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Preface 

Fungi play an important role in biotechnological processes, phytopathology, 
food technology, and biomedical research. For more than 50 years these lower 
eukaryotes have been useful in genetic and other fundamental biological 
research. In the first few decades of this research, fungal genetic studies were 
done mostly by geneticists and mycologists who were already familiar with the 
main aspects of these organisms. In recent years, biochemists and other 
scientists (who may have little genetic background) have used molecular 
genetic analysis and gene manipulation. Just as the molecular approach can 
profit from formal genetics, classical genetic analysis can profit from molecular 
techniques. Since fungi are often very suitable as hosts for heterologous genes, 
and since molecular genetic analysis techniques are becoming more wide- 
spread, there was a need for a book on fungal genetics covering formal and 
molecular genetics and techniques. 

The first part of the book deals with genetic principles. The second part 
contains case studies on the genetics of specific fungi, indicating what the 
interesting features of each organism are for genetic studies. The aim is to 
cover the main aspects of fungal genetics using a practical approach. The book 
gives a broad view on fungal genetics from iiumerous specialists on particular 
subjects or organisms. The chapters are suitably formatted for use in courses 

Iii 



iv Preface 

and as a practical reference. Each chapter starts with a treatise of the basic 
concepts, followed by an experimental design that illustrates the practical 
approach. Several experimental protocols contain an illustrated outline, dis- 
cussion points that focus the reader on special aspects, and suggestions for 
further reading. This organization facilitates an understanding of the practical 
approach without the reader having to do the experiment. However, the 
experiments are reproducible without requiringvery much experience, and the 
strains are commonly available for general use. This reference on the genetics 
of fungi demonstrates the concerted use of classical and molecular methods 
and techniques for genetic analysis and breeding of fungi-two aspects of fun- 
gal genetics that make it such a fascinating field of science. 

Cees J. Bos 
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1 
Biology of Fungi 
Cees J. Bos 
Wageningen Agriculture1 University, Wageningen, The Netherlands 

1. INTRODUCTION 

Why do we study fungal genetics? Many fungi are excellent objects to study 
genetics, and genetics plays an important role in various fields of fundamental 
and applied mycology. In this chapter we consider some aspects of the biology 
of fungi that are essential for understanding genetic features and processes. 
In addition, various aspects of fungal genetics are reviewed in order to 
elucidate how they play a role in fundamental biology, biotechnology, plant 
pathology, and other fields of applied biology. 

Fungi are lower eukaryotes, and most of them can be grown on defined 
media. That was the basis for the work of Beadle and Tatum [l], who made a 
new approach in the early 1940s to study genetic control of metabolism, Some 
fungi are obligate biotrophs (obligate parasites), such as the rust fungi and 
mildews. They can be grown only in conjunction with their host plant, but some 
stages can be studied in vitro. Genetic studies with these fungi have been done, 
although they are very laborious. They enable, however, the study of the 
genetics of such close host-parasite relations. In fact the rusts (Puccinh, 
Melampom) provided the first proofs of a gene-for-gene relationship in 
host-parasite systems [Z]. 

1 
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The most characteristic aspect of fungi is that they grow as a thread of 
cells (hypha) and are propagated by generative and/or vegetative spores. A 
spore germinates with a germ tube that grows only at the tip. Transverse cell 
walls (septae) are formed at some distance behind the tip except in Phycomy- 
cetes, which are coenocytic. In general, the septae have a pore that allows 
transport of cytoplasm, mitochondria, and even nuclei. 

The top cell of a hypha often has more than one nucleus located at some 
distance from the tip. Several interesting studies on the growth of hyphal tips 
have been done, and this subject has an old tradition [3]. Soon after germina- 
tion, hyphae will form branches, and the result is a network of hyphae 
(mycelium). Hyphal fusions (anastomoses) can occur at some distance from 
the tips. In principle they allow exchange of cytoplasm and also nuclei between 
hyphae of different origin leading to heterokaryons (Chapter 4). A het- 
erokaryon is a dynamic system of fusing and segregating hyphae. Even in a 
very well balanced heterokatyon, only a fraction of the hyphal tips is het- 
erokaryotic. On a solid surface fungi grow radially and in a vigorously shaken 
liquid culture as compact spherical colonies. The compact spheres may consist 
of an aggregation of different mycelia or may contain ungerminated spores. 
Most yeasts do not have a predominant mycelial growth, although cells may 
stick together. Growth proceeds by budding (Saccharomyces) or by fission of 
cells (Schizosaccharo~yces). The cells are mostly uninucleate and haploid, but 
diploid strains do exist. Some fungi are dimorphic-i.e., they can grow yeastlike 
as well as with hyphae. The best-known example is the smut fungus Ustilago 
rnaydis. One form is haploid and unicellular, divides by budding, and is 
nonpathogenic. The filamentous form is dikaryotic and pathogenic to maize. 
The yeast form can be grown on synthetic media and is very suitable for genetic 
studies [4]. 

Four main groups of fungi are distinguished on basis of the structures 
for sexual reproduction: 

1. Phycomycetes. The sexual spores arise in a sporangium. They may 
be uninucleate or multinucleate and provided with flagella (e.g., zoospores of 
Phytophthoru) or be nonmotile (Phycomyces). These fungi are in general 
coenocytic. 

2. Ascomycetes. The sexual spores are formcd within an ascus. The 
simplest form is found in yeasts, Two cells fuse and karyogamy is immediately 
followed by meiosis, resulting in four spores without cell division. Such a cell 
with four meiotic products is called an ascus. In many Ascomycetes the tetrad 
cells undergo an additional mitotic division, resulting in eight ascospores 
having pairwise the same genotype. The yeasts are called hemiascomycetes. 
The eu-ascomycetes have specialized fruiting bodies (ascocarps) that may 
contain hundreds to thousands of asci. The main forms are: 
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Cleistothecium: closed spherical ascocarp (Aspergillus) 
Perithecium: a spherical ascocarp with a pore for the release of the spores 

Apothecium: the ascocarp is open at the upper side (Discomycetes as 

In some fungi the ascospores are situated linearly in the ascus. Others have 
unordered asci. 

3. Basidiomycetes. In the Basidiomycetes the generative spores are 
formed on the meiocyte (basidium). The holobasidiomycetes have an undi- 
vided basidium. They are the higher fungi known as mushrooms (Agaricus, 
Cunthurellus etc.). The hemibasidiomycetes have a divided basidium. The main 
groups are the rusts (Uredinales) and the smut fungi (Ustilaginales). 

4. Fungi Imperfecti. This group of fungi consists of fungi of which no 
sexual stage is known. Most of them are grouped in form genera on the basis 
of their structures for vegetative reproduction and the form of the vegetative 
spores. Many Fungi Imperfecti are related to Ascomycetes. 

(Sorduria, Neurosporu) 

Helotium, Sclerotiniu). 

2. GENETIC PROCESSES 
A main point in the life cycle of any organism is the alternation of haploid and 
diploid “generation.” In the diploid phase an organism has two sets of chro- 
mosomes (two genomes), and the homologous chromosomes differ when the 
parents contained different mutations (alleles) on homologous loci. In animals 
the haploid phase consists only of the gametes, and in higher plants the haploid 
phase is restricted to few divisions. In lower plants (mosses, ferns) the haploid 
phase is much longer, and in fact the moss plant is haploid and only the 
sporangium and the sporangium stalk are diploid. The haploid phase that 
ultimately produces the gametes is called the gametophyte, and the diploid 
phase the sporophyte. The phase alternation consists of plasmogamy- 
karyogamy-meiosis. In both phases the nuclei of the somatic cells divide in a 
characteristic way (mitosis). In the life cycle only one cell (the meiocyte) has 
a different nuclear division (meiosis) by which the homologous chromosomes 
segregate into the daughter cells. Meiosis consists of two divisions (the second 
resembles a mitotic division) and results in four haploid cells (a tetrad) that 
can grow out to a gametophyte. The processes are illustrated in Figures 1 and 
2. Two different recombination processes occur during meiosis: reassortment 
of homologous chromosomes, and exchange of genetic material between 
nonsister chromatids of homologous chromosomes (crossing over). The ge- 
netic consequences and the use for genetic analysis are discussed in Chapter 
3. The organization of the genetic material and the meiotic process are 
discussed in Chapters 6 and 18. 
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Figure 1 Mitosis in a diploid cell: interphase (a); prophase (b, c); metaphase (d), 
in which the centromeres are in the equatorial plane due to the forces of the spindle; 
anaphase (e-g), during which the sister chromatids separate; telophase (h); interphase 
(i). The result is that each daughter cell has the same genetic constitution. DNA is 
replicated during interphase, and the chromosomes consist of one chromatid before 
and of two after replication. 
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Fungi have also extrachromosomal genetic elements of which the mito- 
chondria are the most important. There is interaction between extrachromoso- 
ma1 elements and the genome by transposable elements. Chapters 7, 10, and 
16 deal with these phenomena. The transmission of extrachromosomal ele- 
ments is also interesting on population level and can be used to study horizon- 
tal gene flow in view of risk assessment of genetically manipulated fungi. 

In fungi the alternation of the haploid and diploid phase can be complex, 
because there can be a long period of time between plasmogamy and kary- 
ogamy. In general, plasmogamy between different strains results in a hetero- 
karyon. In case of the transition of the gametophytic to the sporophytic phase, 
plasmogamy results in a dikaryon that is maintained in a specific way of 
concerted nuclear divisions. In Ascomycetes as well as in Basidiomycetes this 
is accompanied by a special mechanism of cell division to ensure the dikaryotic 
situation (see Chapter 19). 

A. Vegetative Reproduction 

Vegetative reproduction is the most important way for dispersion in many 
fungi. Some fungi form specialized organs for vegetative reproduction as a 
peritheciumlike pycnidium (Phoma sp.) or an apotheciumfike acervulus 
(Gloeosporium sp.). The rusts have a complicated life cycle with nearly closed 
or open sori in which the vegetative spores are formed. In some fungi the 
vegetative spores arise at the top of normal hyphae, and others have specialized 
conidiophores. These fungi and also the Phycomycetes with simple sexual 
organs are very suitable to study differentiation. In the Aspergilli the conidio- 
phore has a swollen top cell bearing sterigmata and on them phialides in which 
the conidiospores are formed in a chain,with the oldest at the end of the chain. 
The conidiospores of a chain are of the same genotype, and even on a 
heterokaryon the various chains on a conidiophore (spore head) usually have 
a similar genotype. This facilitates the isolation of mutants (Chapter 2) or 
vegetative recombinants (Chapter 4). 

B. Generative Reproduction 

In fungi we find not only a wide variety of reproduction structures, but also a 
variety of reproduction processes. The generative process starts with plas- 
mogamy (somatogamy or gametogamy), and the result is a dikaryotic phase. 
In yeast, cell fusion is immediately followed by meiosis. It is the simplest form 
of the alternation of the haploid and diploid phases. This is much more 
complex in many fungi. In the Phycomycetes the meiosis seems to occur just 
before the formation of the gametes. In such a situation the fungal mycelium 
is diploid and more difficult to study genetically. The genetics of Phycomyces 
is discussed in Chapter 20. 



6 Boe 

a I 

d I e 

Figure 2 Meiosis consists of two divisions. The cell that undergoes meiosis is called 
a meiocyte. During MI the homologous chromosome pair (a) can be seen, and in the 
prophase chiasmata can be seen (b, c). The chiasmata are the result of exchange 
between homologous nonsiter chromatids (cross-over). During the metaphase the 
centromeres are not in the equatorial plane. The homologous chromosomes stick 
together owing to the chiasmata which terminalize due to the forces of the spindle (d, 
e), and the result is two haploid nuclei (9. (legendcontinues onfacingguge.) 
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In many Basidiomycetes there is a space of time between plasmogamy 
and karyogamy. The dikaryon that is established can grow for a long time. In 
the Holobasidiomycetes it makes a fruiting body, and then cells differentiate 
to basidia in which karyogamy takes place. The basidia lie in a layer (hymen- 
ium) that covers a side of the fruiting body. The four basidiospores that are 
formed on the basidium are often vigourously dispersed. In the rust and the 
smut fungi (both hemi-Basidiomycetes) the dikaryon grows on a special host, 
where they form abundant resting spores (teliospores). These teliospores are 
incapable of vegetative growth, but upon germination they form a basidium 
consisting of four cells on which the basidiospores bud off (often forming 
chains of cells with similar genotype). 

In the Ascomycetes the dikaryotic phase is found only within the asco- 
carp. The dikaryotic hypha is also maintained by a special way of cell growth 
and is called ascogenous hypha, because the asci arise at the tips of the 
branched ascogenous hyphae. Karyogamy occurs in the young ascus cells and 
is immediately followed by meiosis. These meiocytes develop into asci with 
four or eight (some species even 16) ascospores. In some fungi the asci can be 
isolated, and the four meiotic products that belong together (a tetrad) can be 
studied. In some species the ascospores stay in the linear order in which they 
have been formed. In such a situation we can infer what happened at the first 
meiotic division, and we can distinguish between prereduction and postreduc- 
tion (see Chapter 3). 

C. Parasexual Processes 

It has been shown for many fungi that recombination can occur also in somatic 
cells. Diploid nuclei can arise in a heterokaryon by somatic karyogamy at very 
low frequency. The diploid nuclei can lose chromosomes during mitosis, 
resulting in new haploid sets of chromosomes. Moreover, mitotic crossing-over 
can occur in diploid nuclei. The occurrence of mitotic crossing-over had 
already been detected in Drosphila by Stern in 1936. In genetic studies with 
fungi, somatic recombination turned out to be a real alternative to sex [5] .  It 
encouraged genetic studies and it has also been used in genetic analysis and 
breeding. The importance of the parasexual mechanisms in natural situations 
is still unknown. The simplest form of somatic recombination is the formation 

The first meiotic divison is immediately followed by second one (MII) that resembles 
a mitotic division (g-i). During the anaphase of MI1 (h), the centromeres divide and 
the chromatids of a chromosome separate. The result is four haploid nuclei (i, tetrad). 
For some loci the alleles (the homologous genes) separate during MI, but for other loci 
the homologous genes separate during MI1 due to one or more crossovers between 
locus and centromere. The effect is that genes that are located close together show 
linkage whereas others may inherit independently. 
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and segregation of heterokaryons, but in various fungi somatic karyogamy can 
also occur, giving rise to somatic diploids. Chapter 4 deals with somatic 
recombination. The use in genetic analysis and breeding is also discussed in 
Chapter 9. 

D. Mating Types and Incompatibility 

Both vegetative and generative cell fusions are restricted to compatible strains. 
The compatibility factors for sexual fusion are known as mating types. In LI. 
muydis both partners must have different alleles on two loci (e.g., one strain 
ul b l  and the other a2 62). Otherwise no filamentous growth occurs and the 
fungus will be nonpathogenic. Somatic diploids can be used to study thevarious 
aspects of the incompatibility system. In this fungus one gene (a) is involved 
in a pheromone response pathway and to establish filamentous growth [6] .  The 
b gene is involved in tumor formation and is a prerequisite for pathogenic 
development. As probably at least 25 b alleles exist in nature, it is a complex 
system [see 61. Also in other fungi the mating-type systems seem to be complex, 
and pheromones are involved. Chapter 19 deals with a case study on mating 
type genes in Schizophyllum commune. In general the possibility of sexual 
contact is a complex process depending on several genes. One defective gene 
can already block sexual contact between two strains. Wheeler detected such 
pheromones in Glomerellu cingulutu in 1954 [7]. Fungi that can form repro- 
ductive organs without participation of another strain are called homothallic 
(vs. heterothallic). But a single mutation can change a strain in partner 
dependence. 

Besides mating-type (mt) genes, there are also incompatibility genes that 
function at the vegetative level. Vegetative incompatibility genes do not 
usually interfere with generative reproduction, but mt genes might have a 
function during the vegetative phase. Vegetative incompatibility inhibits the 
formation of plasmogamy, but sometimes stable heterokaryons can be ob- 
tained by protoplast fusion (Chapter 4). In contrast to the mating-type genes, 
in the case of the incompatible genes, the allele on the corresponding her loci 
should be identical. Vegetative incompatibility genes limit horizonal transfers 
of extrachromosomal elements and viruses that could be deleterious. In the 
chapter on population genetics (Chapter 16) attention is paid to the role that 
vegetative incompatibility might play in nature. 

3. SPECIAL FIELDS OF INTEREST 

A. Metabolic Studles and Biotechnology 

Many fungi arevery suitable for genetic studies because of their haploid nature 
(when the colonies are gametophytes) and because of their growth on defined 
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media. Beadle and Tatum laid a basis for studies on the relation between 
genetic material and metabolism in the 1940s withNeurosporu crussu [l]. Fungi 
also served to study gene expression and gene manipulation in eukaryotes (see 
Chapter 5).  In general, fungi can express heterologous genes very well, so they 
are very suitable for the production of primary gene products (proteins, 
peptides) that are of pharmaceutical importance. The growth of genetically 
modified fungi is ethically easier to accept than the manipulation of animals 
because of the interference with the integrity of the animal. Various metabolic 
pathways in fungi have been studied and several groups have concentrated on 
regulation of nitrogen, sulfur, or carbon metabolism [see e.g., 8,9]. Around 
1970 several textbooks were published [lo-131, and 11 fungal systems were 
described in the Handbook of Genetics in 1974 [14]. Recently several mono- 
graphs and handbooks have again reviewed the state of art [15-181. Now, the 
concerted use of formal and molecular techniques is a very useful tool to knock 
down a metabolic pathway and to restore it again ultimately in breeding 
production strains. Chapters 5,8, and 9 discuss the possibilities and strategies 
for genetic manipulation and breeding. Now even fungi that were not accessi- 
ble to classical genetic analysis can be analyzed genetically (Chapter 11). 

B. Plant Pathogenic Relationships 

The fungi turned out to be very suitable for the study of symbiotic relationships. 
The variation in fungi and their complexvariability have drawn much attention 
from the beginning of the 20th century, starting with Erikson and Barns, 
whereas Stakman and Christensen recognized the genetic basis of the phy- 
topathological relationships in the 1920s in studies with Puccinia and Helmin- 
thosporium, respectively [19,20]. Flor [2,21] came with a gene-for-gene concept 
studying flax rust, Melampsoru h i ,  on flax. In principle there are two processes: 
the fungus must be able to use the plant as host, and the symbiotic relation 
must become pathogenic. Assuming that in the initial situation the plant has 
not been killed, a mutation from avirulence to virulence will lead to a patho- 
genic attack. This probably will involve the loss of a function in the fungus. 
Therefore the fungal genes are described as avirulence genes. Briggs and Johal 
[22] argue for the use of the terms compatibility factor and incompatibility 
factor. Compatibility factor causes general changes in the host’s physiology so 
that the fungus can invade the host. In an in-principle compatible situation a 
second pattern of avirulence or incompatibility factors might exist. These 
factors change the host’s physiology in such a way as to prevent infection. This 
system is regarded typically unstable because loss of function (due to resistance 
of the host) can be compensated by a mutation in an avirulence gene of the 
fungus [22]. Molecular genetic techniques allow the study of the molecular 
mechanisms involved in a gene-for-gene relationship (Chapter 14). Certain 
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races of Cladosporiurn fulvurn produce a protein that is toxic only for tomato 
cultivars that carry the Cf9 resistance gene (see Chapter 17). On the other 
hand the use of gene disruption techniques (see Chapter 8) has revealed that 
several fungal genes that were believed to play an important role in host-para- 
site relationships, had no effect on pathogenicity [23]. 

Resistance that prevents the action of compatibility factors is regarded 
to be rather stable, whereas resistance based on an incompatibility interaction 
is likely to be unstable, because loss of a function is easier to achieve, It is, 
however, questionable whether a totally new compatibility factor is needed to 
overcome this and, on the other hand, to what extent an incompatibility gene 
(avirulence gene) contributes to the fitness of the fungus. Physiological races 
have been found in many plant pathogenic fungi. In the case of gene-for-gene 
relationship it is often easy to find new resistance genes, but the fungus often 
will find an answer as soon as the resistant host variety is grown on a large 
scale. That provides an excellent selection system for new virulence genes. It 
has been recognized that the more durable field resistance mostly has a more 
complicated genetic background and that quantitative genetic characters are 
often involved. Gene disruption can be a tool to identify whether a gene plays 
a role in the pathogenicity process. Combination with physical karyotyping 
(Chapter 5 )  has shown that pathogenicity genes may be located on chromo- 
somes that can be lost without lethal effect [24]. Also from population genetic 
studies it is obvious that fungal species may show a great variation in karyotype. 
The gene manipulation techniques open possibilities for biological control of 
plant pathogens. Genetics may also prove to be needed for breeding fungi for 
biological control of insects. For plant breeders it will stay necessary to 
understand and to consider how plant pathogens might answer and therefore 
it is essential to study genetics of pathogenic fungi. 

C. Perspectives 

Fungal genetics is still in the picture and so is the use of molecular techniques 
to study diversity in fungal species (e.g., mating types and vegetative incom- 
patibility, phylogenetic trees, pathogenic characters). Perhaps not only 
plant-parasite relationships, but also pathogenic processes for human and 
animal pathogens will be studied [25]. Fungi have an important role in genetic 
research. Several genetic processes have been extensively studied in fungi, and 
new insights have been obtained. Examples include the ‘‘one-gene-one-en- 
zyme” hypothesis, allelic complementation, tetrad analysis, process of cross- 
ing-over, gene conversion, gene expression, and gene manipulation. In the 
future fungi will continue to have their place in research to study genetic 
mechanisms and fundamental biological problems, because especially fungi 
have various features in common with other eukawotes, while at the same time 
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they are accessible metabolically. Fundamental research directed to applica- 
tion will perhaps prevail. There are challenges in the search for new ways to 
antibiotics as resistance makes many known antibiotics unuseful. Fungi are 
also excellent organisms to produce pharmaceuticals and other high-value 
products. Fungi can perhaps also be more adapted to food technology proc- 
esses especially in view of food supply in developing countries. Many fungi of 
industrial interest have been studied genetically and are accessible to breeding. 
The main application will, however, still be in biotechnology, where a con- 
certed use of mutation, gene manipulation, and classical recombination has 
the best perspectives. 
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1. INTRODUCTION 

In genetic and physiological research in the breeding of strains, we need 
mutants. In formal genetics, we can only recognize a gene after we have 
detected a mutant allele of it and observed the segregation in the progeny of 
the heterozygote. With molecular methods, it is now possible to identify agene 
even when no mutant allele is known. Mutants are not only important for 
genetic analyses. Metabolic pathways can be blocked by mutations or opened 
by reverse mutations. Mutations are also important tools in molecular genetic 
studies and gene manipulation. 

Some key concepts of this chapter are: 

Spontaneous mutation occurs at random at low frequency and in principle at 
any site of a gene. 

Mutations often result in a change in the metabolism of an organism, but some 
mutations have no effect (silent mutations), and others may have differ- 
ent consequences for the phenotype. 

The effect of mutagenic treatment on survival is complex, and there may be 
no simple causal relationship between mutant yield and survival. More- 
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over, multiple mutants may arise in the same individual. Mutants should, 
in general, be isolated only after low-dose mutagenesis. 

Some types of mutants can be selected directly but, especially for auxotrophic 
mutants, enrichment procedures are needed. It is usually desirable to 
include a propagation step between mutagenesis and isolation of mu- 
tants. 

The isolation of mutants is a random process, and what is obtained depends 
mainly on the success of selection, whereas many potentially valuable 
mutants escape detection. 

Directed mutagenesis can be achieved in certain cases by means of gene 
manipulation techniques such as gene disruption or even site-directed 
mutagenesis. 

2. SPONTANEOUS MUTATION 

A mutation is a permanent change in a heritable trait. For any given gene locus, 
it happens very rarely under normal conditions; this is spontaneous mutation. 
Radiations or chemicals that damage DNA can cause more frequent mutation. 
This is induced mutation, and the causal agents are called mutagens. 

The study of spontaneous mutation is made difficult by the rarity of the 
event. For a given genetic locus, only one individual in lo5 may carry a new 
mutation. For some genes the frequency is one in lo6 or even lower. Another 
problem is that the mutant gene is likely to be recessive to the wild-type allele 
it replaces. A diploid individual that is heterozygous for this new mutation will 
still show the normal (wild-type) trait, so the mutation will not be detected. It 
may be some generations later that an individual occurs that is homozygous 
for the mutant gene. Only then will the mutation be detected. This makes it 
very difficult to do quantitative studies (such as measuring mutation rates) in 
natural populations. 

However, in diploid organisms direct counts can be made for dominant 
mutations. Thus the data collected at large maternity hospitals in various parts 
of the world have given us mutation rates for the gene for achondroplasia 
(dwarfism). Mutation rates for sex-linked recessive traits in humans can be 
estimated by their frequencies in male progeny of families with no history of 
the trait. Even autosomal-recessive mutants can be detected and counted in 
experimental studies with fruit flies or other suitable species. A wild-type 
parent is crossed to a mutant (homozygous recessive). All progeny are het- 
erozygous wild-type in the absence of mutation in the gamete from the 
wild-type parent, Mutations are signaled by mutant progeny. 

The above examples deal withgerminal mutations. In cultures of micro- 
organisms (bacteria, yeasts, and fungi) we study somatic mutations. In a 
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growing culture of cells, spontaneous mutations may occur at any time. A 
mutation that takes place early in the growth of the culture results in a large 
number (clone) of mutant cells in the final population. A mutation occurring 
late produces only one or a few mutant cells. Thus the relationship between 
mutant frequency and mutation rate is not simple. If a series of parallel cultures 
of the same strain are grown under identical conditions and then assayed for 
mutants, there may be large fluctuations in the mutant frequencies. It was this 
property of mutant distribution that Luria and Delbriick [l] used to show that 
spontaneous mutations occurred in bacterial cultures. 

