 
have been transferred to the nucleus. The few genes left on the mitochondrial genome 
code either for mitochondrion-specific proteins or for mitochondrial RNA's. The 
mitochondrial genome of A.nidulans consists of approximately 33,000 base pairs. 
About half the genome consists of introns. The exons contain genes for two rRNA's, 
27tRNA's and 16 proteins (Brown et al. 1985, O'Brian 1990). 
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In A.nidulans the study of mitochondrial dynamics can be aided by the use of 
mitochondrial mutations inducing resistance to the antibiotics oligomycin and 
chloramphenicol (Rowlands & Turner 1973, Gunatilleke et al. 1975). Oligomycin 
resistance is caused by a mutation in a gene encoding a mitochondrial protein involved 
in proton transport over the mitochondrial membrane. Chloramphenicol resistance is 
caused by a mutation in a gene encoding a mitochondrial ribosomal subunit. The 
presence of mitochondria containing these markers can be observed by growth on 
media on which strains containing the wild-type mitochondria cannot grow. 

Somatic/horizontal transmission of cytoplasmic genes in A.nidulans 

When two fungal strains meet their hyphae can fuse to form a single mycelium. 
Such somatic fusion can result in the formation of a mycelium containing different 
nuclei (a heterokaryon) or cytoplasms (a heteroplasmon). The formation of a 
heterokaryon or a heteroplasmon creates possibilities for the horizontal transmission 
of nuclear or cytoplasmic genes. However in most or all fungi somatic fusion is 
restricted by somatic or heterokaryon incompatibility mechanisms (Carlile 1987, Glass 
& Kuldau 1992, for an overview see Nauta & Hoekstra 1995). 

Incompatibility reactions as a result of contact between genetically different 
somatic cells is a common phenomenon. Well known examples are graft rejection in 
plants (Knox & Clarke 1980) and tissue rejection after organ transplantation in humans 
(Hayry et al. 1993). Somatic incompatibility in fungi is expressed by the formation 
of a barrage when two strains meet or by the inability of two strains to form a 
heterokaryon. A barrage is a macroscopic zone of aversion (Esser & Meinhardt 1984). 
A barrage can be the result of several factors. The most common are cell death and 
the formation of aireal mycelium. Nuclear mutations are used to determine whether 
two strains can form a heterokaryon. If complementary auxotrophic mutations are used 
the formation of a heterokaryon can be observed by growth on a medium that neither 
homokaryon can grow on (Correl et al. 1987). In A.nidulans a conidiospore color 
mutation can also be used. Heterokaryon formation can then be observed by the 
presence of mixed-color conidial heads (Grindle 1963a/b). 

A prerequisite for somatic incompatibility is a self/non-self recognition system. 
Such systems have been described for many organisms (Marchalonis & Cohen 1980, 
Coombe et al. 1984). Examples are the S locus regulated sexual self-incompatibility 
system in plants (Nettancourt 1977) and the histo-incompatibility system in animals 
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(Gotze 1977, Brown & Eklund 1994). In fungi self/non-self recognition is genetically 
regulated by heterokaryon incompatibility (het) genes. The interaction between het 
genes can be allelic or non-allelic. Non-allelic incompatibility is caused by the 
interaction of specific alleles of different het genes (Esser & Blaich 1994). An example 
of non-allelic incompatibility is the heta/hetb system in P. anserine Both het genes 
have two alleles, a/^ and blbx. Strains with allele a! and allele b are somatically 
incompatible. Contact between a strain with the ab genotype and a strain with the a ^ 
genotype results in barrage formation. A cross between these two strains produces 
25% progeny (heta and hetb are unlinked) with the lethal ab! genotype. In A.nidulans 
the genetic regulation of somatic incompatibility is allelic. If isolates have the same 
alleles for all het genes they are somatically compatible and belong to the same 
heterokaryon compatibility group (hcg). If isolates have different alleles for one or 
more het genes they are somatically incompatible and belong to different heg's. All 
isolates in a hcg are somatically compatible with each other and somatically 
incompatible with all isolates in other heg's. In some fungi the mating type genes also 
function as het genes (Glass & Kuldau 1992) but most het genes have no effect on 
sexual compatibility. Apparently the activity of het genes is suppressed prior to gamete 
fusion. How this suppression is accomplished is unknown. 

Begueret et al. (1994) have suggested a model for the regulation of somatic 
incompatibility in fungi. In their model somatic incompatibility is a postfusion 
reaction. Mycelial fusion results in contact between the proteins that are encoded by 
het genes. Contact between the protein products of incompatible alleles of het genes 
triggers the incompatibility reaction. It is as yet unknown whether non-self recognition 
is the result of a specific non-self recognition reaction or of the absence of self-self 
recognition. The incompatibility reaction itself could be the production of an enzyme 
that causes localized cell death. 

Large numbers of het genes or heg's have been observed in many fungal species 
(Table 1). In A.nidulans eight het genes with at least two alleles each have been 
observed. This is enough to create 28 = 256 heg's. There are few reports of multi-
allelic het genes (Croft 1985). This may be because most het genes have only two 
alleles but could also be due to experimental difficulties in determining multi-allelism 
at het loci. The widespread occurrence of somatic incompatibility and the large 
numbers of het genes involved suggests that somatic incompatibility has an adaptive 
advantage. The nature of this advantage has been the subject of much discussion. The 
most popular theory is that somatic incompatibility protects fungi from exploitation by 
selfish non-self nuclear or cytoplasmic genes (Day 1968, Hartl et al. 1975, Nauta & 
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Table 1 . Heterokaryon compatibility groups in filamentous ascomycetes 

Species het genes or hcg's/Na reference 

Aspergillus flavus 
Aspergillus flavus 
Aspergillus nidulans 
Aspergillus nidulans 
Aspergillus nidulans 
Aspergillus parasiticus 
Aspergillus tamarii 
Aspergillus terreus 
Aspergillus versicolor 
Ceratocystis ulmi 
Cryphonectria parasitica 
Cryphonectria parasitica 
Fusarium moniliforme 
Fusarium oxysporum 
Fusarium oxysporum 
Fusarium oxysporum 
Gaeumannomyces graminis 
Glomerrella cingulata 
Neurospora crassa 
Neurospora crassa 
Podospora anserina 
Phomopsis oblonga 
Phomopsis subordinaria 
Sclerotinia sclerotiorum 
Sclerotinia sclerotiorum 
Verticillium dahliae 

57/105 
44/79 
8 
69/100 
20/24 
17/76 
15/66 
6/7 
14/14 
44/51 
5 
73/258 
10 
179/317 
29/100 
56/197 
18/31 
11/32 
10 
15/15 
17 
29/59 
89/134 
36/66 
32/63 
16/86 

Bayman & Cotty 1991 
Horn & Greene 1995 
Croft 1985 
Croft & Jinks 1977 
this thesis 
Horn & Greene 1995 
Horn & Greene 1995 
Caten 1971 
Caten 1971 
Brasier 1984 
Anagnostakis 1982 
Anagnostakis 1984 
Puhalla & Spieth 1985 
Elias et al. 1990 
Gordon & Okamoto 1991 
Appel & Gordon 1994 
Jamil et al. 1984 
Beever et al. 1995 
Mylyk 1975 
Mylyk 1976 

Rossignol & Picard 1991 
Brayford 1990 
Meijer et al. 1994 
Kohli et al. 1992 
Kobn etal. 1990 
Puhalla & Hummel 1983 

number of heterokaryon compatibility groups in total number of isolates tested 

Hoekstra 1995). Other theories are that somatic incompatibility maintains 
individualism (Todd & Rayner 1980) or that somatic incompatibility is a non-adaptive 
by-product of genes with another function (Boucherie & Bernet 1980, Turcq et al. 
1991). 

Contact between the cytoplasms of different individuals can result in the somatic 
transmission of cytoplasmic genes. It is not clear to what extent somatic 
incompatibility prevents such transmission. A post-fusion reaction preventing the 
formation of a heterokaryon will not necessarily prevent the transmission of 
cytoplasmic genes. Mitochondrial recombination after protoplast fusion of 
heterokaryon incompatible strains has been observed in several Aspergillus species 
(Rowlands and Turner 1974, Croft et a/. 1979, Kevei et al. 1996). There are no 
reports on the transmission of mitochondrial genes between heterokaryon incompatible 
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strains without the aid of protoplast fusion. Reports to date indicate that somatic 
incompatibility is not an absolute barrier for the transmission of plasmids and viruses. 
Transmission between somatically incompatible strains has been observed for plasmids 
in A.amstelodami (Caten 1972) and Neurospora (Debets et al. 1994) and for viruses 
in Cryphonectria parasitica (Anagnostakis & Day 1979) and Ceratocystis ulmi (Brasier 
1983). 

Sexual/vertical transmission of cytoplasmic genes in A.nidulans 

The inheritance of nuclear genes during sexual reproduction is strictly organized. 
Each gene from a parental strain is on average present in half of the progeny. There 
is no strict organization of the inheritance of cytoplasmic genes. In general 
mitochondria are inherited uniparentally, plasmids are inherited if they are integrated 
in the mitochondrial or the nuclear genome and viruses are not inherited. There are 
several possible mechanisms for regulating the uniparental inheritance of mitochondria 
(Birky 1995). The most common mechanism is anisogomy. In anisogamous organisms 
the mitochondria are usually inherited via the large maternal gametes and not via the 
smaller paternal gametes. However there is a growing body of literature describing the 
biparental inheritance of mitochondria in anisogamous organisms. Biparental 
mitochondrial inheritance has been observed in Drosophila (Kondo et al. 1990, Kondo 
et al. 1992), mice (Gyllensten et al 1991) and lentil (Rajora & Mahon 1994). The 
uniparental inheritance of mitochondria can also be regulated after zygote formation. 
In such cases the mitochondria from both parents are present in the zygote but the 
mitochondria from one parent disappear. This phenomenon has been observed in the 
isogamous myxomycete Physarumpolycephalum (Meland et al. 1991) and in the male 
progeny of mussels (Skibinski et al. 1994, Zouros et al. 1994). In yeasts the 
mitochondria from both parents are present in the zygote but the haploid progeny that 
are formed from the zygote by budding contain only one mitochondrial type (Piskur 
1994). 

A limited amount of research has been carried out into the inheritance of 
mitochondria in filamentous ascomycetes. Uniparental inheritance has been observed 
in N. crassa (Mitchell & Mitchell 1952) N.tetrasperma (Lee & Taylor 1993) and 
A.nidulans (Rowlands & Turner 1976). Biparental inheritance of mitochondrial 
markers has been observed in A.nidulans (Rowlands & Turner 1974), Epichloe typhina 
(Chung et al. 1996) and Neurospora (Yang & Griffiths 1993). However this biparental 
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inheritance could also be explained by transmission via the 'back door' pathway 
(Griffiths et al. 1995). This is the transmission of cytoplasmic genes during somatic 
fusion of maternal and paternal mycelium prior to fusion of the gametes. Most or all 
fungal plasmids integrate into the mitochondrial genome and so are inherited together 
with the mitochondria (Esser et al. 1986, Wickner et al. 1986). In animals and plants 
viruses are usually but not always excluded from sexual progeny (Mims 1981, 
Mandahar 1990). For filamentous ascomycetes the evidence to date is that viruses are 
excluded from ascospores (Rawlinson et al. 1973, Day et al. 1977, Rogers et al. 
1986). It is not known how the exclusion of viruses from sexual progeny is achieved. 
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Additive Action of Partial Heterokaryon Incompatibility 
(partial-het) Genes in Aspergillus nidulans 

Abstract. We have observed partial heterokaryon incompatibility 
reactions in combinations of field isolates of A.nidulans. We have 
demonstrated that partial heterokaryon incompatibility is genetically 
controlled by genes {partial het genes) operating in the same manner 
as the previously described het genes. Our results also reveal that 
partial het genes can act additively in causing heterokaryon 
incompatibility and that partial heterokaryon incompatibility is not a 
barrier to the horizontal transfer of a mitochondrial marker. These 
results add to the growing body of evidence that vegetative 
incompatibility reactions are not an absolute barrier to horizontal gene 
flow. 