Lederberg and Lederberg [2] used a replica-plating technique to show 
that mutants were present previous to the application of selective conditions. 
They plated Escherichiu coli bacteria that were sensitive to bacteriophage T1 
on nutrient medium in a confluent layer. Replicaswere made onto medium to 
which the phage was added. Resistant colonies arose on the replica plates, and 
it could be shown that there were already some resistant cells on the corre- 
sponding spots on the master plate. The conclusion was that they were 
selecting mutants that had arisen spontaneously. 

Mutation rates at specific loci have been measured in a variety of organ- 
isms. These data generally show that forward mutations (from wild-type to mu- 
tant) are more frequent than reverse mutations. This makes sense because for- 
ward mutation may occur at any of the many sites in a gene that code for the 
required amino acid sequence. Reverse mutation, on the other hand, may only 
be achieved by a change at the precise site of the original mutation. There is lit- 
tle information in the published literature about frequencies of spontaneous 
forward mutation in fungi, although reverse mutation rates have been reported 
for a number of genes for nutritional requirements. In a study of spontaneous 
mutation at a specific locus in Neurospom [3], the forward mutation rate was 2 
x lo-’, while reverse mutations were at least an order of magnitude less fre- 
quent (D. Stadler, unpublished). In Aspergillus nidulans acriflavine-resistant 
mutants (often dominant) were much more frequent than p u b d l  revertants 
[4]. When measuring mutation rates one must remember that a distinct mutant 
phenotype can often be caused by mutations in various genes. 

In principle, mutational lesions may occur in only one of two DNA 
strands, and after replication this should result in a mutant and a nonmutant 
double helix. Consequently, upon mitosis only one of two daughter nuclei are 
expected to carry the mutation. In general, starting with uninuclear cells, only 
very few heterokaryotic colonies are found. This means either that mutations 
directly involve both strands, or that single-strand mutations by some mecha- 
nism (such as DNA repair) lead to a mutation in the complementary strand. 
A mutztion arising in the G2 phase (post DNA replication) of a uninuclear 
cell will be carried in only one of the two daughter cells. 
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A. Spectrum of Spontaneous Mutations 

What types of mutation can occur? In principle, all metabolic functions can 
be changed. Each metabolic step is controlled by an enzyme, and the structure 
and function of that enzyme depend on its amino acid sequence. In turn, the 
amino acid sequence of a gene product depends on the genetic information of 
the gene in the form of the base sequence, in which each triplet of bases 
encodes one amino acid. So, a gene has three times as many sites for point 
mutation as the enzyme has amino acids. However, the code is degenerate, so 
most changes in the third base of the triplet are silent (cause no change in the 
amino acid sequence). Even some of the mutations that cause an amino acid 
substitution may have little or no effect on the enzyme function. Mutations 
often result in a defect, but rarely do they give an enzyme with new charac- 
teristics, as the potential to attack new substrates. This is of practical impor- 
tance for host-parasite relationships (see Chapter 14). 

For any given gene locus, the molecular spectrum of spontaneous muta- 
tions runs from simple base substitutions to deletions and insertions as big as 
the whole gene. There are also smaller deletions and insertions, with the lower 
limit being those we call frame-shift mutations. A study of spontaneous 
mutations in a specific gene in the fungusNeurospora [5] showed that the great 
majority of the mutations were either base substitutions or deletions, with 
much smaller numbers of insertions (tandem duplications) and frame shifts. 

The first effective mutagen to be discovered was x-irradiation. H. J. 
Muller and his colleagues did many experiments in the 1930s on the kinetics 
of x-ray-induced mutations in Drosophila sperm. They concluded that there 
was a simple, first-order relationship between dose of x-ray and amount of 
mutation. Thus 1000 roentgens resulted in sex-linked recessive lethal muta- 
tions in 3% of the treated X chromosomes. This was true whether the x-ray 
was administered in a short acute treatment of 1 minute or in a low-level 
chronic exposure requiring 100 minutes. 

The combination of Muller's demonstration of one-hit kinetics for mu- 
tation with Luria and Delbriick's demonstration of the distribution of mutants 
in bacterial populations led to a compelling picture of spontaneous mutation 
as a sudden, permanent change in a gene, taking place without influence by 
the environment. The two steps in evolution, mutation and selection, were 
seen as completely separate and independent of each other. 

B. Genetic Repair 

This simple picture of mutation was complicated by the discovery of the 
systems for DNA repair. All organisms are endowed with enzymatic systems 
for the repair of genetic damages. The repair is usually perfect, restoring the 
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gene to its previous (undamaged) form. It is the occasional mistake in repair 
that produces a mutant gene. 

Thus mutation is a two-step process. The first step is a lesion in the 
double-stranded structure of the DNA-e.g., a break caused by x-ray or a 
pyrimidine dimer produced by UV. The second step is the processing of that 
lesion by the repair systems. Physiological studies of repair have been done 
using induced mutations, due to the low frequency of spontaneous mutations. 

Experiments on radiation-induced mutations in mice [6,7] gave a differ- 
ent result from that found earlier by Muller in his Drosophilu studies. The 
mouse experiments showed dose-rate effects. That is, the same total dose of 
radiation gave different amounts of mutation, depending on how it was 
administered. Chronic or interrupted exposure resulted in less mutation than 
the same dose given as one acute exposure. This seems logical in relation to 
what we know about genetic repair. The repair systems can keep up with the 
low level of damage produced by chronic treatment, but they are overwhelmed 
by the high level of damage present after acute exposure. The reason that 
Muller did not get this result was that Drosophih sperm (the cells he was 
monitoring for radiation-induced mutation) are specialized cells that do not 
have repair enzymes. The mouse experiments were designed so that the cells 
being monitored for mutation were at earlier stages of gametogenesis at the 
time of treatment, stages at which repair enzymes were present. 

Spontaneous mutation also involves two steps. In this case the initial step 
is a sequence mistake made in replication. Here we find that nature has 
prepared us with a system called mismatch repair, which screens the newly 
synthesized DNA strand for mispaired bases and replaces them. If a mismatch 
is not corrected before the next round of replication, it is too late. There is now 
a homoduplex with the mutant sequence, and it cannot be detected by the 
mismatch repair system. Thus the processing step in spontaneous mutation is 
a race between repair and replication. 

Mutation, whether spontaneous or induced, involves two steps: initiation 
and processing. The initiation step appears to have the properties first pro- 
posed by Luria and Delbriick: a random change, unaffected by the environ- 
ment. But the processing step (repair and/or replication) is an aspect of 
metabolism, and its rate and efficiency can certainly be influenced by the 
environment. 

C. "Adaptive" Mutation 

In 1988, Cairns et al. [8] reported that nongrowing bacteria, starving on a 
deficient medium, were rescued by what appeared to be adaptive mutations. 
The medium contained all the nutrients needed by wild-type cells, but the 
bacteria were of a strain that camed amutant gene which blocked their growth. 
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The “adaptive” mutation was the reversion of this mutant gene. But the 
authors did not find evidence of mutations at other loci-mutations for which 
thc medium was not selective. 

This work has attracted great interest, and some observers are skeptical 
of this kind of “adaptive” mutation, believing that it requires some supernatu- 
ral “awareness” of the plating conditions by the mutating organisms. But 
perhaps there is a logical explanation. The experiment was designed so that 
the plated cells could grow for a period before being arrested: the medium 
contained a small amount of the nutrient needed for the growth of the mutant 
(unreverted) cells. It seems likely that when growth was arrested, the last round 
of replication may have produced errors at any site in any gene. A tiny fraction 
of the cells had replication errors of the right kind at the right site to restore 
the function of the mutant gene. Perhaps this altered DNA sequence is able 
to serve as template for the synthesis of mRNA which can be translated to 
produce a functional gene product. If so, these particular cells may gain the 
energy required to carry out the processing step (in this case another round of 
DNA replication) to produce a completed back-mutation. Cells with errors at 
other sites would not gain this energy, and their DNA would remain unrepli- 
cated long enough for repair to reverse the sequence change. Thus the adaptive 
mutations would remain while those at other loci were negated. 

This is not to say that the process discovered by Cairns et al. is trivial. On 
the contrary, it appears to be an important way in which populations of organ- 
isms can reverse harmful mutant traits. It may be especially important in micro- 
organisms that are subject to abrupt changes in the nutritional environment. 

3. EFFECT OF MUTAGENIC TREATMENT 
ON SURVIVAL AND MUTANT YIELD 

As the yield of mutants per surviving cell in general increases with increasing 
dose of mutagen, it has often been concluded that it is most efficient to apply 
high mutagen doses for the induction and isolation of mutants. In this section 
we discuss the relationship between mutant yield and survival. 

A. Survival Curves 

Examination of dose-response survival cuwes provides information on the 
process of cell-killing itself, and indirectly on the choice of the optimal mutagen 
dose for obtaining mutants without too heavy a load of genetic damage in the 
genetic background. 

A suspension of unicellular uninucleate haploid conidiospores is ex- 
pected to behave as a population of single target cells. When the survival is 
plotted against irradiation dose, such curves become linear on a log survival 
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scale. They often have an initial shoulder at low doses and tend to become flat 
at high doses. 

The linear relationship can be explained by assuming that the hits are 
randomly distributed both over the cells and over the targets within a cell. The 
number of hits per target follows a Poisson distribution where the fraction of 
targets that receives no hits equals e-kr (kt is the effective mutagen dose). When 
the number of hits (h) needed to kill a target (n) is 1 and when the cells are 
unicellular and uninucleate (n = l ) ,  the survival function becomes S = e-kc and 
then log S = -kt log e, a straight line through the origin (Fig. 1). When h and/or 
n are greater than 1, the curve will show a shoulder. The log S intercept is called 
the extrapolation number [9]. The meanings of the terms (multi-)hit and 
(multi-)target, which sometimes are wrongly used interchangably, are dis- 
cussed elsewhere [lo]. In terms of point mutations one hit may be sufficient 
to kill a uninucleate cell. The extrapolation number has been used to estimate 
the number of targets and as an indication for the presence of multinucleate 
cells. A change in hit number has, however, a much greater effect on the 
shoulder (extrapolation number) than has a corresponding change in target 
number [lo]. 

Several studies on survival curves were done around 1950. Atwood and 
Norman [ll] found a shoulder upon UV irradiation of Neurosporu crussu 
macroconidia, but Giles [12] and Norman [13] found a linear log survival curve 
for N. crussu microconidia. The cause seems to be that the microconidia are 
uninucleate and the macroconidia are not. Later, however, Chang and Tu- 
veson [ 141 found a shoulder also for a wild-type microconidid N. crussu strain, 
but not for a UV-repair-deficient strain. We tend to suppose that the strains 
used by Giles and Norman might have been UV-repair deficient. The experi- 
mental design has a great effect on what we observe. It isvery difficult to detect 
the effect of small doses of mutagen, because it is a compound genetic effect 
and low doses also have a physiological effect. Moreover, in several cases very 
low doses of mutagen seem to stimulate germination of conidiospores [15]. 

A third factor that may contribute to a shoulder is the dark repair 
mechanism [ 161. Haynes [ 171 suggested that the cell may have effective repair 
mechanisms that can cure UV lesions at lower doses but that become saturated 
or inhibited at higher doses. It has been shown experimentally that this initial 
repair causes an obvious shoulder in the survival curves of uninuclear unicel- 
lular haploid Aspergillus niduluns conidiospores [ 101. Haynes and Eckardt [ 181 
made a theoretical study of dose-response relations in view of mutant yield. 

We will have a look at some aspects of survival curves in Figures 1 and 
2 (this topic is discussed in [lo]): 

1. The factors that influence the shoulder are an initial repair capacity, 
the number of hits needed to kill one target, and the target number per cell. 
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Figure 1 Survival curves of A. nidulons: a wild-type strain (0) and W-repair-de- 
ficient (usvD51) strain (A). On the Y axis the logarithm of the survival: the wild-type 
strain shows an extrapolation number of 2.0. The survival curve of the mutant strain 
suggests that the shoulder of the wild-type strains is caused by an initial repair capacity. 
Furthermore the slope is steeper (more sensitive due to less repair), and the strain 
seems to consist of about 3% of revertants. UV dose rate of the Philips TUV tube (30 
W) was about 120 J/m*/min. 

In different systems (organisms) the relative importance of these factors may 
be different. Usually repair has a greater effect than target number. 

2. The slope of the curve depends on the effective dose (kt). The dose 
depends on the duration of the treatment (t) and on a compound factor k. 
Differences in k may restilt from differences in inherent sensitivity between 
cell populations (physiological state), from differences in penetration (dose 
rate received in the cell), or from shelter effects (e.g., density of the suspen- 
sion). 
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Figure 2 Mutation experiment with a metGl strain ofA. nidulans. Survival curves 
for conidiospores without (0) and with (A) 3 h preincubation in liquid supplemented 
medium. MetG+ revertants were isolated on minimal medium, and the mutant yield 
(solid marks) can be read on the right Y axis. The solid line with solid marks represents 
the frequency of the revertants among all conidiospores. The logarithmic relative 
frequency of the mutants among the suwivors is presented as a dashed line. Preincu- 
bation (DNA replication) makes the strain more sensitive to UV. 

3. A change in k as a result of initial repair capacity has a strong effect 
on the extrapolation number. The sensitivity to a mutagen increases upon 
preincubation when the cells come into the S phase [ 191, but the repair capacity 
also increases strongly. 

4. The log-survival curve is often S-shaped with a tail at higher mutagen 
doses. A (very) small fraction of the cells seem to be more resistant to killing. 
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That can be due to experimental conditions. Some of the cells surviving a 
higher dose may be less sensitive, and subcultures of them will show a less steep 
log-survival curve. 

5. A mixture of sensitive and less sensitive cells causes the survival curve 
to bend. Extrapolation of the second part of the curve toward the Y axis gives 
an estimation of the fraction of less sensitive cells. 

B. Mutant Yield 

In industrial practice high-yielding production strains have been obtained by 
treating cells with a mutagen until a certain “desired” kill is obtained (often 
> >99%). The survivors are tested for production characteristics, and those 
that are better in this respect are preserved. However, high mutation doses 
can result in chromosome rearrangements [20,21], and in general they disturb 
the genetic background by an enhanced load of unnoticed mutations, espe- 
cially when recurrent mutagenic treatments are used, as is often the case with 
strains of industrial interest. The genealogy of the penicillin-producing strains 
is a good illustration [22]. Especially in asexual fungi, which cannot be out- 
crossed, genetic background damage can accumulate easily. Upon treatment 
of conidiospores with high doses of mutagen, many small and irregular growing 
colonies are often found, indicating a distorted genetic background. 

It has often been found that the frequency of mutants among survivors 
is linearwith the dose of mutagen [12,23,24]. Witkin [25] long ago pointed out 
that, in general, these curves tend to level off or even decrease at higher doses. 
The relationship of mutant frequency with dose is often presented by plotting 
the untransformed relative mutant frequency among survivors against log S or 
log t [16,2629]. For short intervals this often results in a straight line, suggest- 
ing that it is profitable to screen for mutants in cell suspensions that have 
received a high dose of mutagen, The steep rise in these two-sided logarithmic 
survival graphs, however, is mainly a result of a scaling effect. Curves in which 
the log frequency of mutants among survivors is plotted against the dose (on 
linear scale) give a more realistic picture. In the examination of the efficiency 
of a mutagenic treatment it is better to focus on mutant yield (mutants as 
fraction of the total amount cells) than on the mutant fraction (relative 
frequency of mutants among survivors). 

As mutations (forward mutants as well as revertants) may concern 
different loci, complex dose response relationships can be expected [4]. That 
is all the more reason why the value of graphs of the mutant fraction is 
questionable. There are several systems in which we can study the mutant 
yield-mutagen dose relationship [30]. One of them, the rnetG2 system of A. 
nidiiluns [31], is described in the experimental section of this chapter. Such 
experiments show that the maximum yield of mutants is at relatively high 



Mutation 23 

surviva1(>50%). Obviously mutants are also subjected to kill (!)by additional 
mutagenic treatment (Fig. 2). So, our conclusion is that low mutagen doses are 
more efficient. In order to avoid unwanted background damage, which is 
especially important if we want to establish a collection of mutants for genetic 
analysis, one can use spontaneous mutants only [21], which is practicable when 
positive selection is possible, or one can use a low dose of mutagen and aim at 
80% survival. Only in special situations, when we want to have a mutant with 
a certain phenotype, can higher doses of mutagen be used in order to have a 
greater chance of getting that type of mutant. 

4. ISOLATION OF MUTANTS 

Not all types of mutant are equally suitable for genetic research as illustrated 
by Pontecorvo and co-workers [32]. It is important that they have clear expres- 
sion; leaky mutants are very difficult to use. As the selection might be a main 
stumbling block, mutants are often typed in view of this problem as: 

1. Morphological mutants, which can usually be recognized on the basis 
of their appearance. A dissecting microscope might be used to detect the 
mutants, and often the cells must be plated in rather low density. 

2. Resistance mutants, which can be selected on plates with the corre- 
sponding inhibitor. It is often easy to screen large numbers of cells on a plate 
because only resistant mutants will grow. In the case of dense platings the plate 
might be covered with a confluent film of poor growing colonies, and higher 
drug concentrations might be needed. 

3. Auxotrophic mutants, which are very useful for physiological studies. 
Because so many mutations can result in a metabolic defect, these mutants are 
also very valuable for genetic studies. They are difficult to isolate, however, 
and special isolation techniques are required. 

4. Substrate utilizers can be useful, as mutants that can use specific 
substrates can be selected directly. Nonutilizers have the same problems as 
auxotrophic mutants. 

5.  Revertants from awotrophic toward prototrophic are easy to select. 
They are very suitable to study mutation induction. Not all revertants are real 
back-mutations. Many of them are suppressor mutants or mutations that open 
other ways to achieve that phenotype. 

A. Selection of Auxotrophic Mutants 

Because of the low frequency of mutants among the survivors, enrichment of 
special selection techniques are needed to select auxotrophic or other defi- 
ciency mutants. Several procedures have been described for the selection of 
auxotrophic mutants of fungi. 
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Marking of Presumed Mutants 
When a treated cell suspension is plated on a complete medium some colonies 
are often seen to grow slowly. A primitive way to detect auxotroph mutants is 
to mark all early-growning colonies and see what grows upon additional 
incubation. Not all unmarked colonies are auxotrophs, but it works when low 
doses of mutagen are used. A great disadvantage is that many fast-growing 
mutants (most useful) escape. Sometimes mutants can be made recognizable 
by a vital stain. 

Replica Plating 
The suspension is plated on nonselective medium, and mutants are detected 
on replica plates made on a selective medium, on minimal medium, or on 
indicator plates. The mutants can be rescued from the master plate. The 
master plate must have separate colonies, which limits the number of colonies 
that can be screened. For various systems the number of colonies per plate 
may vary from 50 to 500. This can sometimes be improved by reducing the 
colony size by adding Triton X-100 or another substance to the medium. The 
replica plating technique with transfer on velvet was originally developed for 
E. coli by Lederberg and Lederberg [2], but it is also applicable in yeast and 
several other fungi. Variations in which the velvet is replaced by cellophane, 
filter paper, or another type of sheet can adjust the method for specific fungi. 
Mostly replicas are made upside-down, but sometimes the colonies are allowed 
to grow through the carrier sheet. 

Filtration Enrichment 
Filtration enrichment is a classical method based on selective removal of 
prototrophs of hyphal fungi and was originally developed for Ophiostomu 
rnulfiunnuluturn by Fries [33] and subsequently adapted to N. crassa by Wood- 
ward et al. [34] and Catcheside [35]. The filtration enrichment method has 
proved to be very efficient for the isolation of A. niduluns mutants unable to  
use specific carbon sources [36-381. The treated spores are incubated in a 
liquid medium, and the suspension is filtered through a plug of glass wool after 
each of several periods of incubation. It may be important to refresh the 
medium in order to avoid enrichment with growth substances. 

Inhibition of frototrophs 
A certain specific type of mutants can sometimes be isolated by plating on a 
medium with an inhibitor in combination with the specific growth substance. 
The basis for this method is that the mutants that are blocked in that metabolic 
step have no problem with the presence of the inhibitor whereas the growth 
of prototrophic cells is inhibited on such media. The use of 5-fluoro-orotic acid 
to isolate mutants blocked in the pyrimidine biosynthesis is a good example of 
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the approach [39]. In several cases the mutants show resistance to the inhibitor 
and, at the same time, deficiency for a metabolic pathway. Such mutants, for 
example, chlorate-resistant mutants in A. niduluns and A. niger, provide a very 
efficient two-way selection system [40,41]. 

Selectioe Killing of Prototrophs 
Various methods based on the selective killing of prototrophs have been used 
for the enrichment of fungal mutants-e.g., by antibiotics [4244]. The biotin 
starvation method [45] has often been used forA. niduluns, and comparable 
methods based on starvation of specific double mutants have been used in 
other fungi. Such methods tend to be species-specific or even strain-specific. 

Cell-wall-degrading enzymes have been used for the isolation of auxo- 
trophic mutants of yeasts [46-49]. The lytic enzyme preparation Novozyme 
234 proved to be very efficient for the enrichment of auxotrophic mutants of 
A. niger [50]. The method can also be applied to other fungi after adaption to 
the specific situation. In general, only metabolically active conidiospores with 
very young hyphae (germ tubes) can be eliminated by the Novozyme treat- 
ment. Upon chilling for a few hours, many hyphae become insensitive to lysis 
by Novozyme 234. 

For many selection methods a population of synchronously germinating 
conidiospores or, at least, a homogeneous growing cell population, is a pre- 
requisite, as the sensitivity to the treatment often exists for only a short period. 
As mentioned earlier, even a very low dose of mutagen can cause physiological 
damage that results in inhibition of germination or growth [50]. So, it is 
advisable to introduce a propagation step after mutagenic treatment. There 
are also reasons to include subculturing as a segregation step. When a gene 
has become nonfunctional by a mutation in a multinucleate cell, a diploid cell, 
or a haploid cell in G2 phase, the cell will not have the mutant phenotype 
because functional alleles are still present. In addition, for some mutations it 
takes some time before full phenotypic expression is realized. The conse- 
quences of a propagation step are that the relative frequency of the mutants 
can change and that some mutants might be present as clones. In order to 
ensure that the mutants that are isolated are different, only one mutant of a 
specific phenotype should be taken from a certain batch. In view of this the 
original suspension can be split up in several small fractions. Induced mutants 
from parallel suspensions can be expected to descend from different events. 

5. CHARACTERIZATION OF MUTANTS 

After isolation mutants are reisolated from monospore cultures and charac- 
terized for deficiency by supplementation with individual growth factors. 
Phenotypically similar mutants are combined in complementation tests to see 
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if they concern the same gene of different genes. Then, in the case of new 
genes, the mutants are analyzed to locate the gene in the genome. 

A. Growth Tests 

Auxotrophic mutants are mostly isolated on the basis of nongrowth on minimal 
medium. The next step is to identify the end product deficiency or, in other 
words, the metabolic pathway that is blocked. An efficient way is to use 
combinations of growth factors. When it is known which metabolic pathway is 
blocked, it is sometimes possible to restore growth with intermediates, but 
intermediates are often unstable substances or they are also involved in other 
metabolic pathways. The most conclusive evidence is obtained from enzyme 
assays. In some cases an intermediate before the block will accumulate, but 
not necessarily the intermediate just before the blockage. Nevertheless, cross- 
feeding experiments with different mutants of the same pathway can give 
valuable information on the steps that are blocked. 

B. Complementation Test 

Even without information on the metabolic pathway mutants can be charac- 
terized genetically. Mutants of different genes can usually complement each 
other. Mutants of one complementation group are supposed to be allelic, It is 
possible, however, that mutants blocked in the same step of a biosynthetic 
pathway belong to different complementation groups. Two obvious reasons 
are intragenic complementation or the enzyme can be composed of two 
different peptides determined by different genes. It is also possible that an 
additional intermediate step is involved or that, for example, one of the genes 
controls a cofactor. 

Complementation tests in heterokaryons are much more reliable than 
cross-feeding tests. In a heterokaryon both types of nuclei are present in the 
same cell, In certain situations when a heterokaryon test does not give conclu- 
sive evidence, complementation tests can be done with heterozygous diploids 
that have been isolated from a heterokaryon (see Chapter 4). Heterokaryosis 
can be forced by using strains with different auxotrophic markers. In view of 
this it is advisable to use various strains with different auxotrophic markers for 
the isolation of new mutants. 

The complementation test has been called a cis-trans test. When two 
allelic mutations are in trans position (i.e., on different homologous chromo- 
somes), no complementation is found, but when both allelic mutations are in 
cis position (i.e., one chromosome with two mutations and the homologue with 
no mutant allele), wild-type growth is observed. Complementation is discussed 
by Fincham [51] and Ratner and Rodin [52]. 
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C. Nomenclature of Genes and Mutants 

Phenotypically similar mutants get the same symbol and a unique reference 
number (urgl, urtg2, etc.). It is a good practice to use three-letter symbols as 
proposed by Demerec et al. [53]. Mutants belonging to the same complemen- 
tation group (same gene) get the same capital character. Gene symbols are 
written in italics. The phenotypes are usually written beginning with a capital 
(Arg mutants, Lys mutants). The unique number (isolation number) of a 
mutant is used as allele number. When different groups are working on the 
same organism, good contacts and agreements are necessary to avoid confu- 
sion due to the time between experiments and publication. The same holds for 
research on related organisms. 

6. DIRECTED MUTAGENESlS 

The induction and isolation of mutants that have been discussed up to this 
point are the result of a random process. What we get depends mainly on the 
efficiency of the isolation procedure, and many valuable mutants escape our 
detection. If we know exactly what we want, there are now sometimes other 
possibilities with the use of cloned genes. The molecular genetic aspects are 
discussed in Chapters 5,7, and 8. 

A. Insertion Mutagenesis 

It is possible to inactivate a gene by insertion of a piece of DNA, as in the case 
of a transposon (see Chapter 5).  Gene disruption may be achieved by nonho- 
mologous integration of transforming DNA, but one can also aim at mutants 
of a certain gene. When a related gene (which may be from another organism) 
has already been cloned, a copy of it can be made inactive in vitro. A plasmid 
with this inactive gene is used to transform a strain that has the wild-type gene. 
In most cases the plasmid also has another functional gene that is used for 
selection of transformants, or else cotransformation with two different plas- 
mids is done. When a cell has taken up DNA, as the transformants for the 
selected gene have done, there is a chance that in some cases a plasmid has 
been inserted in the target gene because of the homology between the plasmid 
and the target gene. Transformants isolated on the basis of the selected gene 
are tested to see if they are deficient for the target gene function. These 
insertion mutants can be used for genetic and physiological studies, but their 
use has some limitations because they are not point mutations. Sometimes this 
is called gene replacement, which can be correct only if the mutant site is 
exchanged for the corresponding part of the target gene by homologous 
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recombination. This approach has, for example, been used to isolate @C 
mutants ofA. niger with the aid of an inactive A. niduluns npC gene [54]. 

B. Site-Directed Mutagenesis 

When a gene has been cloned it is possible to introduce base substitutions 
surrounding a certain restriction site in vitro and to replace the corresponding 
gene by the constructed mutant allele. It is, however, also possible to create a 
mutation at a specific site if the base sequence of that part of the gene isknown. 
The gene is cloned in a single-stranded phage such as M13, and short synthetic 
nucleotides are used as primers for the in vitro synthesis of the complementary 
strand of the vector. At the site chosen for change, an incorrect nucleotide is 
incorporated in the primer. Hybridization will proceed in the presence of a 
one-base-pair mismatch when done at low temperature. The in vitro synthe- 
sized vector is subsequently multiplied in E. coli and can be used to transform 
the fungal strain. 

7. EXPERIMENTS 

A. Mutagenesis in A. nldufans (Fig. 3) 

Aim 

To study the relation between survival and mutant yield. 

Procedure 
We use the metGI system in A. niduluns [31]. A suspension of conidiospores 
of a metCZ strain of A. niduluns is irradiated with UV light and samples are 
taken at several short intervals. The samples are plated on CM for survival 
count and plated on MM to count Met+ revertants. The number of the cells in 
the sample is counted to correct for inhomogeneous sampling. (Note: When 
it is not possible to do accurate cell counts it is better to plate the desired 
dilutions first and to irradiate the plates for the desired time. A similar dilution 
scheme can be followed as described below.) 

Literature 
Bos, C. J. (1987). Cum. Genet. I2:471-474. 
Haynes, R. H., Ekkardt, F. (1976). Can. 1. Genet. Cytal. 21:277-302. 
Lilly, L. J. (1965). Mutat. Res. 2:192-195. 
Munson, R. J., Goodhead, D. T. (1977).Murat. Res. 42:145-160. 

Materials 
The complete medium (CM) and minimal medium (MM) are essential accord- 
ing to Pontecorvo and co-workers [32]. For details see References 39, 56. 
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Figure 3 Outline of the mutagenesis experiment. 

Supplements are added at a concentration of 200 mgL (amino acids and 
nucleotides) and 2 mgL (vitamins). 

A 3-day-old culture of the metGl strain WG282. The genotype of WG282 
is p a b d l ,  yA2, AcrAI, metGI, lacA1, choA1 (i.e., deficiency for p-ami- 
nobenzoic acid, choline, methionine; lactose nonutilizing; acnflavin resis- 
tant; yellow conidiospores). 
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0 A sterile glass Petri dish (grease-free). 
12 tubes with 0.8 mL saline on ice (for the samples). 
24 plates CMT (= CM with 0.01% Triton X-100 to reduce colony size). 

0 12 plates SM-methionine (= MM+cho+pab, to meet the deficiencies 

0 Particle-free saline (filtered through a membrane filter 0.2 pm) for the 
of WG282). 

Coulter counter. 

Experiment 

1. Spore suspension 

Prepare 14 mL spore suspension in saline-Tween in a 30-mL screw-cap 
bottle. Collect the spores from the plate and avoid release of spores in 
the room. Shake vigorously to break the conidiospore chains. 
Filter through a small cotton wool plug in a funnel to remove mycelium 
debris. 
Dilute to 2-4X lo7 spores/mL and transfer 12 mL into the glass Petri dish. 

2. Treatment 

0 The irradiation is done by placing the covered Petri dish with the 
suspension under a prewarmed UV tube at a distancz of 30 cm in the 
case of a 30-W tube (at a dose rate of 20 erg/mm'/sec). 

0 The treatment starts when the lid is removed from the Petri dish. The lid 
is replaced to end the first treatment period, and a sample of 0.2 rnL is 
taken and added to the tube with 0.8 mL saline (= 2x10-I). The sam- 
ples are stored on ice. Then the next dose is given by opening the Petri 
dish. 

This works as follows: Mix the suspension in the Petri dish and take 
two samples before irradiation, and one after the following irradiation 
periods: 0.5, 1,1.5,2,3,4,5,6,8, 10 min. The first treatment is 0.5 min, 
then an additional treatment of 0.5 min gives a total of 1.0 min, and so 
on. 

3. Platings 

0 Spread 0.2 mL from each sample on MM to count the number of 
revertants. 

0 Dilute the samples by adding 0.2 mL to 1.8 mL saline and dilute further 
according to the scheme below. Transfer and spread 0.1 mL onto each 
of two CMT plates for survival count. The colonies can be counted after 
2 days of incubation at 37°C. 
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Concentrations plated in duplicate on CMT 
Dose W (min) lo-' lo-* lo" S Logs Revertants 
0 sample duplicate 
0.5 
1 
1.5 
2 
3 
4 
5 
6 X 

8 X 

X 

X 

X 

X 

X 

X 

X 

X 

4. Total count 
Samples of 0.2 mL are added to 9.8 mL clean saline (without Tween) if a 
Coulter counter is used. The Coulter counter probably determines the 
number of spores in a volume of 0.5 mL. With these counts we can make a 
correction for the total amount of spores in the samples. 

Results 
1. Write the survival counts in the table and calculate the fraction that 

has survived the treatment (S). Write in the next column the logarithm of this 
value (log S). Use the next column for the number of revertants that are found. 

2. Make a graph of the survival with the log S on the Y axis and the dose 
of UV (time) on the X axis. 

3. Add at the right of the graph a second Y axis with a linear scale and 
put the numbers of revertants in the graph. 

4. Draw a conclusion from the results. 

B. Isolation of Auxotrophic Mutants of A. nfger (Fig. 4) 

Aim 
Mutagenesis of A. niger and enrichment of auxotrophic mutants and prelimi- 
nary classification of the mutants in growth test. 

Performance 
Mutants are induced at low mutagen dose, and the treated cells are subcul- 
tured. Then the relative frequency of auxotrophic mutants is enhanced by 
filtration enrichment. The surviving cells are sown on CM, and replicas are 
made on MM to identify auxotrophic mutants. These mutants are collected 
and tested on mixtures of growth factors. 
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Figure 4 Isolation of auxotrophic mutants. 

A dense suspension of conidiospores is needed for this experiment. This 
suspension can also be used for experiment C; in fact, the two experiments can 
be done together. In view of later use of the mutants it is desirable to use two 
different strains-e.g., N502 (olvAI, bioB2), or N522 (f ivnAI, metBII). 

Requirements 
Day 1 

0 Suspension of conidiospores 
0 8 dilution tubes with 1.8 mL saline 
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8 plates CMT (+0.05% Triton X-100 for survival counts) 
0 Two 100-mL flasks with CM(atu) culture medium (CM(atu) = CM 

6 mL molten CM(atu) medium (keep at 45°C) 

0 100-mL flask with 30 mL liquid SM (= MM + met + bio), pH 2.0) 
0 Funnel with glass wool plug 

Sterile 100-mL flask, funnel with glass wool plug 

0 2 plates CM; saline 
Funnel with glass wool plug; sterile 100-mL flask; 15 mL centrifuge 

+ arginine, tryptophan, uridine) 

Day 3 

Day 4 

Day 5 

tubes 
Day 6 

0 8 plates CMT(atu) 
0 Sterile filter paper 

0 8 plates MM + met + bio (to replicate filter-grown colonies) 
0 Wood-block 9 cm, forceps, 70% alcohol 

0 1 plate CM(atu) to collect mutants of all groups (glass Petri dish) 

0 Plates to test auxotrophic mutants for groups of growth factors 

Day 8 

Day 9 

Day 11 

Experimental Procedure 

Day 1 
a. Mutagenesis 

0 Take a sample of 0.2 mL of the spore suspension and dilute till lo-'. 
0 Plate 0.1 mL of and 1@, both in duplicate, on CMT. Incubate at 

30°C. From these plates you get the viable count of the suspension. 
0 Take 2 mL spore suspension apart (for use in experiment C). 
0 Bring 10 mLsuspension in a glass Petri dish and put this in the cabinet 

with UV lamp. Irradiation 45 seconds at a dose of 20 erg/mm2/sec by 
taking away the cover of the dish for the desired time. 

0 Transfer the suspension in a sterile flask using a 10-mL pipet. 
0 Take a sample of 0.2 mL and dilute till lo4. 
0 Plate 0.1 mL of and lo4, both in duplicate, on CMT. Incubate at 

30°C. From these plates and the viable count you can calculate the 
percent survival. 
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b. Isolation of auxotrophic mutants 
0 In duplicate: add 3 mL of the irradiated suspension (prewarmed at 

30°C) to 3 mL molten CM(atu) (in water bath) and pour this 
mixture onto a CM(atu) medium layer in a 100-mL flask. Incubate 3 
days at 30°C. 

Day 2 
0 Count the colonies on the CMT plates and calculate the percentage 

survival. 

Day 3 
0 Make a spore suspension of the cultures in the 100-mL flasks (com- 

bined). Count the spores and add 10' spores to the 30 mL liquid SM 
in a 100-mL flask. 

0 Incubate 24 h in a reciprocal shaker at 30°C (200 rpm). 

0 Filter the suspension through a funnel with glass wool plug and in a 
Day 4 

sterile 100-mL flask and incubate this for another 24 h. 

Day 5 
0 Filter again through glass wool plug in a sterile flask. 
0 Transfer in each of two centrifuge tubes 10 mL of the suspension and 

0 Resuspend both pellets each in 1 mLsaline and pool them in one tube. 
0 Prepare a dilution lo-' and plate the undiluted and the lo-' suspension 

on CM. Incubate 1 day at 30°C. Save the suspensions in the refrigera- 
tor. 

spin the spores down for 5 min at 3000 rpm. 

Day 6 
0 Count the colonies on the plate of day 5.  Calculate how much suspen- 

0 Put sterile filter paper on top of 8 plates CM(atu) + Triton X-100. 
0 Place on top of the filter paper a quantity of the suspension that will 

give rise to f 90 colonies (this should be at least 0.2 mL because of 
the absorbtion into the filter paper). Incubate 2 days at 30°C. 

sion you have to plate to get 2 90 colonies on a plate. 

Day 8 
Make replicates of the filter paper grown colonies on MM + met + 
bio to find out whether you have auxotrophic mutants among these 
colonies. This should be done in the chemical hood to prevent scat- 
tering of spores. Transfer the filter paper on top of a wooden block 
using a sterile forceps with the colonies upwards. Put the MM plate 
on top of the filter paper, press slightly, remove the MM plate, and 
put back the filter paper in the CM(atu) plate. Mark the correspond- 
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Day 9 
0 

Day 11 
0 

Day 12 

Day 13 

0 

0 

ing plates with a number. Incubate the MM plates 1 day at 30°C and 
store the CM(atu) plate in the refrigerator. 

Score the MM plates for nongrowing colonies and retrieve these on 
the corresponding CM(atu) plate. Pick up with a needle a spore 
sample of these colonies and inoculate them (in square position) onto 
a CM(atu) plate (one or two plates to collect all mutantsof all groups). 
Incubate 2 days at 30°C. 

Replicate the master plate onto test plates to determine auxotrophic 
requirement (amino acids, vitamins, and nucleosides). Incubate test 
plates 2 days at 30°C. 

Score test plates provisionally and incubate 1 day more. 

Score test plates definitely. Discuss the results. 

C. lsolation of Chlorate-Resistant Mutants 
of A. nfger (Fig. 5) 

Aim 

To show the positive selection of chlorate-resistant mutants, which in fact is a 
way to isolate mutants blocked in the nitrogen metabolism. Because of the 
possibility of positive selection we can compare the frequency of spontaneous 
mutants with that after a low dose of UV. Growth test on different N-sources 
can be done to classify the mutants. For this purpose some reference strains 
are available. In addition, a complementation test can be done to see which 
cm mutants are allelic. 

Growth characteristics of some N-source mutants [40]: 

Phenotype NO; NO; Hypoxanthin Urea 
Nia - + + + 

+ + Nir - - 
+ + C?LX - 

Cm + + + + 
- 

Requirements 
Day 1 

0 Spore suspensions of N522 (even groups) or N502 (odd groups) as 

0 8 dilution tubes with 1.8 mL saline; 8 plates CMT (same as in exp. B) 
prepared in exp. B 
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Figure 5 Isolation of chlorate-resistant mutants. 

0 4 plates CM+CIO; 
0 12 mL selection medium (= top agar CM + urea + chlorate), also 

45°C 
Day 3 

Day 5 
0 1 plate CM+CIO; (isolation plate, glass Petri dish) 

0 Test plates: SM + 10 mM NO;; SM + 1 mM NO,; SM + 1 mM 
hypoxanthine and SM + 5 mM urea 
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0 Plate with water agar to cool needles of the replicator 
0 Parental strains as reference 

2 plates CM+ClO;, 2 plates SM(NO;), 2 plates SM(urea) 

0 10 tubes with 2.5 mL liquid CM + urea, to make mycelial mats of 

Day 7 

Day 8 

combinations of mutants 
Day 10 

Experimental Procedure 
See for mutagenesis the procedure described in experiment B. Samples of the 
nonirradiated and the irradiated suspension are plated both in duplicate on 
chlorate medium (CM+urea+ClO;). 
Day 1 

0 3 plates MM + NO; and 3 plates MM + urea + C10; 

0 Add 0.5 mL suspension of both the nonirradiated spores and the 
irradiated spores to 3 mL molten CM+ClO, medium in a short tube 
(45"C), mix the content by rolling very briefly between the hands, and 
pour the contents on a plate with similar solid medium. Incubate 3 
days at 30°C. 

Day 2 

Day 3 
0 Count the colonies on the CMT plates and calculate the survival. 

0 Coutlt the C10; resistant colonies and calculate the frequency of 
resistant mutants (resp. spontaneous mutants, UV-induced mutants). 

0 Isolate (and purify) 20 chlorate-resistant colonies by inoculating from 
one spore head onto a new plate CM+ClO< (in square according to 
the design of the replicator with at place "01 the parental strain). 

0 Make replicates using the needle replicator onto the SM test plates 
with NO;, NO;, hypoxanthin, and urea as N-source. Incubate 2 days 
at 30°C. 

Day 5 

Day 6 
Record provisionally the growth on the different N-sources and 
incubate for 1 day more. 

Day 7 
0 Record the growth definitely and classify the mutants. 
0 Purify two cnx mutants; take with a wet needle a few spores of one 

spore head and transfer to 0.5 mL saline in a tube; vortex well; plate 
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0.1 mL onto CM+urea+CIO,-; SM(NO;), and SM(urea). Incubate 
2 days at 30°C. 

Day 8 
0 Do a complementation test of your selected mutants with some 

mutants of other groups. Make of both mutants a spore suspension 
each in 1-2 mL saline, by taking spores of single cell colonies of the 
CM+CIO,- plates. 
Prepare for each of your mutants 5 tubes with liquid CM + urea and 
0.1 mL spore suspension of your mutant. Add to each of the 5 tubes 
0.1 mL spore suspension of a different cnx mutant obtained from a 
group working with the other parental strain. Record what you do! 
Incubate 1 day at 30°C and store the master plate in the refrigerator. 

0 Wash mycelial mats grown in the tubes and transfer 4 small pieces 
from each combination to plates MM(N0;) as well as to MM(urea)+ 
CIO; in 4 rows of 4 pieces on one plate. Incubate 2 days at 30°C. 

0 Record the complementation test provisionally and incubate 1 day 

Day 10 

Day 12 

more and draw conclusions. 

D. Protocols for Mutagenesis 

General protocols are given in this section for some procedures that are used 
frequently. Methods for mutation induction can also be found in Kafer [55]. 

Mutagenic Treatment 
In fungi mutants can be induced by ultraviolet light irradiation of vegetative 
spores. We shall concentrate on this mutagen because it is effective, cheap, 
and safe to handle. It is necessary to protect the eyes for UV light. 

During mutagenic treatment and for 1 or 2 days afterwards the cells 
should not be exposed to normal light if the fungus has an active photorepair 
mechanism. The experiment can be done under low-intensity red light or on 
ice under dimmed light. The mutagenic treatment can be done with a suspen- 
sion of spores (e.g., 10 mL in a Petri dish), which should be agitated gently 
during treatment. The UV source can be a 30-W UV tube at a dose rate of 100 
J/mz/min. The intensity can be measured with a short-wave UV meter. For 
light-colored spores about 50 J/m2 and for dark spores about 150 J/m2 might 
be a suitable dose. It is worthwhile to makc a survival curve for the strain being 
used. It is difficult to take representative samples because many spores rest on 
the bottom despite attempts to agitate the suspension gently. Reliable results 
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are obtained when the total spores in the samples are counted afterwards with, 
for example, a Coulter counter. 

The suspension of treated spores can be subdivided into several aliquots 
which are subcultured separately on CM. Spore suspensions from these par- 
allel cultures are each subjected to an enrichment procedure or directly to 
selection if positive selection is possible. Colonies that appear after enrichment 
can be tested by transfer onto supplemented MM and CM, respectively, using 
wooden toothpicks (e.g., 160 colonies per plate). Colonies failing to grow on 
supplemented MM are tested for auxotrophy on test plates with combinations 
of amino acids or nucleotides or a vitamin mixture. 

Filtration Enrichment 
About lo7 conidiospores are added to liquid MM (supplemented for the 
deficiencies of the original strain) in a bottle or conical flask (e.g., 50 mL in a 
200-mL flask) and incubated on a reciprocal shaker for in total 24 hours 
(sometimes 36 or 48). After intervals of about 8-12 h, the germinated conidia 
are removed by filtering through a glass funnel with a small plug of glass wool 
and the medium is refreshed. Finally, the conidia are collected and plated for 
viability count, and later the suspension is plated on CM for rescue. 

Enrichment by Novozyme 
The basis of this enrichment procedure is that germinating conidiospores will 
be killed by lytic enzymes, whereas mutant spores that do not germinate will 
survive. Novozyme 234 from Novo Industries Denmark is very effective, but 
batches may differ strongly in activity. The technique was originally developed 
for the isolation of auxotrophic diploid recombinants [56]. Essential aspects 
are 1.) a propagation step between mutation induction and enrichment to 
avoid retarded germination due to the mutagenic treatment; 2.) the germ- 
ination time before treatment with Novozyme was 12 h (10 h for diploids); 3.) 
lytic treatment was given immediately after the germination period without 
chilling. 
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Meiotic Recombination* 
Karl Esser 
Ruhr- Universitat, Bochum, Germany 

1. INTRODUCTION 

Genetic material possesses the capacity for self-duplication. The total amount 
of genetic information as well as its orderwithin the genome remains the same 
from nuclear generation to nuclear generation. With each mitotic division 
copies are transmitted to the daughter cells. The identity of the genetic 
information is thus assured for each cell of a multicellular organism. Never- 
theless, such an inflexible transmission of hereditary material would prevent 

‘Some decades ago we described fungal recombination in a comprehensive manner in the text- 
book GenetikderPilze [ 11, where the pertinent, still valid literature is compiled. Due to the increas- 
ing importance of molecular genetics, this area of classical genetics now holds less interest for 
geneticists. As a result, there are very few new data, and they are not leadiig to a new breakthrough. 
Thus the file “Research in Classical Genetics” has to be considered closed. Naturally, classical 
genetics is needed as a basis for molecular genetics in both fundamental research and biotechnol- 
ogy. Therefore, adopted from the English translation in this chapter a short presentation on the 
principles and the application of classic recombination genetics is given. For more details and for 
the references one is referred to Generics of Fungi [2]. If not otherwise indicated, figures and tables 
originate from that book. 
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evolution. This problem is overcome by two fundamental properties of the 
genetic material, namely recombination and mutation. 

Recombination is the reassortment of the genome during nuclear divi- 
sions. It occurs regularly in meiocytes during reduction division (meiotic 
recombination). New combinations also occur in vegetative cells in rare cases; 
this is called somatic recombination. It takes place most commonly as a 
recombination in diploid somatic cells during mitosis (mitotic recombination; 
see Chapter 4). 

In both meiotic and mitotic recombination entire chromosomes as well 
as parts of chromosomes may recombine. In the former case we speak of 
interchromosomal; in the latter, of intrachromosomal recombination. The 
various modes of these events may be seen from the scheme of Figure 1. 
Following are some key facts to keep in mind. 

Meiotic recombination consists of the exchange between nonsister chroma- 
tids and of the reassortment of chromosomes during the prophase and 
anaphase, respectively, of the first meiotic division. 
Meiotic recombination may concern entire chromosomes as well as parts 
of chromosomes-interchromosomal or intrachromosomal recombination, 
respectively. 
Since in interchromosomal recombination the assortment of different chro- 
mosomes through the poles of the spindle proceeds according to chance, 
one always obtains recombination values of 0.5. This can be easily shown in 
using markers that are located on different chromosomes. 
Intrachromosomal recombination concerns only markers that are located 
on the same chromosome. 
As a consequence of the two meiotic divisions alleles of homologous genes 
segregate during the first or the second meiotic division (pre- or post-re- 
duction). The homologous centromeres are always prereduced. 

,Interchromo~omal 

Recombination 
r n t e r g e n i c d r e c i p r o c a l  

reciprocal 
7 
LIntsagenic- 

Int rachromosoma 1 

b n o n -  reciprocal 

Meiotic 

Mitotic 

Figure 1 
text. 

Schematic survey of the different modes of recombination; details in the 
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The frequency of intrachromosomal recombination between two loci de- 
pends on the distance between them and can be used to establish genetic 
maps. 
The two meiotic divisions result in a tetrad. Linear ordered tetrads provide 
information directly on the frequency of pre- and postreduction. 
In the case of unordered tetrads the frequency of recombinants provides 
indirect information on the frequency of recombination. 
Random distribution of crossover may be hampered by interference. Chro- 
rnusurne inteference refers to the distribution of crossovers in a tetrad while 
chrumufide inteference is concerned with the participation of individual 
strains in multiple crossing over. 
In the absence of interference the maximum frequency of recombinants 
approaches 0.5 as in the case of loci of different chromosomes. 
In presence of interference, specific mapping functions are needed to 
obtain so-called corrected chromosome maps. 

2. INTERCHROMOSOMAL RECOMBINATION 

The prerequisites for the mechanism of interchromosomal recombination are 
1.) the union of two different haploid genomes through karyogamy, and 2.) 
the reduction of the diploid to the haploid chromosome complement in 
meiosis or in a series of irregular mitotic divisions. 

A. Mechanism of Chromosomal Distribution 

The segregation of the chromosomes during meiosis is such that each of the 
two daughter nuclei receives one chromosome of each bivalent (Fig. 2). In this 
way reciprocal genomes arise because two homologous chromosomes are 
prevented from going to the same pole. Thus the assortment of different 
chromosomes to the poles of the spindle proceeds according to chance. 
Therefore, parental combinations of chromosomes occur only rarely. A com- 
bination of maternal and paternal chromosomes is the most common result. 
Because each chromosome of a bivalent ordinarily has the same chance of 
going to one or the other of the poles, a recombination for every two nonho- 
mologous chromosomes occurs in half the cases (Fig. 2). If each chromosome 
carries a different marker gene, the recombination frequency is 50%. 

B. Preduction and Postreduction 

From the arrangement of genetically marked spores in the asci of certain fungi, 
it was concluded that one and the same allelic pair may be reduced at certain 
times in the first meiotic division and at others in meiosis 11. In the first case 
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Figure 2 Distribution of two pairs of chromosomes at meiosis. Homologous chro- 
mosomes are indicated by units of equal size. Chromosomes of the male parent are 
black, or white with heavy lines; those of the female parent white, or white with thin 
lines. Centromeres are represented by black or white circles or elipsoids, while the 
marker genes are shown by narrow, vertical black or white bands. The segregation of 
the chromosomes and markers in the four-spored ascus is shown at the right: black = 
parental combination of the female parent: a'b'; white = parental combination of the 
male parent: ab; lined = recombinant: a%; stippled = recombinant: ab'. 

the gene isprereduced, and in the latterposfreduced. The segregation pattern 
of Figure 3 is based on the following general rules: 

1. Homologous centromeres always segregate during the first meiotic 
division; i.e., they are always prereduced. The adjacent chromosomal segments 
up to the first points of crossover are prereduced with the centromeres. 

2. Postreduction of an allelic pair results from a crossover between the 
centromere and a particular genetic locus. 

3. Crossing over occurs in the four-strand stage; only two of the four 
strands take part in a single crossover. 

C. Mitotic Recombination 

In addition to the reassortment of entire chromosomes, which regularly occurs 
at meiosis, an interchromosomal recombination in somatic cells may take 
place. This involves an occasional irregular chromosome distribution in diploid 
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Figure 3 Segregation of the allelic pair a'lu in pre- and postreduction-i.e., the 
separation of alleles in the first or in the second meiotic division. Above: Segregation 
of the four chromatids without a crossover having occurred between the centromere 
and the genetic marker (compare with Fig. 2). Below: Segregation of the four chroma- 
tids two of which are new combinations resulting from a crossover between the 
centromere and marker. Unlined and lined units represent homologous chromosomes 
of the two parents. Centromeres and marker genes are shown as in Figure 2. Open and 
solid circles (right) represent spores with the a and a+ markers, respectively, in a 
four-spored ascus. 

mitoses which, in a few cases, may lead to balanced haploid nuclei (mitotic 
recombination). These may carry combinations of genes that were previously 
located in different nuclei (see Chapter 4). 