Introduction 

Vegetative incompatibility in fungi can be examined in several ways (Fincham et 
al. 1979; Jennings and Rayner 1984; Glass and Kuldau 1992). Grindle (1963a,b) used 
complementation of conidiospore colour markers to score heterokaryon incompatibility 
in A.nidulans. In a heterokaryon constructed from two homokaryons differing in 
conidiospore colour, mixed conidial heads can be observed as a result of the 
autonomous expression of spore colour in the uni-nucleate conidia. Heterokaryon 
incompatibility in A.nidulans is controlled by allelic nuclear het genes (Jinks and 
Grindle 1963), different alleles for one or more het genes causing heterokaryon 
incompatibility (Jinks et al. 1966). Conidiospore colour complementation has been 
used to locate eight het genes in A.nidulans, some of them multi-allelic (Croft 1985; 
Anwar et al. 1993; Dales et al. 1993). 

If complementary auxotrophic markers are used heterokaryons can be scored by 
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Fig. 1. 20 nia progeny from the cross of strains 701 and 713/3 are tested for heterokaryon 
compatibility with strain 701/2. The heterokaryon incompatibility reactions of the twenty colonies in 
the photo on the left are scored in the diagram on the right. — = heterokaryon incompatible, p = 
partially heterokaryon incompatible, + = heterokaryon compatible. 

growth on a medium on which neither homokaryon can grow. The advantage of using 
auxotrophic markers instead of colour markers for heterokaryon tests is that non-
growth and partial-growth are easier to score then absence or low-frequency of mixed 
conidial heads. Nitrate non-utilizing mutants are ideal for heterokaryon incompatibility 
tests because they are leaky and relatively easy to isolate (Cove 1976). 
Complementation of nitrogen non-utilizing mutants has been used for vegetative 
compatibility grouping of Fusarium oxysporum (Puhalla 1984, Correl etal. 1987) and 
the detection of partial vegetative incompatibility in F. oxysporum (Whitehead et al. 
1992). 

In this study we have used complementation of nitrate non-utilizing nia and cnx 
mutations to observe heterokaryon incompatibility reactions between field isolates of 
A.nidulans. By using this method it was possible to observe partial heterokaryon 
incompatibility reactions (less then normal heterokaryotic growth, Fig 1). By 
performing heterokaryon incompatibility tests between parents and progeny we have 
determined that partial heterokaryon incompatibility is genetically controlled in the 
same way as heterokaryon incompatibility, different alleles for a partial het gene 
causing partial heterokaryon incompatibility. Our results also reveal that partial het 



partial-het genes 17 

genes can act additively in causing heterokaryon incompatibility and that partial 
heterokaryon incompatibility is not a barrier to the horizontal transfer of a 
mitochondrial marker. 

Materials and methods 

Strains. All A.nidulans strains used in this study were isolated in the spring of 1992 
from soil samples taken at the following sites. 701: Walkers Heath, Birmingham, 
England. 705: Skrinkle Haven, Pembrokeshire, Wales. 713: Tregaron Bog, 
Cardiganshire, Wales. Strain 705 belongs to Heterokaryon compatibility group B, 
strains 701 and 713 are heterokaryon incompatible with the twenty A.nidulans 
heterokaryon compatibility groups in the Birmingham collection of Dr. J.H.Croft 
(personal data). 

Media and growth conditions. MM—N (minimal medium without nitrogen source) per 
litre: lg KH2P04/K2HP04 pH5.8, O.lg MgS04-7H20, O.lg KC1, lOmg each ZnS04, 
FeS04, MnCl2 and CuS04, lOg sucrose, 15g agar. Nitrogen sources: U(ureum), 
N03(nitrate), N02(nitrite) and Arg(arginine) 0.5g/l, Hyp(hypoxanthine) 0.1g/l. 
Nitrogen sources are indicated after MM, for example MMU is MM—N with ureum 
added as nitrogen source. MMC103 (Chlorate medium) is MMArg + 1M KC103. All 
incubations were at 30°C. 

Isolation of mutants. Nitrate non-utilizing nia and cnx mutants were isolated as 
described by Cove (1976). To isolate colour mutants, spores were spread on plates of 
MMN03 (105 spores/plate) and treated with 1.8 J/m2/s U.V for 15s. After 4 days 
incubation yellow (v) mutants were isolated. A mitochondrial oligomycin resistance 
(OR6, Rowlands and Turner 1973) was introduced into cnx mutants by protoplast 
fusion (unpublished results). Strains were coded as follows: 12 = cnx, /3 = y; nia, 
IA = cnx; mtOW. 

Crosses and progeny selection. Crosses were performed by mixing spores of wild-type 
and /3 strains in the ratios: 4:1, 2:1, 1:1, 1:2 and 1:4 on MMU. After three weeks 
incubation fruiting bodies (cleistothecia) from plates showing a good mixture of yellow 
and wild type conidiospores were rolled clean on 3% water agar, crushed in an 
eppendorf tube containing 1ml saline (0.8% w/v NaCl) and samples plated on MMU. 
Ascospores from crossed cleistothecia were plated on MMC103 to select progeny with 
the nia mutation, these were collected on MMC103 in square formation, twenty per 
plate. 
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Compatibility tests. Parent/progeny compatibility tests were performed by inoculating 
the selected nia progeny and the eta mutant of one of the parents at the same spot on 
a plate of MMN03. By using a multiple needle replicator it was possible to test twenty 
progeny on one plate of MMN03. Combinations giving normal heterokaryotic growth 
were scored +. Combinations giving no growth were scored —. Combinations 
resulting in less then normal heterokaryotic growth were declared partially 
heterokaryon compatible and scored/? (Fig. 1). Each selected nia progeny was tested 
for compatibility with the era mutant of both parents. The compatibility of the 
progeny with the parents is noted in the same order as the parents. For example a 
progeny from the cross 701 x 705 scored as ( + - ) is compatible with 701 and 
incompatible with 705. 