To sum up, interchromosomal recombination is caused by random 
separation of homologous chromosomes during meiosis (and in rare cases 
during mitosis), leading to a recombination frequency of 50%. 

3. INTRACHROMOSOMAL RECOMBINATION 

Recombination within a chromosome is brought about by mutual exchange of 
chromosomal parts by breakage and fusion as a result of a crossing over. If the 
exchange is achieved between different genes, the phenomenon is called 
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intergenic recombination, which always leads to reciprocal segregation. In 
contrast, if there is intragenic recombination, the segregation may also be 
nonreciprocal (Fig. 1). In this chapter we shall restrict our text to intergenic 
recombination only, and refer the reader for information on intragenic recom- 
bination to Esser and Kuenen [1,2], Fincham et al. [3], and Fincham [4]. 

A. Methods of Analyses 

Certain fungi have an advantage over the classical materials of genetics (e.g., 
Drosophifa, Zea mays) in that the four products of each meiosis remain 
together as a tetrad of asco- or basidiospores and can be analyzed directly. 
Further, in some instances particular exchanges and the distribution of chro- 
matids can be inferred from the order of the spores in the sporangium. This is 
possible when the spindles in both meiotic divisions and the postmeiotic 
mitosis are so oriented that the nuclei, and thus the spores, assume a specific 
and predictable order in the sporangium. Such groups of nuclei or spores are 
called ordered tetrads. If the spindles overlap or if the nuclei slip by one another 
without any regularity, the spore arrangements in the sporangia cannot pro- 
vide any information about the events occurring in meiosis. In such a case the 
tetrads are said to be unordered. 

Ordered Tetrads 
The total information that can be obtained through the analysis of ordered tet- 
rads is greater than that obtained by analysis of unordered tetrads. Table 1 
comprises the experimental possibilities that are discussed in this chapter and 
which are available for use by the geneticist. The additional information ob- 
tained in the former case results primarily from being able to distinguish be- 
tween the pre- and postreduction of an allelic pair. Since postreduction is a 
consequence of crossing over between a gene and its centromere, the cen- 
tromere sewes as an additional marker in the analysis of ordered tetrads. Rep- 
resentatives of the genera Neurospora, Sordaria, and Podospora (Sordariaceae) 
are suitable for the analysis of ordered tetrads. The segregation pattern of mu- 
tants that differ from the wild type in spore characters (e.g., color, size) can be 
determined directly by viewing the spores in the asci (Fig. 4). 

Figure 5 shows how the eight genetically marked spores come to be 
arranged linearly in the ascus, using Sorduria macrosporu as an example. The 
determining factors are 1.) orientation of the spindles; 2.) distribution of the 
nuclei; and 3.) mode of reduction of the marker genes. 

A single factor cross such as at X u in Sordana macrospora and ccrtain 
other euascomycetes results in six distinguishable tetrad types (Fig. 3). Com- 
pare with Table 2. 



Table 1 Experimental data required for obtaining evidence of the various genetic events discussed in this chapter. z 
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Prereduction of centromere 
Recombination in the four- 
strand stage 
Distribution of homologous 
chromosomes in 
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ditypes (P, R) tion types (PI, P2, RI, Rz) 

tetrad types (P, R, 7) 

tetratypes (7) recombination types 
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tion types (PI, P2, RI, Rz) 

(Ri, R2) 
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Abbreviations in the second column: o = ordered tetrads, u = unordered tetrads, s = single strands. For explanation of the symbols used in columns 
3-5, see text. 



Figure Asci from a perithecium of Sordara mumspom, derived from a of 
a black-spored (r') with pink-spored (r) strain. All asci show a 4 4  segregation  for  black 
and pink spores. 

Two types result  from the separation of the two  alleles at meiosis 
I (prereduction The remaining four (3-6) are the results of 
second-division  segregation  (postreduction  type). Types 3  and 4 represent 
asymmetric,  and  types 5 and  6symmetric,  segregations. The prereduction 
occur in a 1:l ratio,  and the postreduction  types in a 1:l:l:l ratio with a  random 
distribution of the centromeres in the two meiotic  divisions. 

In  considering that in a  single-factor  cross there are six different  ascus 
types,  in a  two-factor  cross  6 X 6 = 36  ascus  types  may  be  observed.  This  may 
be easy  visualized if one writes  in  a  diagram  in the abscissa  "a" the six ascus 
types  for the factor (ah') and in the ordinate the six ascus  types  for the 
second  factor (bib'). In combining  the  different  ascus  types for the  segregation 
of ala+ and bib', one  obtains  the 36 different  ascus  types  (Table 2). 

To use  this  scheme for  genetic  analysis  is  too  complicated. If top and 
bottom of the types are not  considered,  because  this  information is not 
necessary  for  a  genetic  analysis,  a  diminution  of  these  36  types  to  seven  types 
is possible,  as  indicated  in  Figure  6. To simplify the ascus  structure,  as  shown 
in  Figure 5, the situation in Sordaria macrosporu in the four nuclear  stages 
before the postmeiotic  mitosis is shown,  since  this  division  leads to pairs of 
identical  nuclei. 
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Figure 5 Development of the linear spore arrangement in an ascus of an eight- 
spored ascomycete (e.g., Sordaria macrospora). The asci are derived from a unifactorial 
cross. Two prereduction types (1, 2) and four postreduction types (3-6) may be 
distinguished (compare Table 3). Open circle and semicircle = allele of one parent; 
solid circle and solid semicircle = allele of the other parent (see explanation in text). 

As Figure 6 reveals, the four groupsA, B, C, and D, which are determined 
by the time of reduction of the two genes, can be subdivided in part. The 
following tetrad types can be distinguished: 1.) parental ditypes (P) with 
exclusively parental combinations (A, and 01); 2.) nonparental or recombina- 
tion ditypes (R )  with exclusively nonparental combinations (Az and Dz); and 
3.) tetratypes (7') whose four nuclei are all genetically different (A3, B, and C) 

In the following the tetrad types will be designed by capital letters-e.g., 
A, Dz, P,  T(see Fig. 6). These symbols are also used in indicating the numbers 
of different tetrad types-e.g.,Al = 243 (see Table 6). Lowercase letters are 
used to designate the frequencies of the tetrad types-e.g., al, d ~ ,  p, t (see 
Tables 5, 6). By multiplying these values by 100 the percentage of each type 
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Table 2 Mode ofdetermination the segregation pattern of a two-factor 
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may be obtained-cg., 100 X a] = percentage of& types. The recombination 
value gives the percentage of recombination and is 100 times greater than the 
corresponding recombination frequency (rho). 

If the individuals crossed differ in more than two factors, the number of 
tetrad types that can be distinguished increases exponentially. Ordered tetrads 
have the advantage of allowing a larger number of types to be identified than 
unordered tetrads or single spores selected at random (Table 3). 
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Figure 6 The seven types of ordered tetrads that are theoretically possible in the 
two-factor cross u+b+ x ab (compare with Table 2). The nuclei, which arise through 
meiosis I and 11, are designated by circles. In eight-spored ascomycetes each of the 
meiotic products divides by mitosis into two identical daughter nuclei. Further expla- 
nations in text. 

The tetrad types described for uni- or multifactorial crosses are charac- 
teristic of fungi that exhibit the same mode of nuclear division in the ascus as 
Sordaria rnacrospora. These include some eight-spored Euascomycetes, such 
as Neurospora crass, N. sitophila, Sordaria fimicola, and Bombardia lunata. 

The formation of spores occurs in a different way in Podospora anserina 
(Fig. 7) [5] ,  Neurospora tetraspema, and Gelasinospora tetraspema. The asci 
of these fungi contain only four dikaryotic spores. The distribution of nuclei 
in Podospora anserina is controlled by the position of the spindles. The spindles 
are oriented longitudinally in the two meiotic divisions, but in the postmeiotic 
mitosis they lie obliquely to the long axis of the ascus. Because of the arrange- 
ment of nuclei that results from these spindle orientations, a pair of nonsister 
nuclei from the postmeiotic mitosis is included in each spore. 
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Table 3 The number of tetrad types or genotypes that are theoretically possible with 
1,2,3,4,5 . . . n markers. 

Type of analysis 1 2 3  4 5 n factors 
Number of possible combinations 

Ordered tetrads 6 36 216 1296 7776 6" 

Ordered tetrads 2 7 32 172 4860 6" + 5  x 2" 
(complete analysis) 

(incomplete analysis) 8 
Unordered tetrads 1 3 12 60 336 6"-'+ 3 x 2"-' 

(complete analysis) 4 
Unordered tetrads 1 3 11 48 236 6 " + 3  x4"+  15 x2" 

(incomplete analysis) 48 
Single strands 2 4 8 16 32 2" 

With prereduction of an allelic pair the two spores in an ascus half are 
homokaryotic for one allele (types 1 and 2 in Fig. 5) .  With postreduction all 
four spores are heterokaryotic. In contrast to the situation in Sordaria 
rnacrospora, distinguishing the four postreductional types (types 3-6 in Fig. 5 )  
is not possible. In two-factor crosses only five, instead of seven (compare with 
Fig. 6), tetrad types can be recognized directly. Nevertheless, it may be possible 
to detect the missing tetrad types through further analysis of dikaryotic spores 
of ascus typeA. Thus an analysis of ordered tetrads is possible. 

Unordered Tetrads 
These differ from ordered tetrads in that the spore arrangement does not allow 
any conclusions regarding the mode of reduction of marker genes. Thus the 
centromere cannot be used as a marker for genetic studies. Unordered tetrads 
occur in certain eight-spored euascomycetes, in many four-spored yeasts, and 
in all basidiomycetes. 

Single factor crosses (a' x a )  reveal only whether segregation is recip- 
rocal (4u':k) or nonreciprocal (e.g., 6u':2u; Fig. 4). Pre- and postreduction 
types cannot be distinguished. Three tetrad types occur in two-factor crosses: 
the parental ditype (P), the nonparental or recombination ditype (R), and the 
tetratype (7') (Fig. 6, bottom row). 

If parents differ at three loci, the number of tetrad types is 12, provided 
complete analysis is possible. If only the tetrad types for each two loci, and not 
the genotypes of the single spores, are considered (incomplete analysis), only 
11 types are distinguishable (Table 4). In the latter case the TITtypes fall into 
a single group. The number of distinguishable tetrad types increases exponen- 
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Figure 7 Ascospore formation in Podospora anserina showing the segregation of a 
single pair of alleles. Symbols are the same as in Figure 5. Further explanation in the 
text. 

tially with an increase in the number of allelic differences. Because pre- and 
postreduction types cannot be distinguished, the position of the centromere 
cannot be determined directly in unordered tetrads. From this follows that, in- 
stead of the centromere, which is used as a marker in experiments with ordered 
tetrads, an additional marker is required for most genetic experiments. Indi- 
rect methods have been developed to determine the position of the cen- 
tromere, which, however, are rather difficult to apply for standard procedures. 

Single Strands 
When tetrad analysis cannot be performed, the isolation study of single spores 
remains as a possibility. Because only one of the four meiotic products is 



56 E a S a  

Tetrad types for 
a+/a andc+/c 

a+ 
a+ 

b+ b+ b b 
b b b + b +  
b+ b b+ b 
b b+ b b+ 

b+ b b b+ 
b b+ b+ b 

U 

a 

Table 4 Distribution of three marker genes which are theoretically possible in 
unordered tetrads. 

P R T 

C+ C C+ C C+ C 

C C+ C+ C C C+ 

C C+ C C+ C+ C 

C+ C C C+ c c+ 

PPP PRR PTT 
RRF RPR RTT 

i7T TPT TRT 
TRT TPT 

m 
TTP TTR 

TPT 'TRT 
TRT TPT 

Tetrad types 
for a+/a 
and b+lb 

P 
R 

T 

Distribution of markers is shown for the three-factor cross a+b+c+ x abc. With the order 
a+a+aa constant (line 2, column 2) there are six sequences possible for b+/b (column 2) and for 
c+/c (line 2), giving a total of 6 x 6 or 36 combinations in all. These can be reduced to 11 or 12 
different types (see text). In the triple combinations of P, R, and T, the first letter designates the 
tetrad type for a+/a and b+/b (column l), the second letter the type for b+/b and c+/c, and the 
third letter the tetrad type for a+/a and c+/c (line 1). For example, the triple combination RRP 
(line 4, column 3) indicates the nonparental ditype (R) for a+/a and b+&i.e., a+b, a+b, ab+, 
ab+; the nonparental ditype (P )  for a+/a and c+/c-i.e., a+c+, a+c+, ac, ac. The four products 
ofmeiosisrepresented by this tetrad therefore possess thegenotypesa+bc+,a+bc+,ab+c,ab+c. 
(Adapted from Whitehouse [6].) 

identified in such a case, this type of study has been called single-strand 
analysis. Such an approach is necessary when the spores of a tetrad do not 
remain together, as in the case of lower fungi such as Phycomyces blakesleunus. 
However, single-strand analysis is often used in organisms having ordered or 
unordered tetrads, if a large number of spores can be obtained quickly and 
one wishes to avoid the tedious isolation of single asci or basidia. 

At least two marker genes are required for these investigations. In 
two-factor crosses two parental types (P1 and P2) and two nonparental or 
recombination types (R1 and R2)-i.e., a total of four genotypes-are ob- 
tained. With each additional factor, the number of different genotypes is 
doubled (Table 2). 

In summary: 
1. A large number of fungi have been particularly useful for genetic 

investigation because the four products of each meiosis reniain together as a 
tetrad and may be analyzed directly. Analysis of ordered tetrads is possible, 
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however, only if the mechanism of nuclear division leads to a regular linear 
arrangement of spores in the ascus. 

2. The amount of information that can be obtained is greatest from 
ordered tetrads and least from single spores. The same is true with respect to 
the number of distinguishable tetrad types and genotypes in crosses involving 
a particular number of markers (Table 3). 

3. Ordered, in contrast to unordered, tetrads indicate the mode of 
reduction of particular allelic pairs and their relation to the centromere. 
Isolation and analysis of unordered tetrads aswell as single spores, on the other 
hand, require much less time and thus allow a more rapid solution of certain 
types of genetic problems. 

4. The applicability of the three types of analysis to genetic investiga- 
tions is indicated in Table 1. 

Table 5 Summary of criteria for linkage and independent assortment of two allelic 
pairs. 

Unordered 
tetrads 

Tetrad 
distribution 

di =d2 

Map 
distance 

w = y - x  

w = x + y  

w = y - x  
or 

w = x + y  

W # Y - X  

and 
W#X+Y 

Unordered Single 

Recom- 
Tetrad bination 

(Gdistribution) 

1 
e = 0.5 

r:t 5 1:4 e s x + y  
(N-, T- 
distribution 

e = 0.5 
e > x  + y  r:t > 1:4 

(F-distrubtion) 

Inferences 

Markers linked 
and on the same 
side of the cen- 
tomere 

Markers linked 
and on different 
sides of the cen- 
tomere 

Linkage or non- 
linkage of mark- 
ers cannot be 
determined 

Markers are not 
linked 

Abbreviations and further explanations in text. Examples for the application of these criteria in 
Table 6. 
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Table 6 Examplesof the application of the linkage criteria described in Table 5. In each cross 
three markers are involved-two genes and the centromere. 

95 Post- 
n 
3 reduction 

No. Tetradtypes .I value(%) 
of Tetrad types (unordered for 

Object asci (ordered tetrads) tetrads) 5 
and ana- [ 8 Gene1 Gene2 
cross lyzed A1 A2 A3 B C DI 0 2  P T R 2 7 (1OOx) (1OOy) 

Podospom 615 67 1 6 2 399 136 4 203 407 5 33.9 6.2 38.5 
anserina 
f l x i  

Podospom 1036 20 24 47 76 692 166 11 186 815 35 42.7 8.1 37.8 
anserina 
m x un 

Podospora 400 2 3 6 30 57 153 149 155 93 152 49.6 5.1 8.5 
asnerina 
I1 x m  

Recombination values and postreduction frequencies can be calculated as indicated in Figure 6 from the 
segregation pattern A I-Dz, independently whether there is linkage or not. % Postreduction frequency 
corresponds to the uncorrected distance genexentromere. Evidence for linkage according to the criteria of 
Table 5.  Two examples for statistical evaluation are given in Table 7. 

5. In this context it must be emphasized that the most notable advantage 
of tetrad analysis is that very few tetrads are necessary to obtain precise 
information. As compared to random analysis sometimes four or five tetrads 
are required to establish linkage. Direct information about chromosomal or 
chromatid interference is only available from tetrad segregation patterns. 

B. Linkage 

Linkage between genetic markers refers to the predominance of parental com- 
binations among the offspring of crosses; i.e., the genetic markers do not re- 
combine at random. The genes that are linked with one another constitute a 
linkage group. Unlinked genes belong to different linkage groups. Cytogenetic 
investigations have proved that the number of linkage groups corresponds to 
the number of chromosomes in the haploid complement. Existence of linkage 
may be determined experimentally by analyzing the meiotic products of a 
cross. The criteria commonly used to determine linkage or independent assort- 
ment of two genes are summarized in Table 5.  Examples for linkage tests based 
on tetrads analysis are given in Table 6 and will be discussed later. 
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Evidence for linkage or independent assortment from analysis of 

Ordered tetrads 

loow:lOo(x+y) Unordered Single 
[+ I  tetrads strands 

loow:lOO~-x) 
D1:D2 Ai'A2 [- 1 P:R R T  e Interpretations 

136:4 67.1 33.9:44.7 [ +] 
33.9~32.3 [- ] 

d1>d2 a1>a2 w n y - x  

166:ll 2024 42.745.9 [+] 

dl>d2 alea2 w z x + y  

153:149 2:3 49.613.6 [ +] 

42.7:29.7 [- ] 

49.6 3.4 [-] 
W # X  + y  

d1cd2 a l s a 2  w # y - x  

2035 5407 0.339 Markers located on 
the same side of 

P'r r:t < 1:4 e < 0.5 centromere 

186:35 35:815 0.427 Markers located on 

P'r ct < 1:4 e < 0.5 the centromere 

155:152 152:93 0.496 Markers are unlinked 

opposite sides of 

e = 0.5 
P a r  r:t > 1:4 e > 0.136 

Ordered Tetrads 
Analysis of Crosses A maximum of seven tetrad types are expected 

from the two-factor cross, a%+ x a6, if the meiotic products are ordered (Fig. 
6). This number is independent of the linkage or independent assortment of 
the markers, and it does not depend upon the amount of crossing over between 
the markers, if the genes are linked. On the other hand, the small number 
(seven) of tetrad types corresponds to a significantly greater, theoretically 
unlimited number of crossing-over configurations. Figure 8 diagrams those 
which account most simply for the seven types. 

Figure 8 shows: 
1. Only the DI type results from the absence of crossover, regardless of 

whether the genes are on the same side (I) (Fig. 8, left) or on different sides 
(11) (Fig. 8, right) of the centromere. 

2. A single crossover accounts for 5 p e  C in both cases, typeA in case 
I and type B in case 11. 

3. The following types result from a double crossover: type D2 (a four- 
strand double in a single region, case I and 11); types B and A3 (two- or 
three-strand double in case I); typesA1,A2, and& (two-, four-, or three-strand 
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Figure 8 Interpretation of the seven tetrad types in terms of crossovers. Only the 
simplest crossover configurations are shown, Lefi: Both loci are located on the same 
side of the centromere-i.e., in the same chromosome arm. Right: The two loci are 
located on opposite sides of the centromere-i.e., in different armsof the chromosome. 
Center: The genotypes are labeled as in Figure 6. The symbols for the chromosomes, 
centromeres, and marker genes are the same as in Figure 3. 
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double in case 11). The ratios a1:a2:a3 in case I1 and a3:b in case I give 
information on the distribution of chromatids in double crossing over. The 
random expectations area~a2:aj = 1:1:2 anda3:b = 1.1. A deviation from these 
ratios indicates chromatid interference. 

4. A triple crossover accounts only for typeA2 of case I. 
In calculating crossover frequencies one must remember that many 

possible crossover configurations are not shown in Figure 8, even if no more 
than two crossovers per region are considered. For example, on the basis of 
random distribution of chromatids from a double crossover (two-strand:three- 
strand:four-strand = 1:2:1) if d2 = 0, a few DI types (as a result of two-strand 
doubles), and double the number of C types (as a result of three-strand 
doubles) would be expected with the frequencies d2 and 2d2. 

Evidence for Linkage The stronger the linkage between two markers, 
the closer the frequency of parental types approaches 1 and the recombinant 
frequency approaches 0. The percentage of crossover also approaches 0 
because recombination can result only when at least one crossover takes place 
between the two genes. Therefore, when genes are linked, D2 types are always 
fewer than DI types ( d ~  > d2). Further, for the case shown on the left in Figure 
8, A2 types are expected at a lower frequency than AI types (a, > a2). Each 
inequality is a sufficient condition for establishing linkage (Tables 1 and 5) .  
Thus the following generalization holds: A significant deviation of the ob- 
served distribution of tetrads from the random is sufficient to establish linkage. 

The frequency of crossing over between two markers is a measure of the 
distance between them. Accordingly in the case of linkage the distance w 
between two genes is equal either to the sum or the difference of the distances 
x andy between the genes and the centromere (w = x + y) or either to the sum 
or the difference of the distances, x and y, between the genes and the a n -  
tromere (w = x + y or w = y --x whenx Sy) depending on whether the genes 
are located on different sides or on the same side of the centromere (Fig. 8, 
right and left; Tables 1 and 5) .  

Criteria to use tetrad data for the determination of the mode of in- 
tragenic segregation patterns of markers (linkage or nonlinkage) are summa- 
rized in Table 5. Some examples are given in Table 6. 

Unordered Tetrads 
Analysis of Crosses An analysis of unordered tetrads reveals a maxi- 

mum of three types: the parental ditype (P); the nonparental ditype-i.e., 
recombination ditype (R); and the tetratype (T) (Fig. 6). Certain crossover 
:ombinations fail to yield recombination of marker genes as in the case of 
xdered tetrads. 
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Evidence for Linkage Parental and nonparental ditypes occur in equal 
frequency from a cross involving unlinked markers (p = r). A statistically 
significant deviation from such a distribution is a sufficient condition for proof 
of linkage, provided the number of parental ditypes predominates (p > r) (see 
Table 5 ) .  

As in the case of ordered tetrads, information about linkage and the 
location of the genes can be obtained by comparing the distances between each 
two of the three genes. However, three-factor crosses are necessary to establish 
the order of loci with certainty. 

Single Strands 
Analysis of Crosses A two-factor cross yields four different genotypes 

either in independent assortment or in partial linkage. These may be detected 
even if the products of meiosis cannot be analyzed by tetrads. If recombinants 
occur, at least one crossover must have taken place in the marked region. No 
further conclusions can be drawn beyond this correlation between crossing 
over and recombination with a two-factor difference. 

Evidence for Linkage With random assortment of two pairs of alleles, 
the four possible genotypes occur in equal frequency. The frequency of 
recombinants (recombination frequency rho) equals 0.5 in the absence of 
linkage. By definition the value rho < 0.5 holds for linked genes. This is 
sufficient condition for linkage (see Table 5).  

C. Chromosome Maps 

Chromosome maps or linkage maps are graphical linear representations of 
chromosomes in which the markers of a linkage group are arranged according 
to the relative distances between them. The frequency of crossover between 
two linked markers serves as a measure of the map distance between them. 
The construction of accurate linkage maps depends primarily on the precision 
with which the number of crossovers can be determined from the recombina- 
tion data. 

If two genes are located in close proximity where only one crossover is 
possible, there is no problem in calculating from the experimentally obtained 
exchange rate. However, if chromosome markers are located in larger dis- 
tances, the recornbinationvalues obtained from experiments are not in accord- 
ance with the number of crossovers. This is brought about by double or 
multiple crossovers between the markers concerned. In addition, in most 
organisms the formation of crossovers is hindered by interference. 

Interference is defined as the nonrandom distribution of crossovers 
among the four chromatids of the tetrad. Two types of interference are 
recognized: 
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1. Chromatid interference occurs if a crossover either decreases or 
increases the probability that a second crossover will involve the same strand. 
In the first case the interference is positive, while in the second, it is negative. 
In both cases chromatid interference leads to a nonrandom distribution of 
two-, three-, and four-strand double crossovers (Fig. 8). 

2. Chromosome interference occurs if, following a crossover, there is a 
less or greater than random chance that additional crossovers will occur in the 
vicinity of the first. Here also the former is termed positive, the latter negative, 
interference. 

Thus in both cases the frequencies of multiple crossovers deviate from 
a random expectation. Chromosome interference refers to the distribution of 
crossovers in a tetrad, while chromatid interference is concerned with the 
participation of individual strands in multiple crossing over. 

The functional relationship between crossing over and the experimen- 
tally confirmed exchange of markers can be understood under simplified 
assumptions with the aid of mathematical interference models. The mathe- 
matical formulation of this relationship leads to mapping functionswhich allow 
a localization of markers and also permit a determination of the degree of 
chromosome interference. 

Single-Strand Analysis 
Since single-strand or random analysis distinguishes only between parental 
and recombinant types, empirical and theoretical mapping functions have 
been derived from which the distance between two genes can be determined 
from the frequency of recombination [5]. 

Tetrad Analysis 
Mapping functions are also used for localizing markers in organisms in which 
the meiotic products remain together as tetrads. They allow the calculation of 
crossing over frequencies from postreduction and tetra-type frequencies. The 
postreduction values give the relative location of the centromere. 

An interference model for both ordered and unordered tetrads was 
developed by Kuenen [7] (Fig. 9). It allows the derivation of mapping functions 
for different degrees of interference and the graphical and arithmetical deter- 
mination of the degree of chromosome interference from tetrad distribution. 
If ordered tetrads are available, it is necessary to determine the value of the 
maximum crossover frequency. If only unordered tetrads are available, the 
tetra-type frequency is a function of the crossover frequency. 

The application of this model for the determination of the map distances 
between centromere and marker (ordered tetrads) or between two markers of 
a chromosome will be explained using two fungi which differ extremely in their 
degree of interference. 
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Figure 9 Graphical representation of tetrad mapping functions for 11 different 
degrees of interference based on the interferencevalue Q. Complete interferencek=@ 
positive interference Q=O.l to Q=O.9; no interference (random distribution of cross- 
overs) Q= 1.0. For application see text. 

In Podospora anserina the maximum of postreduction frequency is al- 
most 1.0 (0.98 for the mating-type genes). As may be seen from Figure 9, there 
is a linear correlation between postreduction frequency and map distance. In 
other words, half the value of the postreduction frequency is equal to the map 
distance. 

In contrast, in Sordaria macrospora, where the maximum of postreduc- 
tion frequency does not exceed the value 0.66, there is almost no interference, 
leading to a Q value close to 1.0. It may be seen from Figure 9 that there is no 
linear correlation between postreduction frequencies and values from map 
distance. It further becomes evident from Figure 9 that, if postreduction 
frequencies exceed the value of 0.5, a graphical determination of the map 
distance is no longer possible. It can, however, be achieved in a mathematical 
way, using the equation for the mapping functions of Figure 9. 
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Table 7 Statistical evaluation (x2 test)for linkage for segregation patterns of 
ordered tetrads from two-factor crosses as listed in Table 6. In each cross three markers 
are involved-two genes and the centromere. 

Segregation Groups 
t l  x m A l A 2 A 3 B  C D1 D2 Sum 

Obtained 2 3 6 30 57 153 149 400 

Expected % 0.43 0.43 0.86 8.50 15.30 37.30 37.30 

Expected 1.7 1.7 3.4 34 61.2 149.2 149.2 

( o w  

(exp "/.I 

(exp) 
Deviation (d) 0.3 1.3 2.6 4.0 4.2 3.8 0.2 
Deviation 2/ 0.05 0.99 1.99 0.47 0.29 0.09 0.00 
Expected 
d2/exp) 

Sum d2fexp = x 2  = 3.88 
Probability (P) = 0.7-0.5 

Degrees of freedom (F) = 6 
Both genes are unlinked 

Segregation Groups 
t l  x i A l A 2 A 3 B  C D1 D2 Sum 

Obtained 67 1 6 2 399 136 4 615 

Expected % 1.2 1.2 2.4 7.6 33.7 26.9 26.9 

Expected 7.4 7.4 14.8 46.7 207.3 165.7 165.7 

Deviation (d) 59.6 6.4 8.8 44.7 191.7 29.7 161.7 
Deviation 2/ 480.0 40.9 12.9 999.7 92.1 6.5 6536.0 

( o w  

(exp %) 

(exp) 

Expected 
Wexp) 

Sum dUexp = x2 = 8168.1 
Probability (P) = far below 0.001 

Degrees of freedom = 6 
Both genes are linked 

The principle of these statistics consists in determining the significance between the segregation 
pattern obtained from tetrad data (obt) and the segregation pattern that is expected on the basis 
of random assortment of the two genes (exp). 

In using the postreduction values (see Table 6) the frequencies (exp%) of the segregation 
pattern can be calculated as follows: group A = post X post, both genes; group B = post gene 1 
x pre gene 2. Group C = pre gene 1 x post gene 2; Group D = pre x pre, both genes. The 
distribution within group A is 1:1:2 for Al:A2:A3 and in group D 1:1, as explained above (p. 61). 

The abfolute values (exp) are calculated from the frequencies (exp %), in order to be able 
to apply the x test. As generally agreed, probability (P) values below 0.1 show that the obt values 
are not in accordance with the exp values, and free assortment of the marker genes is therefore 
not statistically proved. 
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As an example for the calculation of map distances, data from a cross 
with Podospora anserina may serve (t ,  x t; see Table 6). 

1. Determination of interference value Q. It can be shown that the two 
markers tl and i lie on the same side of the centromere on the basis of the 
linkage criteria presented in Table 6 (compare with Table 7). In this instance 
the interference value is: 

a3 + b 
(al + a2 + a3 + b)(a - 3 + b + c) 

sponding tetrad typesA1,A~,A3, B, C (compare Fig. 6). Thus 

Q =  

The small letters in this equation represents the frequencies of corre- 

(0.010 + 0.003) ' = (0.109 + 0.002 + 0.010 + 0.003)(0.010 + 0.003 + 0.649) 

= 0.16 
= 0.124 0.662 

2. Determination of the map distance between the centromere and the 
markers t l  and i. In the mapping function shown above t represents the 
postreduction frequency for t l  and i. Table 7 shows the values 0.124 ( t l )  and 
0.770 (i). Thus the map distance between the centromere and tl is: 

1 3 
3 2 

= -2.083 In 0.97024 = 0.0628 

x1 = - 0.16-'In (1 - - . 0.16 0.124) 

and the map distance between the centromere and i: 
1 1 

x2 = 5 0.16-lln (1 - 2 . 0.16 . 0.770) 
3 2 

= -2.083 In 0.8152 = 0.4254 

3. Determination of the map distance between t~ and i. In this case t 
represents the frequency of the tetratypes. The value t = 0.662 is obtained 
from T = 407 (Table 7). Therefore, the map distance is: 

1 3 
x3 = - - 0.16-'In(1--.0.16.0.662) 

3 2 
= -2.083 In 0.84112 = 0.3631 

The calculated map distances are additive. Since the centromere lies 
beyond the region marked by tl and i, the relationshipn -X I  = x3 holds, or in 
specific values: 0.4254 - 0.0628 = 0.0628-0.3631. It is readily apparent in 
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Figure 9 that the points PI (0.0628/0.124), PZ (0.4254/0.770), and P3 (0.3631/ 
0.662) lie between the two curves Q = 0.1 and Q = 0.2; i.e., for the ordinate 
values (postreduction and tetra-type frequencies) the calculated values on the 
abscissa (map distances) are found on the curve for Q = 0.16. 

To sum up: 1.) Genetic markers can be arranged linearly into linkage 
maps on the basis of recombination frequencies. The map distance between 
two markers is defined as the average number of crossovers between these 
markers in 100 single strands. 2.) Map distances may be calculated with the 
aid of mapping functions directly from recombination frequencies-i.e., cross- 
over frequencies. Such mapping functions have been derived using data from 
single-strand analysis as well as data from tetrad analysis. 

4. CONCLUSIONS 

This paper was written to inform geiieticists and mycologists about the possi- 
bilities to exploit in an optimal manner data from sexual crosses of fungi for 
both fundamental and applied genetics. It should become obvious that tetrad 
analysis, and especially the evaluation of ordered tetrads, gives more precise 
information with respect to segregation patterns and gene linkage than ran- 
dom analysis, because the evaluation of only a few tetrads is required to be 
able to make precise statements. Furthermore, comprehensive information 
about the cytological events is obtained by genetic analysis, which allows a 
better understanding of the recombinational events and thus enhances the 
possibilities for concerted breeding in the mushroom industy and biotechnol- 
ogy. Because of the limited space available in this book, I had to refrain from 
dealing with intragenic recombination (Fig. l), which for breeding procedures 
is mostly not used. 

5. EXPERIMENTS 

A. Evaluation of Ordered Tetrads in Sordaria macrosporu 

Aim 
The segregation pattern in ordered tetrads in both a one- and atwo-factor cross 
can be easily demonstrated in using marker genes concerning the spore color. 

One-Factor Cross 

Strains The mutant sterilis contains the gene SI, which is responsible 
for the blockage of the normal life cycle before spore formation. The perithecia 
contain no asci, which is easily proved by squeezing them open with forceps. 

The mutant rosea contains the gene r, which causes the production of 
pink spores in crosses. 
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Each mutant contains the corresponding wild gene of the other, so that 
the complete genetic formula is given by: sterifis = slr+ and roseu = st+r. 

Procedure 

Inoculate a Petri dish containing cornmeal agar with mycelial inocula ofsl and 
r, at a distance of 4-6 cm apart. Grow at room temperature or in an incubator 
at 25°C; light is not necessary. 

Eoaluation 
The first fruit bodies arise after 5-6 days. Open the perithecia and establish 
that the fruit bodies on thesl mycelium are empty and contain only a gelatinous 
matrix. On the other hand, perithecia are found in the contact zones, which 
show a segregation pattern of the pink and black spores. Fruit bodies found 
on the r mycelium contain pink spores only. Transfer the contents of four or 
five fertile perithecia to a water drop on a microscope slide, usinga preparation 
pen. After applying a cover slip, carefully apply pressure, absorb excess water 
and, ring the cover slip with nail varnish. In ideal preparations it can be seen 
that the asci, arising from a gelatinous center (ascogonial cell with ascogenous 
hyphae), are arranged radially and that paraphyses are absent. The segregation 
pattern of the colored spores may be observed under low to medium magnifi- 
cation (Fig. 4). 

For this experiment it is necessary only to remove perithecia that contain 
20 or 30 mature asci. These can be distinguished from the many immature 
perithecia whose asci contain eight white or yellow sporeswhile still in the Petri 
dish, or in the slide preparations. In mature perithecia, the asci rupture very 
easily, and the large numbers of individual spores make interpretation difficult. 

Before we interpret the segregation of the spore colors, it must be borne 
in mind that we are only examining the segregation of the allele pair r+/r. The 
segregation of the pair s ~ + / s ~ ,  used €or marking purposes only, can be ignored. 
To examime the segregation of this allele pair, the spores must first be 
germinated. 

In principle, two ascus types occur: 1 .) the spore colors are distributed 
equally in the two halves of the asci (4:4 segreation); 2.) in each half of an ascus 
there are two black and two pink spores (2:2:2:2 segregation) (Fig. 5 ) .  The type 
2 asci result from the fact that at least one crossing over has taken place during 
prophase of meiosis I, between the centromere and the gene locus responsible 
for spore coloration, so that the marker r+/r becomes postreduced (second-di- 
vision segregation), In type 1 asci prereduclion has occurred (first-division 
segregation). The distance between the centromere and the gene can be 
estimated using the proportion of type 2 asci. The greater the number of 
postreduced asci, the greater the number of crossovers, and the greater the 
distance from the centromere to the gene. 
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B. Two-Factor Cross 

Strains 
Mutant rosea (characteristics  given  under  the  one-factor cross). Mutant lutea 
contains  the  gene tu, which  blocks the production of the black  pigment in the 
spores,  which  thus  remain  yellow. As fu is  capable  of  self-fertilization,  the 
production of self-fertilized  perithecia  containing  exclusively  yellow  spores  can 
be avoided by marking  with srerilis, or with another  sterilizing  gene. The gene 
spadix (spd) is  especially  suitable  for  this  purpose, the spd strain  being  fully 

Figure Sordaria macmspora. Ascus from a two-factor of the color 
spore  mutants  pink  and  yellow.  (a)  Parental type, yellow and  pink  spores; (b) recom- 
binant  type,  black  and  white  spores;  (c)  tetratype,  all four spore colors. For explanations 
see text. (Adapted from Esser 
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sterile. The complete genetic formula of the two mutants is thus: roseu = r lu' 
and luteu = r'lu. 

Procedure 

In the same way as in the one-factor cross, Petri dishes should be inoculated 
with blocks of roseu and luteu mycelium. 

Evaluation 

Fruit bodies produced on the roseu side contain pink spores only. The 
perithecia produced in the contact zone contain spores expressing the spore 
color genes, whereas those forming on the luteu side (if unmarked with a 
sterilization factor) contain exclusively yellow spores. 

In the slide preparations, made as described above, three types of asci 
can be identified: 1.) parental type, containing pink (r lu') and yellow (r'lu) 
spores only; 2.) recombinant type, containing black and white spores only, 
arising from the new combination of the genes to give wild spores (r'lu') and 
white spores (r h), showing both defects; 3.) rerrulype, containing all four spore 
colors. With this relatively simple cross it is possible to demonstrate the basic 
principles of Mendel's laws of segregation and independent assortment of 
genes from a single perithecium (Fig. 10). 

Segregation data obtained from this cross may be used for a number of 
different calculations, such as the distance of the two genes from the cen- 
tromere, the demonstration of whether the genes are linked or segregate 
independently, and the existence of interference. Details to how evaluate data 
for various purposes may be found earlier in this chapter. 

Strains may be obtained from 1.) Prof. Dr. U. Kuck, Lehrstuhl fur 
Allgemeine Botanik, Ruhr-Universitat, D-44780 Buchum, Gemany, or 2.) 
Prof. Dr. B. Hock, Lehrstuhl fiir Botanik, TU Miinchen (Weihenstephan), 
D-83350 Freising, Germany. 
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Somatic Recombination 
Cees J. Bos 
Wageningen Agricdhual Universi& Wageningen, fie Netherlands 

1. INTRODUCTION 

In this chapter we study somatic recombination and how we can use it for 
genetic analysis and strain construction. We shall use the term somatic recom- 
bination for all (re-)combination of genetic information of somatic cells (also 
for protoplast fusion, heterokaxyosis), and the term mitotic recombination only 
with respect to the recombination processes that occur during mitosis (mitotic 
crossing over, nondisjunction, gene conversion). 

Six key concepts in somatic recombination are these: 
1. The parasexual cycle may be an important alternative to sex. A 

complete parasexual cycle consists of fusion of different haploid somatic nuclei 
(karyogamy), mitotic recombination in the diploid cell and haploidization. 

2. Somatic recombination occurs when genetic material (nuclei, mito- 
chondria) is exchanged. 

3. Mitotic recombination refers to recombination processes in a diploid 
cell during mitosis and covers mitotic crossing over, nondisjunction, and gene 
conversion. 

4. Mitotic crossing-over affects intrachromosomal recombination and 
results in homozygosis of all loci distal of the point of exchange. It can be used 
to determine the linear arrangement of genes in a linkage group. 

73 
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5. Nondisjunction during mitosis leads to aneuploids and, consequently, 
to diploids homozygous for one chromosome, or to haploidization. 

6. Haploidization follows nondisjunction in aneuploids that lack a chro- 
mosome. It results in the reassortment of whole chromosomes and can be used 
efficiently for determining linkage groups. 

2. THE PARASEXUAL CYCLE 

In eukaryotes the occurrence of sex or sexual reproduction includes recombi- 
nation of genetic material during meiosis. Recombination is, however, not 
exclusively restricted to meiosis. In prokaryotes there are various alternatives 
to sex [ 11 that result in recombination. The intermediate state ismostly apartial 
zygote (merozygote) in contrast to meiotic recombination, where the zygote 
consists of two complete sets of chromosomes. In principle transformation of 
fungi (Chapter 9) leads in the first instance also to a merozygote (with only a 
very small part of donor DNA). An alternative to sex called the parasexual 
cycle [2] proceeds by a holozygote, and it is based on mitotic recombination. 
It consists of a sequence of heterokaryosis, karyogamy, and haploidization in 
somatic cells. In some fungi the parasexual cycle is fully functional and can be 
studied very well. Mitotic recombination occurs also in other eukaryotes, but 
when vegetative reproduction is absent or incidental, there is no parasexual 
cycle. The parasexual cycle can be studied in organisms where sexual and 
parasexual recombination occur side by side. In Aspergillus nidulans Ponte- 
corvo and co-workers were able to compare the two systems [3]. At that time 
it was also found in A. tiiger [4] and in some other fungi, but it has not been 
found in Neurospora crassa, the fungus that is best known genetically. In this 
fungus mitotic recombination has been found in colonies derived from diploid 
ascospores [5]. The parasexual cycle has been demonstrated in many other 
imperfect fungi and in some ascomycetes (e.g., in A. fluvus [6,7],A. fumigatus 
[8], A. sojae and A. oryzae [9], A. parasiticus [lo], Verricillium albo-atrium 
[11,12], Fusarium oxysporum [13,14], Penicillium chrysogenum [15,16], and 
Cochiobolussafivus [17]. It has also been exploited for genetic analysis of fungi 
of which no sexual reproduction is known. 

In imperfect fungi of industrial interest the parasexual cycle provides 
possibilities for breeding production strains, and in general it enables genetic 
analyses. In plant pathogenic fungi these processes confer genetic flexibility 
on the populations; in imperfect fungi of industrial interest somatic recombi- 
nation provides possibilities for breeding production strains. In general so- 
matic recombination enables genetic analyses of imperfect fungi. 

The parasexual processes that may lead to somatic recombination consist 
of a number of steps that will be discussed in the following paragraphs. Since 
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the review on fungal flexibility of Hansen [MI, several reviews on het- 
erokaryosis and parasexuality in fungi have been published [19-221. 

3. HETEROKYAROSIS AND PROTOPLAST FUSION 

Between two hyphae of the same strain or of compatible strains hyphal fusions 
(anastomoses) may occur, so that nuclei of different hyphae can migrate. If 
fusion is between hyphae of genotypically different mycelia, this gives rise to 
heterokaryons. When hyphal fusions occur, the nuclei can also migrate further 
in the mycelium, because the septae have a pore. In the conidiospores, 
however, the two parental types will reappear. When the cells that produce a 
chain of conidiospores are uninucleate, all spores of a chain will be of the same 
genotype. When the conidiophore contains nuclei of only one genotype, all 
conidiospores of a conidial head will be similar. 

Heterokaryosis is the first step in somatic recombination and the simplest 
form of somatic recombination. Heterokaryons can also arise through muta- 
tion in a homokaryon, but under laboratory conditions the main origin is the 
combination of existing genotypical different nuclei. 

Heterokaryons can be selected for by combining on minimal medium 
(MM) two strains with different auxotrophic markers-i.e., strains that are 
blocked in essential metabolic pathways. So, in principle heterokaryons will 
grow on MM. If, in addition, the strains differ in color, these heterokaryons 
show a dense mixture of the two conidial colors. This process is illustrated in 
Figure 1. A heterokaryon can only be maintained if effective selection for the 
two complementary auxotrophies takes place, for on complete medium (CM) 
or supplemented medium (SM) one finds segregation (sorting out) of the two 
parental types. However, also on MM sorting out of nuclei occurs and, 
depending on the types of deficiency in the parents, some homokaryotic 
hyphae may grow among the otherwise heterokaryotic mycelium by cross-feed- 
ing. In general a heterokaryon will only be partly truly heterokaryotic. We have 
cut hyphal tips from the border of a very well balanced heterokaryon of A. 
niduluns and transferred them in turn to MM and to CM. Only 10% of the 
viable tips proved to be heterokaryotic. Usually heterokaryons are propagated 
by transfer of a piece of mycelium. In fungi with multinucleate conidiospores 
(e.g., Botn'tys sp.), the heterokaryotic condition can be maintained upon 
vegetative propagation by conidiospores. 

Kohler [23] was probably the first to study anastomosis in imperfect fungi 
(in Botvtis, Fusun'urn). Since then anastomoses have been observed in many 
imperfect fungi. In Fusarium anastomoses occur only at a certain distance of 
the border of a colony [24]. Hoffmann [25] found in F. oxysponrrn that about 
two-thirds of the hyphal fusion was between older parallel situated hyphae and 
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Figure 1 Heterokaryosis in A. nidulans. Balanced heterokaryons produce conidia 
with parental genotypes and at low frequency, also heterozygous diploid conidia. The 
haploid strains should have different auxotrophic requirements and different colors. 

less than 4% between near the tip of the hyphae. In Helminthosporium fusion 
has been observed just behind hyphal tips [26]. In Verticilliurn, on the other 
hand, fusion between germ tubes of conidia has also been observed [27]. 
Anastomosis is a complex process. In moist chamber cultures with Culleto- 
trichurn lindemuthianum hyphae, we have observed that hyphae that grow 
parallel may attract each other so that side tubes arise at a certain place (Fig. 
2). When the hyphae have moved a little the side tubes curve and try to find 
each other again. Heterokaryosis sometimes seems to be possible between 
species. Hansen and Smith [28J found interspecific fusion between Botrytisallii 
and B. ricini. Uchida et al. 1291 between A. ovzae and A. sujae, Hastie [30] 
between K albo-atmm and K dahliae. 

In several fungi heterokaryon incompatibility has been found. Jinks and 
co-workers [3 1 J found several incompatibility groups inA. nidulans and proved 
that eight different het-genes proved to be responsible for incompatibility re- 
actions. Incompatibility may have different causes. Sometimes anastomosis 
does not occur. Sometimes anastomosis proceeds but is followed by an incom- 
patibility reaction, resulting in cell death. The phenomenon is studied in N. 
crussa where anastomosis was not followed by plasmogamy [32,33]. In A. nidu- 
lans some vegetative incompatible strains produced heterokaryons after pro- 
longed incubation [34]. Papa found 22 incompatibility groups in A. flavus [35]. 
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Heterokaryons are useful for complementation studies. Two phenotypi- 
cally similar mutants usually complement each other in a heterokaryon when 
different genes are involved. Because in some cases intragenic complementa- 
tion can take place, only when two mutants do not complement are they 
considered as alleles of the same gene. However, some types of nonallelic 
mutants only complement in diploid nuclei and not in a heterokaryon [36]. 

Since about 1975 protoplast fusion techniques have been developed for 
many fungi. Usually young hyphae (germ tubes) are treated with lytic enzymes 
in an osmotically stabilized medium, and protoplasts can be isolated. Fusion 
of protoplast can be achieved in stabilizing medium containing PEG (polyeth- 
ylene glycol). Fusion products are isolated on stabilized minimal medium. In 
a protoplast fusion experiment including protoplasts of three different A. 
nidulans strains it has been shown that only few protoplasts fuse under such 
conditions [37]. Protoplast fusion can bypass anastomosis [35], and in some 
cases fusion of protoplasts from related species may result in heterokaryons 
[38-40]. In general no or only few heterokaryotic fusion products arise in the 
case of unrelated strains. Our attempts to fuse A. niduluns and A. niger 
protoplasts were not successful; only poorly growing fusion products, which 
probably grow due to cross-feeding, have been found. Protoplast fusion be- 
tween unrelated species may be useful for exchange of mitochondria or virus 
or plasmid transmission [41,42]. 

4. DIPLOIDS 

InA. nidulans the frequency of diploid conidia is lo-' - 10". Under laboratory 
conditions we can force two strains to make heterokaryons (by anastomosis or 
protoplast fusion) when we start with two strains that differ in auxotrophic 
requirements. In a heterokaryon two types of nuclei are present, and fusion of 
two genetically different nuclei results in a heterozygous diploid nucleus. In 
somatic diploid nuclei two recombination processes may occur: mitotic cross- 
ing over (between nonsister chromatids of homologous chromosomes) and 
haploidization. Mitotic crossing over results in recombinant chromatids. 
Haploidization results from mitotic nondisjunction of sister chromatids which 
leads to aneuploid nuclei (2n-1, 211-1-1, etc.) and by successive losses of 
chromosomes ultimately to haploid nuclei. During haploidization genes on the 
same chromosome segregate simultaneously as linkage groups. Mitotic cross- 
ing over results in recombination of genes within a linkage group. Both 
processes are schematically shown in Figure 3. 

Occasionally two nuclei in a hypha can fuse by restitution of all chromo- 
somes in one nucleus during mitosis. Somatic karyogamy can only be observed 
when different nuclei in a heterokaryon fuse to give heterozygous diploid 
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Figure 3 Isolation of heterozygous diploid colonies. Conidiospores collected from 
a heterokaryon are plated in a layer of minimal medium (MM bottom) and covered 
with another layer of MM. After 4-6 days of incubation at 37°C (A. nidulans), diploid 
colonies (and also some heterokaryons) appear. 
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nuclei. In a heterokaryon two genetically different nuclei can fuse, resulting in 
a heterozygous diploid nucleus, and these nuclei can turn up in conidiospores. 
The heterozygous diploid conidia can be isolated because they can grow on 
MMorat least on 1 1 .  r i : i  onwhich theparenta1strainsdonotgrow.Theprocess 
is illustrated in Figure 3. Selection of heterozygous diploids is usually per- 
formed in a sandwich of MM, as shown in Figure 4. 

The frequency of heterozygous diploid conidia is both species- and 
strain-dependent. For A. niduluns frequencies of about 10" are found. Clut- 
terbuck and Roper [43] mentioned that diploid nuclei are twice as frequent in 
hyphae as in conidia. However, it is difficult to obtain a reliable estimate of 
the frequency of karyogamy. Due to sorting out, variable parts of a het- 
erokaryotic mycelium become homokayotic. Moreover, diploid sectors of 
varying size can be present in a heterokaryon. Are the frequencies really that 
low? 

Protoplast fusion opens a way for a more realistic estimation of the 
frequency of somatic karyogamy. We used uninucleate protoplasts from a 
yellow and from a whiteA. nidulans strain with different auxotrophic markers 
in a fusion experiment. Under the conditions of the experiment the generating 
protoplasts produccd mostly three large hyphae, and this was often still 
recognizable in very young colonies selected on stabilizing minimal medium. 
The fusion products have already few white and yellow conidiospores, and 
sometimes we found a green sector. With those strains the frequency of green 
sectors was 0.35%. With a dissecting microscope a few green spots were also 
found in heterokaryotic sectors. This indicates that the frequency of 
karyogamy may be strongly underestimated when we use the frequency of 
diploid conidiospores. In practice the frequency of diploid spores is important 

I r m  MM 
, . . , . . . . .. . , . . .. . 

Figure 4 Gene conversion and recombination during mitosis. One pair of homolo- 
gous chromosomes is drawn to illustrate the consequences of the recombination events 
that can occur during mitosis. (a) Gene conversion concerns only one gene; (b) mitotic 
crossing over leads to homozygosity distal to the point of exchange; (c) nondisjunction 
of chromatids results in meuploids which in turn will lead to a diploid or a haploid. 
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for the isolation diploid strains that are needed for genetic analysis. In general, 
we find on the isolation plates also heterokaryotic colonies. That might be due 
to small pieces of mycelium left in the conidial suspension. But in some fungi 
the frequency of heterokaryotic colonies will be high in spite of the effort to 
filter the suspension. In A. niger we often found 20 times more heterokaryotic 
than diploid colonies. An obvious explanation is that a fraction of the coni- 
diospores has two nuclei and that some are heterokaryotic. In this case the 
colonies are much more homogeneous than when they started from het- 
erokaryotic mycelium fragments. 