Horizontal transfer of mitochondria. Spores of a /3 and a /4 mutant were mixed in a 
test tube containing 3ml MMU and incubated at 30°C for 48 hours. The resulting 
mycelial mat was plated on MMHyp containing lmg/1 oligomycin. Because the era 
mutation can not use hypoxanthine as a nitrogen source we could in this way select 
for reassortment of the nuclear nia and the mitochondrial Olir markers. Yellow sectors 
growing on the MMHyp-oligomycin plates contain the nia and y markers from the /3 
mutant and the mitochondrial oligomycin resistance from the /4 mutant. 

Results 

In all crosses the nia marker was found to segregate independently from the colour 
marker. This is in accordance with the linkage map of A.nidulans (O'Brien 1993) 
which places niaD on chromosome VIII and yA on chromosome I. In none of the 
crosses was linkage observed of the nia marker with a het gene. The eight het genes 
of A. nidulans detected sofar are located on chromosomes II, III, V, VI and VII (Croft 
1985). 

In all three selfed crosses 701 x 701/3, 705 x 705/3 and 713 x 713/3 all progeny 
formed heterokaryons with both parents (data not shown). This confirms that the nia 
and cnx markers can complement each other and that two strains are compatible when 
they have the same alleles for all het genes (Jinks et al. 1966) and partial het genes. 

The results of parent/progeny heterokaryon compatibility tests with progeny from 
crosses of heterokaryon incompatible strains are given in Table 1. The results were 
found to be highly repeatable. The cross of strains 701 x 713/3 shows a 1:1:1:1 
segregation of the ( + - ) , (p—), (—p) and ( - + ) phenotypes (see Table 1 for 
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Table 1 . Parent/progeny heterokaryon compatibility reactions from crosses of strains 701, 705 and 
713 

Phenotype' 
progeny 

(+ - ) 
( P - ) 
( - - ) 
( - P ) 
( - + ) 

Strains crossed 

701/3 x 705 

15%c(38)d 

12% (31) 
50% (128) 
10% (26) 
13% (35) 

701 x 713/3 

25% (46) 
26% (47) 
0% (0) 
25% (45) 
24% (43) 

705 x 713" 

16% (82) 
24% (120) 
20% (100) 
31% (154) 
9% (46) 

a parent/progeny heterokaryon compatibility phenotype, ( + - ) means compatible with first and 
incompatible with second parent, p = partially compatible 
" total results of 705/3 x 713 and 705 x 713/3 
c frequency of progeny with this phenotype 
d absolute number of progeny with this phenotype 

explanation). This is most simply explained by Mendelian segregation of two bi-allelic 
genes, one gene causing incompatibility and one causing partial incompatibility. If we 
designate het genes a capital letter and partial het genes a small letter we can register 
the genotypes of strains 701 and 713 as respectively A b and A'b'. This means that 
progeny phenotypes (+ —), (p- ) , (—p) and ( - +) have the genotypes A b, A b', A 'b 
and A 'b' respectively. 

The cross of strains 701 /3 x 705 shows a 1:1:4:1:1 segregation of the (+ - ) , (p - ) , 
( — ) , (-p) and ( - + ) phenotypes. This is most simply explained by Mendelian 
segregation of three bi-allelic genes, two genes causing incompatibility and one 
causing partial incompatibility. The genotypes of parents and progeny and the 
phenotypes of the parent/progeny heterokaryon incompatibility reaction of a cross of 
this type are given in Table 2. Using a x2 analysis we tested the nul-hypothesis of non-
linkage of the markers. It was found that the numbers measured (Table 1) do not 
deviate significantly from the expected frequencies of 12.5% ( + - ) , 12.5% (p-) , 
50% ( - - ) , 12.5% (-p) and 12.5% ( - +) (x2=2.5, df=4, p>0.5). This means that 
we can not reject the nul-hypothesis that the genes are unlinked. 

In the cross of strains 705 and 713 both the cross 705/3 x 713 and the reciprocal 
cross 705 x 713/3 were performed and the results combined (Table 1). The five 
parent/progeny heterokaryon compatibility phenotypes (+ —, p —, — , - p and - +) 
resulting from the cross of strains 705 and 713 again indicate that three bi-allelic het 
genes are involved. Either one or two of the het genes are partial. If two are partial 
then they must act additively (Table 2). Which of the two models is correct can be 
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Table 2 . Progeny genotype and parent/progeny heterokaryon compatibility phenotype" in two 
different three locus models 

Parental genotypes 

Progeny genotypes 
and parent progeny 
heterokaryon 
compatibility 
phenotypes 

A B cxA'B'c* 

ABc ( + - ) 12.5%d 

AB c' (p - ) 12.5% 
AB'c ( - - ) ] 
AB'c'i--) \ 
A'Bc (--) 150% 
A'Bc'(--)\ 
A'B'c ( - - ) 12.5% 
A'B'c' ( - - ) 12.5% 

A b c xA'b'c" 

Abe ( + - ) 12.5% 
Abc'<p-)~\ 
Ab'c (p - ) J 25% 
Ab'c'(--)~\ 
A'bc (--)] 25% 
i 4 * c ' ( - p ) l 
X'fc'c ( - p) J 25% 
A'b'c' (-+) 12.5% 

a for clarification of genotype and phenotype symbols see text 
b a cross of two strains with different alleles for three het genes of which one is partial 
c a cross of two strains with different alleles for three het genes of which two are partial and additive 
d expected frequency of this genotype if all genes are unlinked 

determined by backcrossing ( — ) progeny. If only one of the three het genes is 
partial then 50% of progeny from all backcrosses will be incompatible with both 
parents. If two of the het genes are partial then backcrossing ( — ) progeny with one 
of the parents will result in 50% progeny with the ( ) phenotype, while the other 
backcross will give 50% progeny with the (—p) or (p—) phenotype (Table 3). Using 
a x2 test on the results from the backcrosses (Table 4) we can reject the model with 
only one partial het gene (x2 = 133, df=9, p<0.001) but not the model with two 
additive partial het genes (x2=4.5, df=9, p>0.8). Strains differing only in the allele 
for het gene b or het gene c give the partial heterokaryon compatibility phenotype but 
combinations differing in both alleles for het genes b and c give the heterokaryon 
incompatibility phenotype. This means that there are two different progeny phenotypes 
that result in the ( ) parent/progeny compatibility phenotype, Ab'c' { )' and A 'b 
c (—) 2 . Both of these genotypes were observed in the backcrosses (Table 4). The 
results presented in Table 1 suggest that the het gene A in the cross of strains 705 x 
713 may be linked to one of the partial het genes a or b at a distance of approximately 
40 map units. This can be concluded from the observation of only 20% ( — ) progeny 
instead of the expected 25% if all genes involved were unlinked. The 20% ( — ) 
represent recombination of both b and c with A, this means that recombination of only 
the linked partial het gene with A is also 20%. Together, this gives 40% 
recombination between the linked partial het gene and A. This would result in the 

phenotypes having the following frequencies: 15% ( + - ) , 25% (p—), 20% ( ), 
25% (-p) and 15% ( - + ) . For the first three phenotypes this is in accordance with 
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Table 3 . Expected results for backcross of (-
the two different models 

-) progeny from the cross of strains 705 and 713 for 

Genotype 

progeny 

Parental genotype3 

ABc 

gen" phec fre" 

A'B'c' 

gen phe fre 

A B'c 

AB'c' 

A'Be 

A'Bc' 

AB'c ( - - ) 50% 
ABc ( + - ) 50% 

AB'c (--)! 
AB'c' ( - - ) J 50% 
A'B'c ( - p ) 25% 
A'B'c' ( - + ) 25% 

AB'c' 
AB'c 
ABc' 
ABc 

A'Bc 
ABc 

A'Bc' 
A'Bc 
ABc' 
ABc 

( — ) 1 
( — ) l 
(P " ) 
(+-) 

( - - ) 
(+-) 

( - - ) ! 
( — ) J 
( P - ) 
( + - ) 

50% 
25% 
25% 

50% 
50% 

50% 
25% 
25% 

AB'c 
A'B'c' 

A'Bc 
A'Bc' 
A'B'c 
A'B'c' 

A'Bc' 
A'B'c' 

( - - ) 
(-+) 

( — ) 1 
( — ) J 
( - P ) 
( -+ ) 

( - - ) 
( -+ ) 

50% 
50% 

50% 
25% 
25% 

50% 
50% 

Parental genotype* 

A be A'b'c' 

Genotype 
( - - ) 
progeny 

gen phe fre gen phe fre 

A'be A'bc ( - - ) 50% 
Abe ( + - ) 50% 

A'bc ( - - ) 25% 
A'bc' ( - p ) l 
A'b'c ( - p)J 50% 
A'b'c' ( - + ) 25% 

A b'c' A b'c' ( - - ) 25% 
A b'c (p - ) ] 
Abe' (p - ) J 50% 
Abe ( + - ) 25% 

A b'c' ( - - ) 50% 
A'b'c' ( - + ) 50% 

a the genotypes are shown assuming that one of the three het genes is partial 
b genotype of progeny from backcross 
c parent/progeny heterokaryon compatibility phenotype corresponding with this genotype 
d expected frequency of this genotype among the progeny if the genes are unlinked 
e the genotypes are shown assuming that two of the three het genes are partial and additive 
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the results in Table 1, but for the last two there is a significant deviation 
(x2 = 18.2,df=4, p<0.01). This could be the result of difficulty discriminating 
between the (—p) and ( - + ) phenotypes in this cross. If these two catagories are 
treated as one (—p and - + = 40%) then we do not have to reject the model with 
40% linkage (x2=0.9, df=3, p>0.99). 

The heterokaryon tests between the parents 705 Abe and 713 A'b'c' and their 
(—) progeny ( — ) ' A b 'c' and ( — ) 2 A 'b c were performed in duplicate. After one 
week all combinations showed no growth. After four weeks incubation the 
combinations with different alleles for the two partial het genes a and b (Ab c-A b 'c' 
and A 'b 'c '-A 'b c) showed slight growth while the combinations differing in allele only 
for the het gene A (Ab c-A'b c and A 'b 'c'-A b'c') still gave no growth. In this way 
it was demonstrated that although the partial het genes acted additively different alleles 
for two partial het genes did not cause as strong a heterokaryon incompatibility 
reaction as a different allele for one het gene. 

Mitochondrial transfer was attempted from strains 701/4 and 713/4 to eight yellow 
nia progeny from the cross of 701 x 713/3, two of each parent/progeny heterokaryon 
compatibility genotype A b, A b', A'b and A'b'. Transfer of the mitochondrial 
oligomycin resistance marker was observed in all compatible and partially compatible 
combinations but in none of the incompatible combinations (Table 5). 

We now have the following situation for the distribution of different alleles for het 
genes and partial het genes over the three strains: 

(1) 701 and 705 have different alleles for one het gene and one partial het gene and 
the two genes are unlinked. 

(2) 701 and 713 have different alleles for two het genes and one partial het gene 
and all three are unlinked. 

(3) 705 and 713 have different alleles for one het gene and two partial het genes 
and the het gene is linked to one of the partial het genes. 

The most plausible explanation for these results is the presence of two bi-allelic het 
genes and two bi-allelic partial het genes distributed over the strains as follows: 701 
ABcd, 705 A'B'c'd, 713 A B'c d'. 