Naturally occurring diploid strains have been found in plant pathogenic 
fungi [44] as well as in biotechnology by important fungi [45]. In some fungi 
(e.g., Cladosporium fulvum [46]) diploids have been found while no balanced 
heterokaryons could be established. 

Although heterozygous diploids can arise by a mutation in a homozygous 
diploid strain, the existence of a heterokaryon is essential for genetic analysis. 
A heterokaryon can be forced by mixing two complementing auxotrophic 
strains and growing them on a minimal medium. As most of the nuclei are 
uninucleate, a heterokaryon will produce conidiospores of both parental 
genotypes. Among the conidiospores collected from a heterokaryon the fre- 
quency of the heterozygous diploids is often between 10" and They can 
be selected on basis of the growth on minimal medium. In the case of A. niger 
many more heterokaryons were found on the MM plate than diploid colonies 
(up to 20 times as many), but these can be distinguished on basis of their 
morphology (diploid colonies are more compact and have a homogeneous 
color). Additional proofs that a colony is diploid are volume of the spores and 
sensitivity to benomyl. Upshall [47] used the frequency of chlorate-resistant 
mutants as one of the ploidy-determining tests. 

Heterozygous diploid strains are isolated by plating of conidiospores 
from a heterokaryon in 5 mL MM with an additional toplayer of 20 mL MM. 
The frequency of the diploids is often between 10" and lo-'. Although these 
plates will select for heterozygous diploid colonies, varying numbers of het- 
erokaryotic colonies may arise as well. 

There can be some complication for the identification of diploids. Some 
strains have conidiospores with more than one nucleus. When the sterigmata 
are uninucleate, this is no problem; otherwise the spores might be het- 
erokaryotic and might grow on MM. In A. flaws, A. parasiticus, and A. sojae 
the color of the spores on a heterokaryon is rather the same as that of 
heterozygous diploid conidiospores. Consequently it is often difficult to detect 
diploid colonies. In A. nidulans the spore color is determined exclusively by 
the genotype of the conidiospore. In A. niger the spore color is determined by 
the genotype of the conidiophore, so that on a heterokaryon, homokaryotic 
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conidiophores show the parental colors and heterokaryotic conidiophores 
produce the wild-type (black) color due to complementation. 

5. HAPLOlDlZATlON 

Diploids can usually be propagated by transfer of conidiospores. Curing 
mitosis irregular distribution of choromosomes is more frequent than in higher 
organs. The main feature of mitosis is that sister chromatids are separated and 
go to different daughter cells (see Chapter 1). Nondisjunction of sister chro- 
matids results in a2n+ 1 nucleus and a 211-1 nucleus. Aneuploidsseem to suffer 
more from additional chromosome loss. A 2n+ 1 nucleus results in a diploid 
identical to the original heterozygous diploid nucleus or with a similar prob- 
ability to a diploid with two identical chromosomes: a nondisjunction homozy- 
gote (see Fig. 3). A 211-1 nucleus only can lose other chromosomes, and at the 
end various haploid nuclei will occur. Which chromosome of a pair of homo- 
lopes will be lost is usually a matter of change. The haploid can have one of 
the chromosome combinations that can result from free recombination of 
chromosomes. So, markers on the same chromosome will in principle stay 
together, whereas free recombination is found for markers on different chro- 
mosomes in principle, because mitotic recombination might also have oc- 
curred. We shall discuss that below. InA. nidulum aneuploid nuclei arise at a 
frequency of about 2 x lo-’ [48,49]. 

We have seen that a heterokaryon sorts out producing homokaryotic 
hyphae, and in this way aneuploid hyphae will also arise. Aneuploids grow 
usually less vigorously than diploid or haploid hyphae so that sectors can arise. 
In addition there are few substances that disturb the mitotic spindle, which is 
responsible for the partition of the sister chromatids over the daughter nuclei. 
Roper [4] found thatA. niduluns diploids grow very badly on complete medium 
withp-fluorophenylalanine @a) and that the poorly growing colonies produce 
faster-growing sectors that often are haploid. Chloralhydrate stimulates also 
haploidization, and in many cases benomyl[49] is the most effective nondis- 
junction agent. 

Haploidization is a very reliable way to determine linkage groups. The 
assignment of a gene to a linkage group can also be very fast if master strains 
with markers for each linkage group are available. When too many auxotrophic 
markers are involved in an experiment, slow-growing colonies might be found 
in the progeny, and then it is easier to use two different test strains with all 
chromosomes marked in total. For some markers complications in genetic 
analysis can be found. Certain types of auxotrophic segregants (e.g., adenine- 
less) may be scarce in haploidization experiments, other markers may be 
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difficult to score or may interfere with each other. ForA. niduluns as well as 
forA. niger, sets of master strains are available. 

Markers that are terminal on a chromosome can show some mitotic 
crossing over, but usually much lower than expected for free recombination 
(50%) between markers in different linkage groups. So, mitotic crossing over 
in general will not disturb the results of the haploidization experiments, and 
the assignment of a gene to a linkage group can mostly be done without doubt. 
In fungi where the frequency of mitotic recombination is high, propagation of 
diploids should be avoided. In that case the isolation plates should be stored, 
and single conidial heads from the original plates should be used. For genetic 
analyses inA. niger we use six small parallel suspensions of single conidial heads 
from different diploid colonies on the isolation plate. The results will show if, 
in one of them, mitotic crossing over has disturbed the linkage. If this is the 
case, that particular suspension will be skipped. The other five showing 
comparable results can be used for the genetic analysis. 

Haploidization is often done by transfer of a master plate with 20-25 
diploid colonies with a replicator on complete medium containingfia or 
benomyl. Such point inoculations usually show colonies with several sectors, 
but only one of them should be used. It is often necessary to purify the 
segregants by transfer of a small sample (a spore head) to complete medium. 

When a suspension of diploid spores is plated, it is often easier to purify 
the segregants. When the segregants have been purified, they can be tested 
for growth requirements. It is advisable to score per contrast and to compare 
always with the growth on a plate of fully supplemented medium. The test 
plates differ only for one single growth factor. 

Few diploid colonies might be present among the presumed haploids. 
Absence of any auxotrophic marker makes a colony suspicious when the 
original diploid contained markers on all or many linkage groups. It might be 
the original heterozygous diploid. On the other hand, an auxotrophic marker 
might be present in the case of a nondisjunction diploid, and diploids homozy- 
gous as a result of mitotic crossing-over can also be found. Visual observation 
can give an indication which colonies are suspected not to be haploid. Colonies 
without or with only a single deficiency might be diploid. The safest decision 
can be made when the size of the spores or the DNA content is determined. 
The Coulter counter is very suitable for this purpose especially in combination 
with a channelizer that visualizes the size distribution. Diploids have twice the 
volume of haploid conidia. 

6. MITOTIC CROSSING OVER 

Mitotic crossing over was first observed by Stern [SO] in somatic cells of 
Drosophilu from so-called twin spots. This phenomenon has been studied 
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extensively in A. nidulans, which is very suitable for this urpose. The frequency 
of mitotic crossing over is high (approximately 10- per diploid nucleus), 
collections of several hundreds of genetic markers are available, and heterozy- 
gous diploids can be easily selected for. The phenomenon has been observed 
in several other fungal species (see e.g. reviews by Bradley [ 191 and Caten [22]), 
where the frequency of mitotic crossing over might be somewhat higher or 
lower. Mitotic crossing over provides a tool for the determination of the 
relative distances of genes with respect to the centromere (mitotic mapping). 

Essentially, mitotic crossing over may take place either in the G1 phase 
between homologous chromosomes or after DNA replication in the G2 
phase-i.e., between nonsister chromatids of homologous chromosomes. 
From experimental data is is concluded that mitotic crossing over occurs 
predominantly or exclusively in the G2 phase [48,49,51]. Both complementary 
crossing-over products can be isolated by haploidization of the diploid cross- 
over [52,53]. As mitotic crossing over is fairly rare, in general only one 
crossover will take place between locus and centromere. In a heterozygote, 
mitotic crossing over between nonsister chromatids can result in homozygosity 
of all markers distal of the point of exchange. Homozygous daughter cells 
result in only one of the two possible anaphase assortments of the chromatids 
(1+3 and 24-4 in Fig. 5). One of them leads to a phenotype similar to that of 
the heterozygous diploid. The other can be identified. Strains carrying several 
linkcd recessive markers as well as the selective marker in cis position must be 
constructed by recombination. It is often difficult to find a suitable marker that 
is selective and also situated terminally on the chromosome. Kafer [54] used 
strains with reciprocal translocations to overcome this difficulty in A. nidulans. 

In general, good selection markers terminal on the chromosome arm are 
essential. In the case of meiotic genetic analysis all ascospores of a cleis- 
tothecium descend form the cross, whereas mitotic crossing over occurs 
incidentally and so mitotic genetic analysis depends strongly on the availability 
of selection markers. On the basis of different types of markers a number of 
selection systems have been developed for A. nidulans [3]. Some can also be 
used in other fungi, and others are only for a particular situation. Although 
the parasexual cycle of A. niger has been known about as long as that of A. 
nidulans, the genetic analysis ofA. niger has been hampered for several decades 
by the absence of suitable selection markers, but now markers are available 
for all linkage groups [5,55,56]. 

Although the frequencies of crossing over and the relative frequencies 
in various regions differ for mitotic compared with meiotic analysis, the linear 
arrangement of the genes in a chromosome is the same, and on that basis data 
from a mitotic and a meiotic approach can be combined. When both meiotic 
and mitotic genetic analyses are possible, as in A. nidulam, the meiotic genetic 
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Figure 5 Localization of markers in respect of the centromere. This example is a 
heterozygous A. nidulans diploid, and yA2 is used as selective marker. Yellow sectors 
are isolated and the diploid segregants (homozygous for yA2) are tested for another 
marker (mut) which may be any mutation in the same linkage group. Note that only 
crossovers between yA2 and centromere will give rise to yellow diploids. After mitosis 
two segregation patterns occur: a daughter nucleus with the chromatids 1+3 and the 
other with 2+4 or the chromatids segregate as 1+4 and 2+3. Only one crossover 
situation (crossover between chromatids 2 and 3) has been drawn. In this case the 
conidiospores with the chromatids 1+3 can be isolated. When all yellow diploid 
segregants have the mut-phenotype, the arrangement is: mut--yA2-en- 
tromere (situation B), if none has the mutant phenotype the centromere is probably in 
the middle (A), and in situation C one can expect both types (ratio depending from the 
relative distances). The experiment can be done with more than two markers, which 
gives information on the arrangement of the markers in relation to each other. 



analysis  is  used for fine  mapping  and the mitotic  genetic  analysis  is  used to 
establish the linkage  group  and  also to determine the linear  arrangement of 
genes. The reason is that linkage  is quite clear  during  mitosis,  but  genes of the 
same  linkage  group that are not  close to each other may  show free recombi- 
nation  during  meiosis. The Occurrence  of  both  meiotic  en  mitotic  recombina- 
tion  mechanisms  makes A. niduluns very suitable for genetic  research. The 
combination of the two techniques  also  opens the possibility to study the 
process crossing  over  in  detail.  Kafer [57] compared the meiotic  and  mitotic 
genetic  maps of the chromosomes I and She showed that the relative  genetic 
distances  differ. It is  not  unlikely  that  future  analyses  will  show that crossing 
over  strongly  depends on specific  regions.  Combination  with  molecular  tech- 
niques can elucidate  more  details of the mechanism  of  recombination. 

Figure 5 illustrates which  types  of  heterozygous  diploid  genotypes are 
suitable to start with.  We  shall  look at  several  aspects: 

1. The recessive  markers on a  chromosome  should be in position  (i.e., 
on the same  chromosome);  otherwise,  homozygous  recombinants  for the two 
recessive  genes do not  arise. It is  still  possible  to  analyze other diploid 
segregants by haploidization,  but that is  very  laborious.  From  haploidization 
we learn what  has  happened with the individual  chromosomes. 

2. The selection  marker  should  be  distal,  as far from the centromere  as 
possible. If a  marker is  located farther from the centromere  than the selection 
marker  (e.g.,yA2),  segregants that are homozygous for the selection  marker 
are always  also  homozygous  for the more  distal  marker. 

If a  marker (mur) is on the same  chromosome  arm  and  closer to  the 
centromere  than the selection  marker,  a  certain ratio of mut and mut’ pheno- 
types  will  be  found  depending on the site crossing  over. 

4. Tf the marker is on the other chromosome  arm,  all  selected  segregants 
are hetcttozygous for the  nonselected  marker, if no second  crossover  has 
occurred in the second  chromosome  arm. 

Selection homozygous  diploid  segregants can be  achieved  in  different 
ways: 

1. The classical  selection  markers are color  markers”e.g., yellow and 
white  color  markers  in A. niduluns Segregants are isolated by  visual 
inspection of plates  under  a  dissecting  microscope. 

Suppressors of auxotrophic  mutations  have  also  been  used  in A. 
niduluns from  the  beginning [58]. 

The vast  majority  of the available  mutants are auxotrophs,  and auot- 
rophic  segregants are difficult to isolate.  Moreover, there is  a  risk that auxot- 
rophic  segregants  suffer  from  retarded  growth on selection  medium  when 
segregants are isolated as sectors  from  point  inoculations.  Although  positive 
selection of auxotrophic  segregants  is  often  impossible,  filtration  enrichment 
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has been used to isolate homozygous segregants of A. nidulans deficient in 
carbon metabolism [59] and also for auxotrophic recombinants [60]. Enrich- 
ment by lytic enzymes was even more successful and allowed quantitative 
estimates of the frequency of mitotic crossing over in A. niger [59]. 

4. Resistance to antimetabolites or fungicides can be used, even in the 
case of a semidominant marker (ucrAl in A. nidulans). Markers that enable 
two-way selection deserve special attention. The chlorate resistance (of nitrate 
nonutilizing mutants) has been used in A. nidulans [60] and in A. niger [51]. 
Selenate resistance has been also used in A. nidulans to isolate sulphate 
nonutilizing mutants [61]. Fluoro-orotic acid resistance of pyrimidine deficient 
mutants has been applied [62]. 

5. Selection markers can also be introduced by transformation. The A. 
niduluns amdS gene can be expressed in other Aspergilli [63] and has been 
used as a marker for genetic analysis. A diploid is constructed from a strains 
with an umdS insert and a normal test strain. Mutants with an heterologous 
AmdS insert have been used extensively in genetic analyses of A. niger by 
Debets et al. [64]. The insertion of the plasmid could take place at different 
places in the genome, and in these experiments it happened that the inserts 
were often at a terminal end of a chromosome arm, thus extending the genetic 
map remarkably. Fluoroacetate-resistant (FA') diploid segregants can be 
isolated from such diploids that are hemozygous for the heterologous amdS 
sequence (i.e., the plasmid insert is present on only one of the two homologous 
chromosomes in the diploid). 

Markers suitable for positive selection can produce quantitative infor- 
mation on genetic distances when the necessary precautions are taken. The 
genetic maps for eight linkage groups of A. niger are based on only mitotic 
crossing over [66]. Mitotic linkage group analysis of (compatible) strains of 
different origin might elucidate if chromosomal rearrangements are present. 
Mitotic genetic analysis is also very useful in analyzing transformants to 
localize inserts. A fast way is to start with a diploid as recipient for transfor- 
mation [64]. The diploid was heterozygous for several markers in such a way 
that all chromosomes were marked. Transformants could easily be analyzed 
by haploidization. 

7. STRATEGY FOR MITOTIC GENETIC ANALYSIS 
The construction of a heterozygous diploid followed by haploidization is a fast 
and safe method to construct special genotypes, to introduce an additional 
marker, or to combine properties of two strains. It can be very useful in the 
breeding of strains. For some fungi master strains with markers for various 
linkage groups are available (A. niduluns [65],A. niger [66]), which can be used 
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in applied projects [67,68]. For strain construction it may often be sufficient 
to do only recombination between linkage groups. The possibilities for use 
with strains of different origin depends on heterokaryon compatibility. TheA. 
niger strains Lhoas [56] proved to be incompatible with the master strains 
constructed by Bos and co-workers [60,66], but others proved to be compatible 
[68,69]. It may be fruitful to study first if groups of strains are compatible. A 
list of available markers can be found in Genetic Maps [70]. 

8. EXPERJMENTS 

A. Linkage Group Analysis in Aspergillus Nfger 

Aim 
Linkage group analysis is based on haploidization of a heterozygous diploid that 
has markers in different linkage groups. Nondisjunction is stimulated by growth 
on medium with benomyl. As mentioned before we prefer plating of diploid 
conidiospores on CM + benomyl in stead of transfer with a replicator. We use 
four different suspensions, and we isolate only one segregant from a colony. 

We want to localize the CySA gene, and we use the following diploid 
constructed form tester N722 and the mutant strain N475: 

N722finAl + hisD4 bioAl lysA7 leuAl pabAl cmC5 + 
N475 + olvAl + + + + + + cisA4 

I I1 I11 IV VI VII ? 

The diploid is isolated from a heterokaryon of both strains on MM. A 
conidial suspension obtained from the heterokaryon is plated in a thin layer 
and covered with a thick top layer. Diploid as well as heterokaryotic colonies 
will appear on this isolation plate. We make four suspensions by taking very 
small samples (on conidial head) of six different colonies. The suspensions are 
plated separately. 

Requirements 
Day 1: 4 plates CM + benomyl 
Day 2: 4 plates CM 
Day 3: 4 plates CM 
Day 4: 4 times the test series, 1 plate WA 3% for cooling (see Fig. 6). 

Experimental Procedure 
Day 1: Plate the four suspensions each at a density of about 100 conidia per 

plate on a plate CM + benomyl. 
Incubate at 30°C for 4 days. 
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several suspensions of different diploid colonies 

> plate with II> 
heterozygous 
diploid colonies 

u u  
plated on CM + benomyl 

..... ..... 0 segregants from ..... O C M  ..... each suspension 

4d 30 "C / 0 ..... 4 d 3 0 C  
..... 

te CM 

*..** ..... __5 ..*.* 0 ..... 
SM-auxl SM-aux2 SM-aux3 etc. SM 

Figure 6 Outline of linkage analysis. 

Day 2: Several colonies have formed sectors on the benomyl plates. The 
haploid sectors can be recognized on basis of the color. Transfer one 
conidial head from only one haploid sector of each colony onto a 
plate CM, 21 different ones from one suspension. 
Incubate 2-3 days. 
Purify the isolated segregants (20 of each suspension) by taking only 
one spore head. 

Day 3: 
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Day 4: 

Day 5: 

Use the “0” place for one of the parents and note the strain number 
on the plate. Use the template for the replicator. 
Incubate 2-3 days. 
Replicate the segregants on a series of test plates using a replicator 
with, e.g., 21 needles. Mark the plates with a number. 
Incubate 2-3 days. 
Score the test plates and record the phenotypes in the scoring table. 
Try to determine the ploidy of the colonies on basis of the markers. 
Check the ploidy of uncertain colonies. 
Make a list of the genotypes (you can use a computer program). 
Determine the percentage of the recombinants for the different 
markers. 
Which markers are linked? Do you find intrachromosomal recom- 
bination? 
In which linkage group is the unknown marker? 

B. Genetic Mapping on Basis of Mitotic Crossing 
Over in A. niger 

Aim 

In this experiment we determine the gene order and location of the centromere 
in linkage group VI ofA. niger. Various techniques for the selection of mitotic 
recombinants are used. 

The markers involved are: pubA1, pyrB4, c d l .  The c d  locus is 
terminal on the chromosome arm and therefore very suitable as selection 
marker. As all markers are recessive, they should be in cis position. The 
chlorate-resistant segregants can be isolated, and they become analyzed for 
the other markers. 

The diploid used is: 

N761 f i d 1  + pabA1 pyrB4 c d l  
N640 + metBlO -I- + + 

1 V VI 

Requirements 

Day 1: 

Day 2: 
Day 3: 3 plates CM 

The diploid on MM, 4 plates CMCIO3 
A suspension of conidiospores from a diploid colony 
3 plates CM + C103, bottle with saline or sterile water 
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Day 4: 3 plates CM + C103,3 plates CM + oli 
3 plates SM (= MM + ureum + uridine + pab) 
3 plates SM-pab, 3 plates SM-uri, 1 plate WA 3% for cooling. 

Experimental Procedure 

Day 1: 

Day 2: 

Day 3: 

Day 4: 

Day 5:  

Plate a suspension of diploid conidiospores on four plates CM + 
C103 at a density of about 1000 conidiospores per plate. From the 
literature we expect about 2% cnxA recombinants. 
Incubate at 30°C for 3 days. 
Transfer one spore head from the chlorate-resistant colony onto a 
new plate CM + CIOJ (3 plates with 21 colonies per plate). 
Incubate 2-3 days. 
Purify the isolated segregants by inoculating one spore head on CM 
now 3 x 20, inoculate the parent strains now on the “0” place. 
Incubate 2-3 days. 
Replicate the segregants on the test series using the needle replicator. 
Mark the replicas of a master plate so that it is known which belong 
together. 
Incubate 2-3 days. 
Score the test series and record the phenotypes in the table. 
Try to determine the ploidy of the colonies. 
Determine the frequency of chlorate-resistant diploid recombinants 
and conclude the linear arrangement of the markers with respect to 
the centromere. 
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1. INTRODUCTION 

Genetic analysis has long been restricted to a few fungi, especially those that 
could be easily grown on simple media in the laboratory. In such fungi, best 
exemplified by Saccharomyces cerevkiae, Neurospora crassa, and Aspergirrus 
niduluns, large numbers of mutants could be isolated (see Chapter 2). With 
these mutants detailed genetic maps [l-31 have been constructed for these 
organisms, using parasexual analysis (see Chapter 4) as well as results from 
genetic crossings (see Chapter 3). 

In many more fungi, however, such detailed genetic analyses have not 
been possible. The main reason for this is usually either the impossibility to 
grow the fungus on a simple, defined medium, as is the case with obligate 
parasites, or the lack of natural ways to exchange genetic information neces- 
sary for mapping, as in those imperfect fungi in which until now no parasexual 
cycle has been observed. Among these fungi there are quite a few that have 
an important economic and social impact. In the last decade, considerable 
progress has been made with the introduction of molecular genetic techniques 
in fungal research. In this chapter we will first discuss physical karyotyping on 
basis of the electrophoretic separation of whole chromosomes, and then we 

97 



98 Goosen and Debets 

will deal with several techniques for the use of short DNA sequences as 
molecular markers for genetic analysis. 

Six concepts are these: 
1. Physical karyotyping enables analysis of genome rearrangements and 

has elucidated an unexpected variability in genomes. 
2. Restriction fragment analysis provided new ways for genetic charac- 

terization of strains. 
3. Restriction fragment length pdymorphisms (RFLPs) proved to be 

good molecular markers for genetic analysis. 
4. With probes for repetitive sequences DNA fingerprints can be ob- 

tained to characterize individual isolates. 
5. Polymerase chain reaction (PCR) techniques made it possible to 

make probes from very small amounts of DNA, that can be used for RFLP 
analysis. 

6. A further extension is the use of small artificial DNA sequences as 
probe. This is achieved in the random amplification of polymorphic DNA 
(RAPD) technique. 

As a consequence, many of the aforementioned fungi have attracted new 
attention. Studies at the molecular genetic level have been initiated in many 
scientific disciplines, including (phyto)pathology, molecular biology, ecology, 
and population and evolution genetics. Some of the molecular genetic tech- 
niques that are, or can be, applied to such research will be reviewed here. 

2. PHYSICAL KARYOTYPING 

The characteristics of the genome in terms of the number of chromosomes 
and the microscopic morphology of each of these are called the karyotype [4]. 
In plants, the information provided by karyotype analysis is often used as a 
taxonomical trait in species description and in genetics for studying chromo- 
some number variations and morphological aberrations. In fungi, karyotyping 
by cytological methods is much more difficult because the chromosomes are 
relatively small and therefore, the technique has not been applied extensively. 
Using the better morphology of chromosomes in meiotic cells and in post- 
meiotic mitosis it is feasible [ 5 ] ,  and chromosome counts have been obtained 
for several fungi [6].  Studying chromosome morphology has not been very 
successful in fungi. Moreover, in asexual species the approach is not possible. 
The introduction of the technique of pulsed field gel electrophoresis (PFGE) 
has allowed the separation of chromosome-sized DNAs [7-91. Thus “electro- 
phoretic” (also called physical or molecular) karyotypes can be obtained 
relatively easily. To date, for many fungal species of all major classes karyotype 
analysis has been applied, generating valuable information on variation in 
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chromosome size and number within and between species, on genetic linkage 
of markers as well as applications in gene mapping and cloning and in analyzing 
transformants and chromosome mutations. Examples of the application of 
PFGE in analyzing the fungal genome will be presented. At first, some 
technical aspects of PFGE will be discussed. Some reviews on principles of 
PFGE systems: [lo-131. 

A. Principles of PFGE and Technical Aspects 

In conventional gel electrophoresis DNA molecules smaller than 50 kb can be 
separated by size. Larger DNA molecules have a minimal velocity that is not 
proportional to their length and therefore cannot be separated by size. Since 
the introduction of the concept that chromosome-size DNA molecules can be 
separated by using two alternating fields (so-called pulsed field gel electropho- 
resis), several systems have been developed. Most commonly used is the 
contour-clamped homogeneous electric field (CHEF) gel electrophoresis. In 
the CHEF system, the electric field alternates between two orientations at 
angles of 120" [14]. The duration of the alternating electric fields is called the 
pulse time. After changing the electric field, DNA molecules first have to 
reorient before migrating into the new direction. The pulse time can be 
considered to consist of a reorientation period and a migration time. Size-de- 
pendent separation of large DNA molecules in PFGE is based on the principle 
that reorientation time is size-dependent: small DNAmolecules need less time 
to reorient and thus spend more time migrating than larger molecules. Reso- 
lution of DNA molecules in a certain size range requires a specific pulse time. 
To get maximum resolution of the various chromosome-size DNAs of a fungus, 
it is often necessary to change the pulse time during the electrophoretic run. 