Strains 701 and 713 have different alleles for two het genes {A and d) one of which 
is partial. Strains 701 and 705 have different alleles for three het genes {A, B and c) 
the latter being partial. Strains 705 and 713 have different alleles for three het genes 
of which two are partial, genes A, c and d. Furthermore genes B and d are linked at 
approximately 40 map units and the partial het genes c and d have additive effects. 
Note that our notation of the het genes does not refer to previously described genes. 



partial-het genes 23 

Table 4 . Parent/progeny heterokaryon compatibility reactions from backcrosses of two different 
( ) progeny: ( )' and ( )' from the cross of strains 705 and 713" 

Phenotype 

progeny 

( + - ) 
( P - ) 
("-) 
( - P ) 
( -+ ) 

Strains crossed 

( - - ) ' x 7 0 5 

48%» (93)c 

0% (0) 
52% (101) 
0% (0) 
0% (0) 

( )'x 713 

0% (0) 
0% (0) 
23% (42) 
49% (90) 
28% (52) 

( - - ) 2 x705 

26% (39) 
55% (81) 
19% (28) 
0% (0) 
0% (0) 

( - - ) 2 x 7 1 3 

0% (0) 
0% (0) 
50% (27) 
0% (0) 
50% (27) 

a for cross 705 x 713 see Table 1, for genotypes of backcrosses see Table 3 
b frequency of progeny with this phenotype 
c absolute number of progeny with this phenotype 

Table 5. Mitochondrial oligomycin resistance transfer from strains 701/4 and 713/4 to progeny from 
the cross 701 x 713/3 carrying the nia and y mutations. + is transfer, - is no transfer 

Genotype 

strains 

101/4 A b 
713/4 A'b' 

Genotype of recipient strains 

Ab* Ab' 

+ + 

A'b 

+ 

A'b' 

+ 

heterokaryon incompatibility genotype, for explanation see text 

Discussion 

To our knowledge this work is the first investigation into the genetic background 
of partial heterokaryon incompatibility. The results presented here demonstrate that 
partial heterokaryon incompatibility is genetically controlled by genes operating in the 
same manner as the previously described het genes. Therefore we have called the 
genes causing partial heterokaryon incompatibility partial het genes. A different allele 
for a partial het gene causes partial heterokaryon incompatibility in the same way as 
a different allele for a het gene causes heterokaryon incompatibility. 

Strain 705 is a member of heterokaryon compatibility group B. The definition of 
a heterokaryon compatibility group given by Jinks and Grindle (1963) is that 'different 
isolates belonging to the same group form heterokaryons with one another as readily 
as do pairs of strains derived from the same isolate by mutation'. This definition 
indicates that partially heterokaryon compatible strains belong to different 
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heterokaryon compatibility groups. Using conidiospore colour complementation eight 
het genes (het A,B,C,D,E,F,G and H) have been detected in heterokaryon 
compatibility group B (Croft 1985). Grindle (1963a) noted variation in the frequency 
of mixed conidial heads formed between heterokaryon compatible combinations, 
perhaps this variation was the result of different alleles for partial het genes. Because 
conidiospore colour complementation was used to determine the number of het genes 
in heterokaryon compatibility group B it is unclear whether partially heterokaryon 
compatible combinations were scored as compatible or incompatible. This means that 
we do not know how the two het genes and two partial het genes we found in strain 
705 relate to the eight previously detected het genes in heterokaryon compatibility 
group B. Perhaps some of the eight previously recorded het genes are partial or 
perhaps partial incompatibility was not detected in the conidiospore colour 
complementation tests. Dales (et al. 1983) used auxotrophic markers to force 
heterokaryons between strains with different alleles for het gene A or het gene B. He 
isolated normal heterokaryons from strains with different alleles for het gene A and 
heterokaryons with various abnormal morphologies from strains with different alleles 
for het gene B. These results coincide with our own observations that the strength of 
a heterokaryon incompatibility reaction depends on the het gene involved. His 
observation that strains with different alleles for het gene A did not show conidiospore 
colour complementation under neutral conditions but formed normal heterokaryons 
when auxotrophic selection was used suggests that het gene A is a partial het gene. 

Partial heterokaryon incompatibility is not a barrier to horizontal transfer of 
cytoplasmic material. In partially heterokaryon incompatible combinations the 
heterokaryon does grow but its growth is restricted compared to normal heterokaryotic 
growth. This means that the two mycelia have fused but that the two nuclei in the 
heterokaryon can not fully complement each other. Horizontal transfer between 
partially heterokaryon incompatible strains was demonstrated by the transfer of a 
mitochondrial marker between parents and progeny from the cross of strains 701 and 
713 (Table 5). Transfer of the mitochondrial marker took place in both combinations 
with an allelic difference for a partial het gene but in none of the four combinations 
differing in alleles for het genes. Possibly there are two vegetative incompatibility 
mechanisms in A. nidulans. One, caused by het genes prevents horizontal transfer and 
the other caused by partial het genes does not. This is supported by the observation 
that although different alleles for both partial het genes resulted in a stronger 
heterokaryon incompatibility reaction then a different allele for only one partial het 
gene the reaction was still not as strong as between strains differing in allele for a het 
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gene. However the parallel evolution of two different vegetative incompatibility 
reactions seems unlikely. More probable is that all het genes cause a partial 
heterokaryon incompatibility reaction and that the strength of the reaction depends on 
the genes involved. To confirm this the influence of more het genes and partial het 
genes on horizontal transfer must be determined. 

The generally accepted explanation for the existence of a vegetative incompatibility 
mechanism in fungi is that it prevents cytoplasmic infection (Caten 1972). This theory 
has become less credible in the light of the results presented here and in other 
publications (Anagnostakis 1983; Griffiths et al. 1990) showing that vegetative 
incompatibility reactions are not always a barrier to cytoplasmic infection. Perhaps 
heterokaryon incompatibility is a useful protection against cytoplasmic infection despite 
being leaky. Alternatively the function of vegetative incompatibility, if any, may not 
be protection against cytoplasmic infection but protection of the individuality of the 
fungus (Todd and Rayner 1980), although this begs the question why individuality 
should be protected? 
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research this method revealed the formation of partial heterokaryons between parents 
and progeny of sexual crosses (Coenen 1994). Partial heterokaryons show significantly 
less growth than normal heterokaryons. 

Whether or not heterokaryon incompatibility has an adaptive advantage, and the 
possible nature of this advantage, has been much debated. Hartl et al. (1975) 
suggested that heterokaryon incompatibility protects mycelia from nuclei that are 
nonadaptive in homokaryons but enjoy a proliferative advantage in heterokaryons. Day 
(1968) suggested that heterokaryon incompatibility protects mycelia from suppressive 
cytoplasmic determinants and experimental research has shown that heterokaryon 
incompatibility does indeed limit the somatic transmission of cytoplasmic genes (Caten 
1972, Anagnostakis and Day 1979, Brasier 1983, Debets etal. 1994). However Nauta 
and Hoekstra (1995) demonstrated in a model that neither danger can justify the large 
numbers of het genes commonly found in fungi. Todd and Rayner (1980) argued that 
heterokaryon incompatibility is advantageous because it ensures that there is selection 
on individuals rather than on groups. In Podospora anserina Boucherie and Bernet 
(1980) found that non-allelic het genes are involved in cell functions essential for the 
development of the female cycle while Turcq et al. (1991) did not discover any 
essential function of the allelic hetS gene. 

A non-adaptive explanations for the widespread occurrence of heterokaryon 
incompatibility is that mutations suppressing heterokaryon incompatibility have a 
negative effect on fitness independent of their effect on heterokaryon incompatibility. 
In N. crassa numerous spontaneous suppressors of several het genes have been isolated 
(Arganoza etal. 1994). One spontaneous and several induced suppressors of hetS have 
been isolated in P.anserina (Bernet 1965, Turcq et al. 1991). One suppressor of a het 
gene has been isolated in A. nidulans after mutagenic treatment (Croft 1985). There are 
no reports on the effect of heterokaryon incompatibility suppressors on fungal fitness. 
The object of this research is to isolate spontaneous mutants suppressing heterokaryon 
incompatibility in A.nidulans and to use competition experiments to determine the 
effect of these mutations on the fitness of the fungus. 

Materials and methods 

Strains & Media. All strains, their mutations and alleles for the relevant het genes are 
listed in Table 1. In our strain notation the number before the slash refers to an isolate 
or recombinant and the number after the slash refers to a genotype. For example 
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Table 1 . Strains used 

Strain 
number 

701 
701/1 
701/2 
702 
702/1 
702/2 
AC-4/2 
AC-4/3 
AC-4/11-20 
AC-10/3 

Nitrate 
utilization2 

+ 
nia 
cnx 
+ 
nia 
cnx 
cnx 
nia 
nia 
nia 

Conidiospore 
colorb 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
y 
y 
y 

Allele 
for hetA 

A 
A 
A 
T 
? 
? 
A 
A 
A 
A' 

Allele 
for hetB 

B 
B 
B 
? 
? 
? 
B' 
B' 
?d 

B 

a + , wild-type; nia and cnx, complementary nitrate utilization mutations 
b + , wild-type; y, yellow 
c ?, allele unknown, isolate 702 is incompatible with isolate 701 and recombinants AC-4 and AC-10 
d AC-4/11-20 are mutants of strain AC-4/3 carrying mutations suppressing heterokaryon 
incompatibility due to an allelic difference at the hetB locus 

701/1 and 702/1 are different isolates (701 and 702) carrying the same mutation (nia) 
but 701/1 and 701/2 are different mutants (nia and cnx) of the same isolate (701). 701 
and 702 are wild-types isolates from the Birmingham collection of Dr. JH Croft. AC-4 
and AC-10 are recombinants, cnx and nia are complementary nitrogen utilization 
mutations. Strains with these mutations can use urea but not nitrate as a nitrogen 
source (Cove 1976). y is a yellow conidiospore colour mutation (Pontecorco et al. 
1953). Minimal medium (MM) was made as described previously (Coenen et al. 
1994). MMN03 is minimal medium containing nitrate as sole nitrogen source. MMU 
is minimal medium containing urea as sole nitrogen source. 

Heterokaryon tests. Heterokaryon tests were performed by inoculating a strain with 
a cnx mutation and a strain with a nia mutation together on a plate of MMN03 as 
described previously (Coenen et al. 1994). Heterokaryon compatible combinations are 
indicated with " + ", partially heterokaryon incompatible combinations with "p" and 
heterokaryon incompatible combinations with " - " . 

Isolation of mutants. Het gene mutations were isolated by selecting for heterokaryons 
of strains with a different allele for one het gene. Heterokaryons were selected for by 
plating 100/xl of a mixture containing 5xl07 conidiospores/ml of each strain on plates 
of MMNO3. Heterokaryons growing on these plates were transferred to new plates of 
MMNO3 and then after several days to plates of MMU. On the MMU plates the 
heterokaryons resolved into homokaryons. The homokaryons were tested for presence 
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of the original nia and cnx mutations. Which of the two strains contained a mutation 
suppressing heterokaryon incompatibility and the nature of the mutation was 
determined by testing both homokaryons for heterokaryon compatibility with strains 
containing the different alleles of the relevant het gene and the appropriate nia or cnx 
mutation. 
Genetic analysis. Genetic analysis was performed by testing progeny for heterokaryon 
compatibility with strains containing the different alleles of the relevant het gene and 
the appropriate nia or cnx mutation as described previously (Coenen et al. 1994). 
(+ - ) indicates compatibility with the first parent (in this research always strain 701) 
and incompatibility with the second parent. 

Competition experiments. Competition experiments were performed as between strains 
with a y conidiospore colour mutation and strains with wild-type colour conidiospores 
as described previosly (Coenen et al. 1997). Per competition experiment a spore 
suspension containing approximately 106 conidiospores of both strains was plated on 
MMU and incubated at 30° for four days after which a spore suspension was made 
from this plate. Suitable dilutions of the spore suspensions before and after 
competition were plated to determine the ratio between y and wild-type colour colonies 
before and after competition. 