Preparation of Intact Chromosomal DNA 
For many fungi protoplast formation is routinely done by using the commer- 
cially available Novozym 234 [15,16]. As an example, the protocol we use for 
Aspergirrus will be given. Mycelial protoplasts are isolated using standard 
procedures [17]. Protoplasts are subsequently washed in isotonic medium (1.2 
M sorbitol) containing EDTA (50 mM) and resuspended in 0.548% low- 
melting-point agarose (e.g., InCert agarose, FMC) in isotonic medium con- 
taining 500 mM EDTA and 1-2 m mL proteinase K. The final concentration 
of protoplasts being about 2 X 10 ImL. The mixture is subsequently pipetted 
into a prechilled mold to obtain plugs. Next the embedded protoplasts are 
lysed in situ, by incubating the plugs in a mixture of 1% N-lauroylsarcosine, 
500 mM EDTA and 1 mg/mL proteinase K at 50°C for 48 h. After washing (in 
50 mM EDTA) the plugs are stored in 50 mm EDTA at Generally, upon 
storage embedded chromosomal DNA remains intact for several years. For 
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size estimation commercially available standards can be used (Saccharomyces 
cerevisiae and Schizosaccharomyces pombe) with chromosomes ranging from 
several hundred kb to 5.7 Mb. 

Electrophoresis Conditions 
As an example of CHEF electrophoresis the protocol for the separation of 
Aspergillus niger chromosomal DNAs ranging in size from 3.5 to 6.6 Mb will be 
given [16,18]. Electrophoresis is performed using the CHEF-DR 11 (or its 
successor CHEF-DR 111) apparatus of Bio-Rad. Gels are prepared of agarose 
0.5% of low electroendosmosis (EEO), like chromosomal-grade agarose (Bio- 
Rad), Seakem GTC (FMC), or Megarose (Clontec). DNA-agarose plugs are 
loaded as follows: the plugs are placed next to the comb in an empty mold and 
fixed with agarose, and then agarose is poured gently into the mold. After 
cooling, the comb is removed and the holes are filled with agarose. Gels are 
electrophoresed at 9°C in circulating 0.5 X TAE buffer [19] at 45 V with pulse 
intervals of 55 min, 47 min, and 40 min each over 48 h. Gels are stained in 0.5 
pg/mL ethidium bromide for 1 h and then destained in water €or 1 h and 
photographed under UV illumination (at 302 nm). Gels can be processed to 
denature the DNA, blotted to appropriate membranes, and used for hybridi- 
zation analysis using standard processes. 

B. Recognition of Linkage Groups in the 

The thus obtained banding pattern of choromosomal DNAs is called the 
primary karyotype. Using the yeast chromosomal DNAs as size standards, 
chromosome sizes can be estimated. For well-studied fungi like Neurospora 
crassa and Aspegillus nidubtu, of which genetic linkage groups (LGs) are 
available, a correlation can be made with specific bands in the physical 
karyotype by hybridization using LG-specific probes and/or by analyzing 
translocation strains [15,20]. In this way it can be inferred which bands are 
singlets (i.e,, represent a single chromosome) and which are duplets or even 
triplets. Subsequently the total genome size can be estimated. A special 
application of PFGE has been the partitioning ofA. nidulans cosmid libraries 
into chromosome-specific subcollections [21]. In the absence of LG-specific 
probes, chromosome counts can be based on band intensity. Alternatively, 
LG-specific markers can be introduced. 

In the economically important asexual fungus A. niger genetic analysis 
using parasexual processes is possible, and genetic LGs have been obtained 
and a genetic map has been constructed [22]. On the other hand, several genes 
have been cloned but have not been assigned to a specific LG, because there 
are no mutants of the genes with a usable phenotype for genetic analysis. Such 
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cloned genes can be assigned by hybridization to a specific band in the 
karyotype. However, because of the lack of LG-specific probes inA. niger, LGs 
had to be correlated to the chromosomal DNA bands using an alternative 
method. By transformation of A. niger with the heterologous arndS gene, 
several transformants were obtained. For each of these transformants, the 
chromosome in whichamdS was integrated was determined by genetic analysis 
[23]. In this study the amdS insert in each transformant could be assigned to 
a single site on a chromosome. Seven transformants, each carrying the het- 
erologous arndS gene on a different chromosome, were subsequently analyzed 
by CHEF electrophoresis. Thus, seven of the eight LGs of A. niger could be 
correlated with specific DNA bands in the karyotype upon hybridization with 
the amdS probe [16]. However, several of the chromosomal DNAs ofA. niger 
are similar in size and comigrate. Therefore, unambiguous assignment of 
cloned genes to A. niger chromosomes by CHEF analysis could not be done 
this way. It was observed that one transformant with a relatively large insert 
showed a significant change in chromosome size and migration position. This 
principle was further exploited by generating a number of strains with altered 
electrophoretic karyotypes by the introduction of multiple copies of the g l d  
gene [24]. Thus, a set of tester strains for chromosome assignment has been 
constructed [18] and can be used as an alternative to or in combination with 
the available set of tester strains for formal genetic analysis [25]. 

C. Karyotype Variations 

Studying electrophoretic karyotype variability has several applications: 1.) It 
may be used to detect genomicrearrangements in industrial strains. 2.) Analysis 
of the variation within and between species may provide insight into the 
reproductive strategy of the fungus (e.g., chromosome lengthvariations among 
strains within a population may hinder sexual reproduction) and may be used 
as a taxonomic tool. 3.) Finally, PFGE allows the detection of supernumerary 
(B) chromosomes. 

1. Commercial strain typification can be facilitated using karyotype 
variation as detected by PFGE. Genomic rearrangements due to the heavy 
mutagenesis in an industrial strain improvement program may thus be de- 
tected. For example, in commercials trains of Acrernoniurn chrysogenurn dif- 
fering in rate of cephalosporin C biosynthesis, but showing no RFLP variation 
[26], different chromosome patterns were found after using PFGE. More 
specifically, a number of A. chrysogenum strains from a lineage improved in 
cephalosporin C production were analyzed using PFGE to detect at what points 
across the lineage chromosome rearrangements had occurred [27]. Genomic 
rearrangements were also observed in the commercial heterokaryon of 
Agaricus bisporws as indicated by the presence of noncomigrating homologous 
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chromosomes identified by a number of DNA probes [a]. Similarly, karyotype 
variations could be detected comparing wild-type and high cellulase-produc- 
ing mutant strains of Trichodenna longibrachiatum (reesei) [29]. 

2. Physical karyotyping may also be used as a taxonomic tool. Karyotypic 
variability in Nectria haematococca was shown to correlate with pathogenic 
variation [30]. In Leptosphaeria maculans, electrophoretic karyotyping differ- 
entiates highly virulent from weakly virulent isolates [31]. A high degree of 
karyotypic variability was observed aninng individual strains of Ustilago hordei 
representing each of the 14races but not among strains derived from individual 
meiotic tetrads, although the segregation of a chromosome length polymor- 
phism in one meiotic tetrad was observed [32]. Chromosomal DNA banding 
patterns identified by Fekete et al. [33] for eight species of Fusaria support 
current taxonomical classification. Considerable karyotype variation was also 
found among culture collection strains of the black Aspergilli [34] in members 
of Aspetgillus section Flavi [35] and in a Septoria tritici population [36]. Cooley 
and Caten [37] found clear karyotype differences both between and within 
groups of strains of S. nodorum adapted to wheat or barley. Moreover, 
considerable karyotype variation was apparent even among six wheat-adapted 
strains isolated from the same population. Finally, electrophoretic karyotype 
differences between mating types of the zygomycete Absidia glauca have been 
detected [38]. 

3. In plants as well as animals, especially insects, B chromosomes (also 
called supernumerary chromosomes) accumulate [39]. B chromosomes are 
dispensable and are about the size of normal chromosomes or somewhat 
smaller. In others they are considerably smaller. B chromosomes are meioti- 
cally unstable. PFGE enabled the detection of small chromosomes in some 
plant pathogenic fungi characteristic of B chromosomes [40]. In Nectria hae- 
matococca Pub genes are responsible for resistance to the phytoalexin pisatin, 
an antimicrobial compound produced by garden pea. Miao et al. [41] found 
that the Pda6 gene was mapped by electrophoretic karyotyping to a small, 
dispensable, and meiotically unstable chromosome only present in virulent 
strains, In the phytopathogen Colletotrichum gloeosporioides a strain-specific 
dispensable cyclin homolog was encoded on a minichromosome [42]. B chro- 
mosomes were also discovered in Cochliobolus heterostrophus. 

In conclusion, PFGE has enabled the analysis of chromosome size and 
number in fungi. Since the introduction of the concept it has been widely used 
in the analysis of fungal karyotypes. In combination with standard genetic 
analysis techniques it is of great value for gene mapping and cloning, for 
analyzing genome rearrangements, as tool in taxonomic studies, and for 
analyzing transformants, studying karyotype variations among populations, 
and detection and analysis of B chromosomes. 
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3. RESTRICTION FRAGMENT ANALYSIS 

The basis of genetic analysis is to have tools to discriminate biological entities 
at many different levels. Classically, this has been done using morphological 
and physiological criteria to distinguish between species. With filamentous 
fungi discrimination at species level using these traits already can be very 
difficult or even give erroneous results [43,44]. At even lower levels (e.g., 
isolates of one species from different populations), these methods are no 
longer applicable. Molecular markers, however, can be applied at these levels 
with great reliability. 

Molecular markers are not principally different from classical genetic 
mutations. Both are the result of changes in the DNA of the organism, but 
where with classical mutants this resulted in a phenotype that can be distin- 
guished at the cellular level, the phenotype of a molecular marker can only be 
observed by looking directly at the DNA. The first molecular markers that 
have been used, which are simple to interpret and therefore still are very 
popular, are restriction fragment length polymorphisms (RFLPs). An RFLP 
can be the result of the gain or loss of a restriction endonuclease cleavage site 
at a given chromosomal location (Fig. l), resulting from point mutations in the 
DNA. However, deletions and insertions will also lead to alterations in the 
length of the restriction fragments. 

RFLPs can be detected by analyzing restriction digests of chromosomal 
DNA preparations by Southern blotting. Individual fragments on the blots are 
visualized by hybridization with labeled probes. These probes are usually 
generated from cloned genomic DNA fragments or from cDNA. The patterns 
that result can then be compared and used to evaluate the nature and number 
of differences between the two samples (Fig. 1). 

RFLP analysis thus requires the isolation of substantial amounts of 
rather extensively purified DNA. Although several good protocols for DNA 
extraction from fungi have been published [45-48], in many cases obtaining 
restrictable DNA is quite cumbersome. 

RFLP analysis is used in taxonomy and phylogenetics, and single-locus 
RFLP markers can be applied at species level as demonstratedwithAspergillus 
[49], Phytophthoru [50], and Fusunum [51], as well as at subspecies (forma 
specialis) level, e.g., within F. oxysporum [52] and Leptosphueriu maculans [53]. 
However, in some fungal species only very little sequence variation occurs. 
Since RFLP detects mutations in restriction sites, which are only very short 
sequences, this might imply that large numbers of restriction enzymes and 
probes must be used to find sufficient polymorphisms in such fungi. 

The results from RFLP marker analysis can be applied to estimate 
genetic similarity between samples which then can be used to construct 
phylogenetic trees [34]. With L. muculans [53], it was shown that the tree has 
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Figure 1 RFLP analysis. Panel A shows a given locus, containing several restriction 
sites (R). PanelsB and Cshow how point mutationsordeletions willalter the restriction 
pattern of the chromosomal DNA at this locus. Also other rearrangements (insertions, 
translocations) can bring about such alterations. Panel C shows the resulting patterns 
in an RFLP analysis, where the different fragments are separated and visualized by 
Southern blotting and hybridization to a labeled probe. 

two main branchesdne comprising the aggressive isolates, and the other the 
nonaggressive ones. 

RFLPs can also be suitable markers in population genetic studies. For 
the wheat pathogen Septoria fritici such a study has been performed by 
McDonald and Martinez [54,55]. First it was shown that RFLPs occur at veIy 
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high frequency in this fungus [54]. This then allowed the analysis of a natural 
population in the field [55]. The resultsshowed a high degree of diversitywithin 
one location in the field, within one plant, and even within a single leaf. This 
led to the conclusion that initial infection occurred with a genetically diverse 
population and that spreading by secondary infections did not play an impor- 
tant role. On top of that it could be shown that individual lesions often contain 
different haplotypes, which provided evidence for the occurrence of coinfec- 
tions. A similar analysis with Etysiphe gramink f. sp. hordei, the causal agent 
of powdery mildew disease in barley [56], using fingerprinting (see below) 
showed that for this fungus much less variation occurred. About half of all 
isolates represented the same clone. 

In crosses, RFLP markers behave exactly like other dominant genetic 
markers. This allows the construction of RFLP maps and even integrated maps 
with both genetic and RFLP markers. In plants [57, these maps have been 
shown to be extremely useful in breeding as well as in map-based cloning of 
specific genes. That a similar approach is feasible in fungi as well has been 
demonstrated with some phytopathogenic fungi. Using both genomic and 
cDNA probes, a linkage map with 61 RFLP markers on 13 linkage groups, 
including eight avirulence loci, could be constructed for the biotrophic oomy- 
cete Bremia hcfucue, which causes lettuce downy mildew [58]. One of the 
avirulence loci shows a tight coupling to two R E P S  which would allow its 
cloning, Also, for E. graminis f. sp. hordei, RFLP markers linked to virulence 
genes have been identified [59]. 

In N. crassu, which is haploid, a RFLP map [60] was generated by crossing 
two strains that differ strongly in their geneticbackground. DNAfrom progeny 
derived from ordered asci were used for hybridization. Since this progeny is 
deposited at the Fungal Genetics Stock Centre, other laboratories can con- 
tribute to the map. In the homothallic oomycete Pythium ultimum, molecular 
markers were used to demonstrate that outcrossing can occur [61]. 

A special application of RFLP analysis, which is particularly well suited 
for fungi, is the analysis of mitochondria1 DNA. Mitochondria1 genomes [62] 
are small (20-180 kb), and mtDNA can be isolated in quantities sufficient to 
perform restriction analysis with multiple enzymes directly. This can result in 
quick and sensitive detection of strain differences, which has made RFLP 
analysis of mitochondria1 DNAvery popular in taxonomic studies. Moody and 
Qler [63] used such methods to discriminate between species within the 
Aspergillus fluvus group, and Forster et al. were able to detect differences in 
Phytophthoru at both species [643 ,ad subspecies [49] levels, which eventually 
resulted in taxonomic grouping of 194 P. megasperma isolates in nine distinct 
molecular groups [65]. Also with 35 isolates of Ophiostoma ulmi and two races 
of 0. novo-ulmi such a molecular relationship has been inferred [66]. With 
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Fusarium oxysponrm, mitochondrial RFLPs could discern not only three sub- 
species within a group of 25 strains [67,68], but even different vegetative 
incompatibility groups within one subspecies [69]. 

Mitochondria in fungi are usually uniparentally inherited [62], but they 
can be transferred independent of the nuclear genome [70], and mtDNAs do 
show recombination [71]. Consequently mitochondrial RFLPs might either 
underestimate or overestimate actual genetic divergence. Therefore combined 
RFLP analyses of both mitochondrial and nuclear DNA sequences can be 
useful. 

4. DNA FINGERPRINTING 

The relative insensitivity of RFLP analysis as described above is partly caused 
by the fact that the analysis is restricted to the area that is covered by the probe 
employed. Sensitivity could be enhanced by using probes that detect multiple 
loci: dispersed repetitive sequences. In many eukaryotic organisms, including 
several fungi, repetitive sequences are very common. Isolation of such a 
sequence and using it as a probe on Southern blots of restriction digests of 
chromosomal DNA leads to patterns with many bands. This technique, which 
is called fingerprinting, has been applied to the human parhogen Aspergillus 
fumigutus [72]. At least 20 bands were detected, allowing discrimination of 
individual isolates. Also synthetic simple repeat oligonucleotides can be used 
as probes, as was demonstrated in typing different strains from the genera 
Penicillium, Aspetgillus, and Trichodenna [73] and in classification of species 
within the Trichodemza aggregate [43]. 

The most convincing example of the possibilities of fingerprinting, how- 
ever, is its application to the rice blast fungus Magnaporthe grisea. From this 
fungus several dispersed repetitive sequences have been isolated and charac- 
terized [74]. One of these, MGR586, has been used to resolve pathotype 
diversity in field isolates of rice blast pathogens [75] to establish that rice blast 
pathogens are a distinct branch ofM. griseu [76] and to construct a genetic map 
of the fungus [77-80] which defines eight linkage groups, comprising over 60 
molecular markers and several genes. 

5. ANALYSIS BY POLYMERASE CHAIN REACTION 

A major disadvantage of RFLP analysis is that quite large amounts of chro- 
mosomal DNA (1Opg per lane) are needed. In many cases only small samples 
of the fungi to be analyzed are available, which used to mean that these had 
first to be propagated. However, now it is possible to extract the DNA of such 
a small sample and analyze this by amplification of specific sequences using 
the polymerase chain reaction (PCR). 
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PCR is based on the ability of DNA polymerases to duplicate a DNA 
molecule invitro. This duplication depends on the presence of a single-stranded 
template and two primers complementary to sequences on either strand to 
initiate synthesis. Starting with a double-stranded DNA fragment, one cycle 
of heat denaturation, primer annealing, and synthesis thus results in doubling 
of the amount of DNA (Fig. 2). By employing DNA polymerase from extreme 
thermophilic bacteria like Thennus aquaticus (Taq polymerase), this cycle can 
be repeated several times, resulting in exponential amplification. Considerable 
amounts of DNA fragments can thus be obtained, even when the reaction is 
started with only a few template molecules. 

The applications of PCR technology are almost countless. Here we will 
review the techniques that are applied in fungal genetics. For a review of other 
PCR applications to fungal research see Foster et al. [81]. 

I l 1 / 1 1 1 1 1 1 I : I I I l I I I I I I I I I  

I I I I I I I I I I I I I I I I I I I I  
C 

Figure 2 Principle of PCR. Double-stranded DNA (A) is denatured into single 
strands (B) by heating at 90-98"C. Two short synthetic oligonucleotides (primers), 
which are complementary to sequences on opposite strands at a moderate distance (a 
few 100 base pairs up to several kb), are allowed to anneal to the ssDNA at a low 
temperature (C). The resulting structure is a substrate for DNA polymerases, which 
will convert them to two double-stranded DNA molecules (D). Repeating these steps 
results in exponential amplification of the original DNA. The use of thermostable DNA 
polymerases and of automatic thermo cyclers has made the process simple and very 
efficient. 
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In principle, the PCR-RFLP technique is exactly analogous to normal RFLP 
analysis. With the aid of two primers a specific region of the genome is 
amplified. The amplified fragment can then be analyzed with restriction 
endonucleases to detect polymorphic sites. The obvious advantages of PCR- 
RFLP are its speed and its sensitivity: the whole experiment can be performed 
within 24 hours, with only 10 ng of chromosomal DNA, compared to several 
days and 10 pg of DNA for normal RFLP analysis. Moreover, the quality 
restrictions set to the DNA are less severe, thus allowing very rapid DNA 
minipreps [47,82]. In fact, for many fungi DNA extraction is not even neces- 
sary, because PCR can be directly performed on crushed spores [83] or 
mycelium. Most applications of this kind of PCR are found in the specific 
detection of fungi in complex samples-e.g., the wilt fungus Phoma rraceiphila 
in lignified branches of lemon [84], and Candida albicam in clinical specimens 

The disadvantage of PCR-RFLP is that in order to synthesize the 
necessary primers, the chromosomal region one wants to investigate has to be 
cloned and sequenced first, unless the region is sufficiently conserved to allow 
the use of primers, deduced from homologous genes from other organisms. 
The ribosomal DNA (rDNA) genes are in such a DNA region. 

In eukaqotes, rDNA genes are repeated up to several hundreds of times 
in a clustered manner. The genes are separated by nontranscribed spacer 
regions (NTS), which contain the signals for rDNA expression. The primary 
transcript of an rDNA gene is processed to one copy each of 18S, 28S, and 
5.8s rRNA. The regions separating these RNAs are called the internal tran- 
scribed spacers (ITS). 

The nuclear rDNA sequences coding for the small subunit (18s) and 
large subunit (28s) RNAs show very little evolutionary change and can thus 
be used to compare distantly related organisms. The internal transcribed 
spacer region as well as the intergenic spacer of the nuclear rDNA repeat 
evolve much faster, and sequence differences in these regions occur bc tween 
species within one genus or even between different populations of one species. 
Consequently, analyzing the rDNA repeat is very useful for comparisons over 
a wide range of taxonomic levels but nevertheless has a high resolving power, 
depending on which part of the ribosomal DNA genes is analyzed. 

The nucleotide sequences of the rDNA repeat unit have been deter- 
mined from a large number of eukaryotes. Compilation of these sequence data 
can identify stretches of nucleotides within the 18S, 5.8S, and 28s regions that 
are highly conserved [86]. This allows the design of primers, which can be used 
in PCR experiments to amplify regions of the rDNArepeat, including the NTS 
or ITS regions (Fig. 3). Primers may be chosen in such a way that they are 
specific for a group of genera-e.g., all fungi. Because several hundreds of 

~ 5 1 .  
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Figure 3 Organization of the eukaryotic ribosomal DNA genes. Several hundred 
copies of the ribosomal genes are present in a clustered manner. The genes are 
separated by nontranscribed spacer (NTS) regions, which contain the sequences for 
rDNA expression. The primary transcript of an rDNA gene is processed to one copy 
each of 18S, 58S, and 28s rRNA. The regions separating these RNAs are called 
internal transcribed spacers (ITS). Using primers complementary to strongly conserved 
regions in the 18s and 28s genes (arrows), the highly variable ITS regions of different 
(sub) species can be amplified by PCR. Analysis of the products reveals the genetic 
differences. 

copies of rDNA are present per genome, only very small amounts of chromo- 
somal DNA are necessary for these amplifications. 

The fragments resulting from such PCR reactions can be directly ana- 
lyzed on agarose gels for differences in length of the NTS or ITS regions [86, 
871. A further discrimination can be obtained by digesting the PCR products 
with a number of restriction endonucleases and analyzing the products [88]. 

The highest detail is obtained by direct sequencing of the PCR products 
[86,89,90], which will detect every single base-pair difference of the amplified 
fragment between samples. Sequencing of PCR-amplified ribosomal DNA 
genes is widely used in evolutionary genetics to establish phylogenetic rela- 
tionships among fungi [91,92]. As more of these sequence data are generated 
and put into the data bases, the sensitivity and resolution of the method will 
be further increased by the possibility of devising class-, family-, genus-, and 
possibly even species-specific primers [93]. 
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6. RAPD ANALYSIS 

Finally, PCR offers the possibility of creating polymorphisms without any prior 
knowledge of the DNA sequences of the organisms investigated. In this 
technique, termed arbitrary primed PCR (APPCR) [94] or random amplifi- 
cation of polymorphic DNA (RAPD) [95] one short (usually 10 nucleotides) 
primer of arbitrary sequence is used in a PCR reaction with chromosomal 
DNA. This usually results in the amplification of one or more distinct DNA 
fragments, although occasionally a primer might not give products at all. 
Surprisingly, there seems to be no correlation between the number of bands 
obtained and the genome size of the organism DNA used as template. Each 
new primer will result in a different band pattern. The patterns produced are 
highly polymorphic, allowing discrimination between isolates of one species if 
sufficient primers are screened. 

As the acronym RAPD suggests, this technique is very fast in discrimi- 
nating large numbers of samples. There are, however, several considerations 
to be made when applying this technique: 

1. Sample purity. PCR experiments are very prone to contamination 
with amplifiable sequences. Since RAPD patterns can be produced from any 
DNA source, it is of course of the utmost importance that samples or specimen 
are not contaminated. Especially with samples that have been collected from 
the field (e.g., from soil, from patients, from infected plants or crops), extreme 
care has to be taken. 

2. Reproducibility. The efficiency and specificity of PCR reactions is 
very much dependent on the reaction conditions. Slight variations in tempera- 
ture [96], concentration of MgC12 [97], primer [98], or contaminating RNA 
[99] can completely alter the resulting band pattern. Even changing the type 
of thermostable DNA polymerase may alter the RAPD pattern [lOO]. Espe- 
ciallywith RAPD, in which priming is arbitrary, small changes in the conditions 
may lead to completely different results. This may set limitations to reproduci- 
bility, since the specifications of PCR thermocyclers are highly variable, even 
if they are the same type and brand [101-1031. It is therefore recommended 
[lo41 that the same thermocycler always be employed and that as many control 
samples as possible be included. 

3. Interpretation. First of all one has to bear in mind that RAPD bands 
are dominant; in diploid organisms both “alleles” must be absent to get a 
different pattern. Secondly, differences in band patterns can only be inter- 
preted as individual bands being present or absent, since there is absolutely 
no relation between the individual bands of one pattern. Thirdly, bands of 
identical size are not necessarily of identical sequence. A fourth consideration 
to make is that absence of a particular band in a RAPD pattern does not 
necessarily imply that the target sequence is no longer present. It might just 
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be that another target sequence is amplified much more efficiently, thus 
masking the first one. This is especially important if one wants to use RAPD 
markers to create phylogenetic trees [105]. 

Taken its limitations into account, RAPDs can be used in a similar way 
to RFLPs. Most applications of RAPD analysis reported so far are in the 
differentiation of fungal strains or isolates [34,61,106-1111. However, the use 
of RAPD markers in parasexual analysis in P. roqueforti [112] and in sexual 
crossings ofAguricus bisporus [113] are indicative of the potential this method 
has in the field of fungal genetics. 
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1. INTRODUCTION 

Since the introduction of Neurosporu crussa to genetic research by Shear and 
Dodge [195], and the subsequent production of auxotrophic mutants deficient 
in vitamin biosynthesis by Beadle and Tatum [13], fungi have moved to the 
center stage of genetic research. Many new insights have been obtained 
through studies of fungal genetics. Examples include one-gene-one-enzyme 
hypothesis, tetrad analysis, gene conversion, postmeiotic segregation, and 
allelic complementations. In recent years, eukaryotic gene expression, cell 
cycle controls, centromere organizations, the genetics of homologous pairing 
and its relation to the assembly of synaptonemal complexes, etc., are promi- 
nent areas of advancement. 