Results 

Isolation of suppressor mutants. Mutations suppressing heterokaryon incompatibility 
have been isolated by selecting on heterokaryon formation of strains with a different 
allele for one het gene. Isolation of heterokaryons was attempted in two independent 
experiments. In each experiment ten selection plates were inoculated with strains 701/2 
and AC-10/3 (allelic difference for het A) and ten selection plates with strains 701/2 
and AC-4/3 (allelic difference for hefS). No heterokaryons of the two strains with a 
different allele for hetA were observed on any of the plates in either experiment. 
Heterokaryons of the two strains with an allelic difference for hetB were observed 
with a frequency of one to ten per plate. This is an average of one heterokaryon per 
2xl06 spores inoculated onto the plate. Nine heterokaryons from experiment 1 and 41 
heterokaryons from experiment 2 were resolved into homokaryons. All homokaryons 
had the same combination of markers as strain 701/2 (cnx; wild-type conidiospores) 
or strain AC-4/3 (nia; y;). In the nine heterokaryons from experiment 1 four of the 
mutations suppressing heterokaryon incompatibility were in strain 701/2 and five in 
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strain AC-4/3. All four mutants of strain 701/2 and two of the five mutants of strain 
AC-4/3 were 'neutral'. Neutral mutants are heterokaryon compatible with strains 
containing either allele B or allele B' of hetB. Remarkably the other three mutants of 
strain AC-4/3 (carrying allele B') were only heterokaryon compatible with strain 701/2 
(carrying allele B) and not with strain AC-4/2 (carrying allele B'). This type of 
mutants was classified as 'switched'. In the 41 heterokaryons from experiment 2, 13 
of the mutations suppressing heterokaryon incompatibility were in strain 701 and 28 
in strain AC-4. All 41 mutants were neutral. None of the 50 mutants tested were 
compatible with strain 702. This shows that the mutations did not suppress all 
heterokaryon incompatibility reactions. 

Genetic analysis of suppressor mutants. Genetic analysis was performed by crossing 
strain 701/1 with strain AC-4/3 and ten mutants derived from strain AC-4/3, five from 
the first experiment (AC-4/11 to AC-4/15) and five from the second experiment (AC-
4/16 to AC-4/20). Strains AC-4/11, AC-4/13 and AC-4/15 have the switched 
phenotype, the other seven mutant strains have the neutral phenotype. The strains 
crossed and their heterokaryon compatibility with strains 701/2 and AC-4/2 are shown 
in Table 2. The heterokaryon compatibility phenotypes of the progeny, their 
frequencies and the segregation of the y marker per phenotype are also shown in Table 
2. The results from the cross of strains 701/1 and AC-4/3 confirm that the two strains 

Table 2 . Genetic analysis of strain AC-4/3 and 10 mutants of strain AC-4/3 (AC-4/11-20) containing 
mutations suppressing heterokaryon incompatibility 

Parental strains 
Compatibility parents Compatibility progeny with 
with 701/2 and AC-4/2 701/2 and AC-4/2 (+/y) 

701/1 x AC-4/3 

701/1 x AC-4/11 
701/1 x AC-4/12 
701/1 x AC-4/13 
701/1 x AC-4/14 
701/1 x AC-4/15 
701/1 x AC-4/16 
701/1 x AC-4/17 
701/1 x AC-4/18 
701/1 x AC-4/19 
701/1 x AC-4/20 

( + -

( + -
( + -
( + -
( + -
( + -
( + -
( + -
( + -
( + -
( + -

x ( - + ) 

x ( + - ) 
x ( + + ) 
X ( + " ) 
x ( + + ) 
x ( + - ) 
x ( + + ) 
x ( + + ) 
x ( + + ) 
x ( + + ) 
x ( + + ) 

(+-)49%(19/20)a ( - +)51%(20/20) 

( + - ) 100%(43/41) 
( + - ) 49% (26/22) 
( + - ) 100% (49/46) 
(+-)49%(19/25) 
(p - ) 100% (45/46) 
(+-)67%(16/11) 
(p -)33%(9/4) 
(p -)45%(13/5) 
(+-)52%(11/10) 
(+-)67%(18/9) 

( + + ) 51%(24/26) 

(++)51%(20/25) 

( + + ) 33%(4/9) 
(pp)67%(l l /16) 
( p p ) 55%(7/15) 
(++)48%(9/10) 
( + + ) 33%(2/ll) 

" 49% of progeny (19 wild-type color and 20 y) were compatible with 701/2 and incompatible with 
AC-4/2 
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Fig 1. Parents and progeny from the cross of strains 701/1 and AC-4/18. These strains have a 
different allele for only one het gene, hetB. Both plates are inoculated with both parental strains and 
the same 20 progeny. The parental strains are inoculated at the top of each plate, strain AC-4/18 on 
the left and strain 701/1 on the right. The plate on the left tests for heterokaryon compatibility with 
strain 701/2 (allele B of hetB) and the plate on the right for heterokaryon compatibility with strain 
AC-4/2 (allele B' of hetB). Because parental strain AC-4/18 contains a neutral suppressor mutation 
it forms a heterokaryon on both plates. Note that the ( + ,+) and (+,—) phenotypes of the parents 
have become ( p p) and (p —) in the progeny. For further explanation see text 

have a different allele for a single het gene (hetB) and that the y colour marker is not 
linked to hetB. None of the ten crosses with strains AC-4/11 to AC-4/20 produced any 
progeny with the original ( - +) phenotype of strain AC-4/3. Apparently the mutations 
suppressing heterokaryon incompatibility are tightly linked to the het gene and 
probably intragenic. 

The progeny from three crosses displayed a partial heterokaryon incompatibility 
which was not observed in either parent (Fig 1, Table 2). In the cross of strains 701/1 
and the switched mutant AC-4/15 the (+ —) phenotype of both parental strains was 
transformed into a (p—) phenotype in all the progeny. 

In the crosses of strain 701/1 and the neutral mutants AC-4/17 and AC-4/18 the 
( + - ) and (++) phenotypes of the parental strains were (p - ) and (p p) in the 
progeny. In the seven crosses with neutral mutants four strains (AC-4/12, AC-4/14, 