If fungi are gaining respect as suitable genetic organisms, it is imperative 
that we understand the organization of their genetic materials, such as the 
chromosomes, their karyotypes, and their behavior in meiosis and mitosis. 
After all, the chromosome behavior in meiosis is the foundation of Mendelian 
segregation, independent assortment, linkage, and crossing over. Thus Section 
2 deals briefly with the mitochondria1 genome, Section 3 deals with the 
chromosomes, their internal organization, and their functions (these include 
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the nucleolar organizer, the centromere, the telomeres). Section 4 deals with 
mitosis in the vegetative mycelium, and section 5 deals with meiotic processes. 
Key stages of mitosis in vegetative mycelia have been revealed by light and 
electron microscopy, albeit only in a few species. For meiosis, chromosome 
behavior will be described and illustrated at key stages for Ascomycetes and 
for Basidiomycetes. Some reinterpretation of previous observations will also 
be made. Discussions will be given to the question of homologous pairing 
before the assembly of the synaptonemal complex for which idea abound [108, 
1271. As to the coverage of the literature, omission is unavoidable; it is certainly 
not inten tion a1 . 

Some key concepts of fungal chromosomes are as follows: 
1. The mitochondria1 genome varies in size even among closely related 

species. 
2. The size of the haploid genome of fungi can be determined with 

different methods and may have a size of 15-60 Mb (megabase pairs) and can 
consist of 10% or more repetitive DNA. 

3. The nucleolus, the site of rRNA biosynthesis, increases 10- to 15-fold 
in size in meiotic cells and participates in the formation of the synaptonemal 
complex. 

4. The chromosomes are similarly organized into nucleosomes as those 
of higher eukaryotes and contain a localized centromere-kinetochore complex 
from which the spindle microtubules originate. The centromere regions are 
being studied by molecular techniques. 

5. The telomeres, the ends of chromosome arms, maintain chromo- 
some integrity; they have unique repeat sequences that are important for 
replication and perhaps also for chromosome pairing. 

6. Karyotype analysis can be done with light microscopy, electron 
microscopy, and pulse field electrophoresis. 

7. Variations of chromosome structure and numbers have been recog- 
nized and studied. 

8. Mitosis follows a normal process; paired kinetochores are connected 
to opposite poles by spindle microtubules. Chromosome movement at meta- 
phase-anaphase is staggered giving them a scattered or two-track appearance. 

9. The meiotic S phase (DNA replication) differs from the mitotic S 
phase and precedes karyogamy in most cases. 

10. Meiotic stages are described for Ascomycetes and Basidiomycetes. 
11. Diverse programs of ascus development are adopted by different 

pseudohomothallic species. 
12. Assembly of the synaptonemal complex depends on homologous 

pairing and the initiation of recombination process; the question of homology 
search remains speculative. 
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13. Initiation of recombination during prophase of meiosis I depends 
on single-strand nicks and gaps or double-strand breaks in homologous non- 
sister chromatids, and the synapsis is stabilized by the synaptonemal complex. 

2. ORGANIZATION OF GENETIC MATERIALS 

The mitochondrial genomes of fungi vary widely in size, the smallest being 17.6 
kilobase pairs (kbp), and the largest 121 kbp. The majority of known species 
studied have their genome size fall between 30 and 80 kb; only a few species 
have their genome size smaller than 30 or larger than 80 kb. With few 
exceptions, all fungal mitochondrial genomes are physically circular. From 
sequencing data, some 50% to over 80% of mitochondrial DNA (mtDNA) 
sequences lack a coding function, and are probably nonfunctional. This argu- 
ment is consistent with the observations that some closely related species of 
the same genus have their mtDNA contents differ by two- to threefold [80,84 
for review]. 

A few mtDNAs have been completely sequenced. There are a small 
number of open reading frames (ORFs); some have been identified as genes 
coding for components of the electron transport chain. These are cytochrome 
c oxidase (cox) subunits I, 11, and 111; ATPase subunit 6 (apt6); and apocyto- 
chrome b component of ubiquinol cytochrome c reductase (cob) [51,79,80, 
2101. There are also open but unidentified reading frames (URFs). For 
example, a total of 15 URFs have been found inAspergiffusniduluns [29]. There 
are intergenic A+T-rich spacers, and optional introns, even in the smallest 
genome of S. pombe, genes are separated by spacers, quite in contrast to the 
animal mtDNA, which lacks spacers [see reviews 80,2171. In addition, there 
are structural RNA genes. These include small (S-rRNA) and large (L-rRNA) 
ribosomal RNA genes and at least 24 mitochondrial tRNA genes. There is 
considerable homology between the mitochondrial andE. coli rRNAs support- 
ing the eubacterial origin of mitochondria [80,81,102]. It has been proposed 
that mitochondria originated in evolution as bacterial endosymbionts that 
were ultimately integrated into a host cell and lost their independent existence 

IN THE MITOCHONDRIA 

[801. 

3. ORGANIZATION OF GENETIC MATERIALS 

Fungi are classified as lower eukaryotes, and their genome organization is 
typical of an eukaryotic system. The chromosomes are composed of DNA 
double helices, histones, and nonhistone nuclear proteins. In a haploid set, as 
in most vegetative nuclei, one chromosome is the nucleolar chromosome which 

IN THE NUCLEUS 



122 Lu 

carries the nucleolar organizer and its associated nucleolus. The chromosomes 
are enclosed in a nuclear envelope which is made up of an annulated double- 
membrane system. 

A. Quantity of DNA per Haploid Genome 

The amount of DNA per haploid genome is important and useful information 
as it may reflect the genomic complexity of the organisms, at least among the 
organisms in the low end of the scale. The fungi, in general, fall between 
bacteria, such as Escherichia coli and insects such as Drosophila melanogaster. 
If E. coli is assigned a scale of 1, the yeast Succhuromyces cerevisiae will be 4, 
Neurospora crassa and Coprinus cinereus will be 9-10, and Drosophila melano- 
gaszer will be 40. Data from estimates of some key fungi are presented in Table 1. 

There are highly repeated sequences and they represent about 15% of 
C. cinereus genome with an average size of 40-60 kilobases, and 10-20% of N. 
crassa; this has been demonstrated by a biphasic Cot curve [28,60,61]. When 
the repeated sequences of C. cinereus were isolated and analyzed, the C,G,.~ is 
75 times faster than the DNA of E. coli (genome size 2.7 x lo9 daltons), 
indicating the size of each copy of repeated DNA as 3.2 X lo7 (2.7 X 109/75) 
daltons or 50 kilobases. There are 110 or so copies of these repeated DNA 

Table 1 DNA content per haploid genome of selected fungi 

Species Daltons Base pairs References 

Coprinus cinereus 
Neurospora crassa 

Aspetgillus nidulans 
Saccharomyces cerevisiae 

Schizosaccharomyces 

Ustilago rnaydk 

Puccinia graminis f. sp. 

pombe 

2.4 x 10" 
1.8 x 10" 

2.7 x 10" 
2.8 x 10" 

2.8 x 10" 

0.9 x 10" 

0.9 x 10" 

1.4 x 10" 

3.8 x 10" 

2.2 x 10'O 

1.7 X 10" 

1.0 x 10'O 

3.7 x lo7 
2.8 x lo7 

3.4 x lo7 
4.2 x 107 
4.3 x lo7 

4.3 x lo7 
2.6 x 10' 
1.4 x lo7 

1.5 x 107 

1.38 x 10' 

2.2 x lo7 

5.8 x lo7 

Dutta [60] 
Krumlauf and Marzluf 

Dutta and Ojha (611 
Duran and Gray [58] 
Horowitz and MacLeod 

Orbach I1551 
Timberlake [207] 
Bicknell and Douglas 

Lohr et al. [lo91 
Orbach [ 1551 

~ 4 1  

i941 

~ 7 1  

Esposito and Holliday 

Backlund and Szabo, 
WI 
1991 m.tici 
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sequences per haploid cell, only a small fraction of which should belong to the 
mitochondria1 DNA. By saturation hybridization of ribosomal and transfer 
RNAs with the redundant DNA fraction, some or most of the redundant DNA 
represents the ribosomal cistrons and the transfer RNA genes. The remainder 
have not been characterized. There is little or no redundant DNA in S. cer- 
evisiue and in Aspergillus niduluns [207]. There are also highly conserved long 
interspersed repetitive elements (LINEs) and short interspersed repetitive 
elements (SINES) in eukaryotic genomes [111,158,209]. 

B. Nucleolus 

The nucleolus is the largest object in a fungal nucleus; it is easily observed by 
light microscopy in mitotic and meiotic cells. It is attached to the nucleolar 
organizer region of the nuclear chromosome. Examples are chromosome-2 in 
N. crussu [131,166,167,199], chromosome-10 in C. cinereus [163]. The nucleo- 
lus is small in mycelia and in fruit body tissue cells, but increased 10- to 15-fold 
in volume at the time of karyogamy in meiotic cells. In the ascus of N. crassa, 
the nucleolus is associated with a pair of satellites that are always located at 
the opposite side of, and connected through, strands of attenuated chromatin 
(probably equivalent to the nucleolonema) with the nucleolar organizer. This 
is particularly evident with the DNA-specific acriflavin fluorescent stain [ 1701. 

As in higher eukaryotes, the nucleolus is seen under the electron micros- 
copy to have prominent compartments: the fibrillar component, the granular 
components, and sometimes nucleolar vacuoles. The fibrillar and granular 
components are often intermixed, and there is a nucleolus dense body which 
is formed only in meiotic cells (Fig. la). Partition of granular components may 
also appear. For example, under the influence of cycloheximide, an inhibitor 
of protein synthesis, the granular components are seen scattered in the periph- 
eral area around the fibrillar dense body. Under long exposures to cyclohexi- 
mide, a nucleolar vacuole is prominent and no granular components are 
visible, suggesting that the production of the granuflar components has ceased 
and the existing ones have been exported to the cytoplasm [120]. 

The nucleolus is the site of rRNA synthesis and processing; the end 
products are ribonucleoprotein (RNP) particles, which are seen by electron 
microscopy to be granular particles. The nucleolar organizer is composed of 
tandem repeats (between 100 and 200 copies) [59,186] of rRNA transcription 
units which are separated by nontranscribed spacer sequences. Each transcrip- 
tion unit contains genes for 18S, 5.8S, and 25-28s rRNAs. Cloning of such a 
sequence, such as from C. cinereus, allows detailed mappings of 18S, 5.8S, and 
26s rRNA genes [44] and their locations. In most higher eukaryotes, the 5s  
rRNA genes are located elsewhere in the genome. This is also true for some 
fungi, such as N. crussu [135,192], and the yeast Schizosucchuromycespombe 
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Figure (a) The nucleolus of Coprinus cineracs at meiotic prophase showing the 
nucleolus dense body (ndb) and  compartmentalization of fibrillar and granular (g) 
components. The granular  particles are similar  in  size  and appearance to those  in the 
cytoplasm. @) Effect of cycloheximide treatment on the nucleolus  and  assembly of the 
synaptonemal  complex of C. cinereus: water  agar  containing cycloheximide  was applied 
to the mushroom  cap at 4 h after initiation of karyogamy, and the results  are: 
accumulation of assembled  central  elements  (ce) in the  nucleolus  dense  body;  pairing 
of homologous lateral components  without the central  element  (arrowed);  and the 
nucleolus  devoid of granular  components.  Bar = 0.5 pm.  Reproduced  from Lu (1201 
with  permission of The Company of Biologists. 
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[130]. For others, the 5s rRNA genes are located within the rDNA repeat 
units; examples include Coprinus spp., and S. cerevisiae [15,44]. The transcrip- 
tion of the 5s gene is in the same orientation as the 26s and 18s rRNA genes 
in C. cinereus, C. micaceus, C. atramentarius, Flammulina velutipes, and Agar- 
icus bisponcs, but is in the inverted orientation in a bipolar species of C. comafus 
[44]. The phylogenetic relationship between these two species is not clear. 

The ribosomal DNA internal transcribed spacers (ITS) are highly diver- 
gent. Examples may be found in the phytopathogenic fungi Fusarium sam- 
bucinum [150], and also in Verticillium albo-atmm Reinke and Berth and K 
dahfiae Kleb that cause wilt disease in plants [148]. Species-specific sequences 
have been identified in the internal transcribed spacers (ITS 1 and ITS 2) for 
the two Verticiflium species. These differences permitted the synthesis of 
oligonucleotides that hybridized differentially with the rDNA of the two 
species and allowed for an efficient, fungus-specific amplification of either 
DNA sequence by a polymerase chain reaction (PCR). The PCR assay is an 
effective diagnostic tool for detecting the presence and species of fungus, and 
for quantification of the fungal infection in the plant tissues [96,148]. 

Apart from the biosynthesis of rRNAs, the nucleolus may have other 
functions. During early meiosis, the nucleolus is the home for assembly of the 
central element. This was first suggested by Westergaard and von Wettstein 
[215] in their studies with Neottielfa rutilans, and later confirmed by Lu [120] 
using the inhibition of cycloheximide to dissect assembly of the synaptonemal 
complex (SC). Lu [120] found that at certain time in zygotene cycloheximide 
can prevent transport of the central elements from the nucleolus to the 
chromosomal sites where the two lateral components are perfectly aligned. As 
a consequence, all central elements are accumulated in the nucleolus-dense 
body (Fig. lb). The accumulation of the central elements in the nucleolus- 
dense body is also found in yeast homozygous for the temperature sensitive 
cdc4 mutation under restrictive temperature [93], and for rad5OS non-null 
mutation that fails to assemble the SCs [3]. 

C. Basic Nucleosomes 

The fungal chromosomes are organized in exactly the same way as in the higher 
eukaryotes, from DNA into nucleosome repeats which contain core particles 
and linkers. The nucleosome repeats collapse into 10-30pM nucleohistone fi- 
bers which can be observed by thin-sectioned electron microscopy. The core 
particle is made up of 140 bp of DNA duplex and a histone core consisting of 
two each of the histones H2A, H2B, H3, and H4. When chromatin extracts 
from yeast S. cerevisiae, N. crassa, or Aspergillus nidulans were given a limited 
digest with mycococcal nuclease, a typical nucleosomal ladder was obtained; 
the repeat sizes of these fungi are 160,170, and 155 bp, respectively [103,109, 



110,140,149,208].  The  extensive  digest of these  chromatins  gives  a  single  140- 
bp  unit,  identical to that of higher  eukaryotes. Thus, the  linker  region  contains 
about 15-30 bp DNA duplex  which may be bound  by  an  H1 or  equivalent. 

D. 

Each  chromosome  contains  a  localized  centromere  around  which  a  primitive 
kinetochore  is  organized,  though not structurally  differentiated like those in 

The  spindle  mechanism of meiotic  metaphase of C. cinereur. As a result 
of dikaryotic-monokaryotic  mating,  aneuploid  basidia  are  produced. The extra  biva- 
lents  (arrowed) do not  congress  at  the  equatorial  region. S, Spindle pole body; nu, 
nucleolus. Bar = 10prn. 
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the higher eukaryotes. The kinetochore is the nucleating site for the spindle 
microtubules. There appears to be only one microtubule per chromosome of 
S. cerevisiue [162]; the same may be true in the higher fungi [2,86,114,115,133, 
145,211,220; see Kubai [lo51 for review]. The number of centromeres per 
haploid cell for any given species is highly controlled; addition of extra cloned 
copies of centromeres is toxic to haploid yeast [70,185]. It is possible that the 
centromere-binding protein CFB3 is limited to one molecule per chromosome 
[107]. This is consistent with the cytological observation that extra chromo- 
somes (e.g., in dikaryotic-monokaryotic matings) in C. cinereus fail to congress 
at meiotic metaphase I (Fig. 2; B. C. Lu, unpublished observations). 

The centromere sequences have been cloned and extensively analyzed 
in S. cerevisiue (Fig. 3) [21,23,49]. The centromere sequences can be cloned 
either by chromosome walking from centromere-linked genes (e.g., for isola- 
tion of CEN I11 and CEN XI) [21,22], or by direct selection for mitotic stability 
[88]. The selection scheme is ingenius and deserves a mention. The cloning 
vector YRp14 carnesARS1 for autonomous replication, URA3 as a reporter 

MICROTUBULE 
k 2 0  nm dh-1 

CENTROMERE 
CORE 

k220-250 bpd 
r15-20 nm dia. 

I u r n  chromosome 
XI 

.1 a 1 
U I) 

I nrn  chromosome 
IV 

1 m - - 
P3 

Figure 3 Structure of centromeres of S. cerevisiae, reproduced from Bloom [23] by 
copyright permission of the authors and The Rockefeller University Press. 
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gene for transformation, and SUP11 which is a mutant tyr-tRNA that can read 
UAA termination codon (i.e., an ocher suppressor). This vector, when not 
cav ing  a centromere sequence, will, in a haploid yeast, replicate multiple 
copies that segregate in a strong mother bias. The daughter cells receive no 
plasmid and will be selected against while the mother cells die of SUP1 1 toxicity 
due to excessive production of the mutant tyr-tRNAs. Only when the vector 
carries a yeast centromere sequence will it confer mitotic stability. Thus, with 
a few minor exceptions, Hieter et al. [88] were able to isolate a large number 
of yeast centromere sequences. 

The centromere sequence is highly conserved among all yeast chromo- 
somes, but is also species-specific; the yeast CEN sequences do not function 
as centromeres when introduced on plasmids into cells of other fungi [33]. The 
220- to 250-bp sequence contains three functionally distinct centromere DNA 
elements (CDEs) as shown in Figure 4. CDE I and I11 are short and highly 
conserved sequences of 8 and 25 bp, respectively. These are sequence-specific 
protein-binding sites [6,31,107]. CDE I is the least critical, because its deletion 
causes little effect on mitotic and meiotic functions. CDE 11 is an A+T-rich 
central region of 78-86 bp; deletion of all or part of it leads to increased 
nondisjunction of chromosomes in mitosis and premature separation of sister 
chromatids in meiosis [72]. CDE I11 is the most critical one; a point mutation 
of the central C toTin the inverted repeat will abolish the centromere function 
and structure [99]. It is possible that CDE I11 is the recognition site for 
centromere-binding proteins. Such proteins have been identified, and they are 
centromere sequence-specific [ 1071. In fact, the centromere DNA sequence 
of the native chromatin is highly protected by the centromere-binding proteins 

Figure 4 Structure of centromeres of S. pombe. Filled arrows, dg repeats; shaded 
arrows, dh repeats; large open arrows, imr sequences; small arrows, tm sequences; 
vertical lines, tRNA genes. Reproduced from Murakami et al. [147) with permission 
of Springer-Verlag. 
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against nuclease digest [23]. Microtubules do not react with DNA directly, but 
microtubule-associated proteins do, suggesting that the “kinetochore” works 
between centromere DNA sequences and the spindle microtubules 1211. As 
shown in Figure 3, the 220- to 250-bp sequence measures about 20 nm, which 
is probably large enough for insertion of only one microtubule as observed by 
Peterson and Ris [162]. 

The centromere DNA sequence of S. cerevisiue is very small and primi- 
tive compared with that of the fission yeast S. pombe. In the fission yeast, the 
functional centromeres are roughly 100-1000 times larger than that of S. 
cerevisiue, and contain repeated sequences identified as dg and dh [47,50,147]. 
Although these repeated sequences vary in number and size among different 
chromosomes, the sequence homology among them is 97-99%. As shown in 
Figure 4, the cenl is only 35 kb and contains only two dg-dh repeats, the cen2 
is 55 kb and contains three repeats, while the cen3 of the smallest chromosome 
is 100 kb long and contains 13 repeats. The second class of repeated sequences 
is the innermost repeat (imr) sequence, which flanks the central core. The imr 
are inverted repeats, and chromosome-specific, and contain tRNA genes; i.e., 
the imr derived from cenl, cen2, and cen3 do not cross-hybridize except the 
tRNA genes they contain (K. Takahashi et al., quoted by Murakami et al. 
[147]). These tRNA genes are not transcribed, and the significance of their 
presence is unknown. The third class of sequence is the central core sequence, 
which alone does not have the centromere function. Plasmids that contain 
portions or all of the core and only limited inverted repeat sequences lack 
centromere function entirely. The repeated elements dg and dh are particu- 
larly important for correct segregation of chromosomes in meiosis I, specifi- 
cally with respect to holding sister chromatids together during metaphase I. In 
this case, they may function like the pericentric heterochromatin in the higher 
eukaryotes. The repeated elements alone have no centromere function, as 
plamids that contain only a repeat unit (either from the right or from the left 
arm) or a repeat unit and a portion of the central core lack centromere 
function. On the other hand, plasmid that contains the entire right arm of the 
inverted repeat (15.5 kb), a small portion of the left arm (3.5 kb), and the entire 
central core (5-7 kb) is stable in mitosis, segregates 2+:2- through meiosis, 
but still does not exhibit full function, as it shows a high degree of sister 
chromatid separation in meiosis I [50]. Thus, the inverted repeat structure 
including the imr sequences is essential for chromosome segregation in mitosis 
and meiosis as it occurs in all three chromosomes of S. pombe [50,147]. While 
imr sequences occur in all chromosomes, they are not homologous, and they 
contain different sets of tRNA genes. These differences in sequence specificity 
and number of repeated elements in each chromosome may serve as recogni- 
tion sites for individual chromosomes during mitosis and meiosis. 
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Like S. pombe, the centromere DNA sequence ofN. crassa is much more 
complex than that of yeast. The centromere locus from linkage group VII of 
N. crassa has also been cloned, characterized, and physically mapped. It is 
contained within a 450-kb region between qa-2+ and met-7+, and it contains 
A+T-rich repetitive sequences [45]. The A+T content of the DNA in this 
region is at least 67%, and there are 73 distinct Pat1 sites and clusters of sites. 
The same reptitive sequences are found in all seven linkage groups. The 
centromere region is recombination-deficient; the recombination frequency 
is only 0.2% of the estimated average over the entire genome. 

Although heterochromatic knobs have been described for Neurospora 
[ 1991 and the presence of highlfy repeated sequences has been recognized, the 
presence of pericentric heterochromatin having highly reiterated satellite 
sequences like those found in Drosophila has not been established in fungi. It 
is possible that the repeated sequences found in S. pombe and Neurospora may 
be functionally akin to the heterochromatin of the higher eukaryotes. 

E. Chromomeres 

The chromomeres are visible in meiotic chromosomes at pachytene of N. 
crassa using orcein stain [8,11]. McClintock made sketches showing chro- 
momere patterns and their variations. Some of these unpublished sketches are 
reproduced in an article by Perkins [159], who noted that “drawings of this 
type are more informative than photographs, the usefulness of which is 
severely limited because focal depth is minimal at the high magnification 
required for working with such small chromosomes.” Observations of chro- 
momere patterns are not as successful in other fungi. 

F. Telomeres 

The telomeres are the ends of a chromosome. They provide protection to the 
termini of a chromosome so that different chromosome ends do not fuse. 
When chromosomes are broken, such as by radiation, the broken ends are 
sticky and they tend to rejoin with another sticky end. As a consequence, 
chromosome rearrangements, such as translocations and inversions, occur. 
Clearly, the broken ends are different from the telomeres. Like higher eu- 
karyotes, the telomeres of fungal chromosomes may be associated with the 
inner membrane of the nuclear envelope. This is implied by observations 
showing the association of the ends of synaptonemal complexes with the inner 
membrane of the nuclear envelope during meiotic prophase [92,113,178,221]. 
It is conceivable that the nuclear envelope provides a two-dimensional surface 
for chromosomes to glide around in search for homologous pairing partners 
during meiosis. This movement is necessary in fungi when meiotic prophase 
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follows karyogamy; two separate sets of chromosomes occupying two different 
nuclear domains need to come together for homologous pairing. 

The telomere has yet another important function: to safeguard the 
replication of linear chromosomes. The understanding of the telomere se- 
quence first came to light from cloning and sequence analysis of extra chro- 
mosomal rDNA from Tetruhymenu, which contains repeated sequence of 
(C.,A,)n or (?TGGGG)n [ 19,201. When this Tetrahymena rDNA sequence 
was added to a linear plasmid carrying a yeast CEN sequence, it increased 
mitotic stability to the plasmid in yeast cells. When the telomere sequence was 
analyzed, it carried the yeast-specific telomere repeats [194]. It appears that 
there is a specific telomerase (or telomere terminal transferase), and the first 
to be discovered is that of Tetrahymena [82,83] that can extend a couple of 
repeats of S(TTGGGG)3’ per cell cycle; the extended TG strand can fold back 
on itself to serve as a primer for replication of the AC complementary strand. 
Because of this foldback mode of end replication, the telomere sequence 
produced is an inverted repeat. When a circular plasmid carrying an artificially 
created telomere inverted repeat was transformed into haploid yeast, the 
inverted repeat structure was recognized and resolved into linear minichro- 
mosomes by yeast cells. This observation provides strong circumstantial evi- 
dence that an inverted repeat is a natural intermediate in telomere replication 
[205]. 

The telomere sequence of Neurosporu crussu has also been cloned and 
sequenced by Schechtman [187,188]. This was achieved by chromosome walk- 
ing from the closest gene his-6 to the right end of linkage V (VR) in the 
standard wild-type Oak Ridge background. The sequence is a tandem repeat 
of the hexanucleotide TTAGGG. Interestingly, this sequence is shared by 
human and many other mammals [146]. 

Apart from the telomere repeat sequences, which are shared by all 
chromosomes, there are telomere-associated sequences, such as X and Y in 
yeast; the most characteristic feature of telomere-associated sequences is their 
variability (see Zakian 12181 for review). Details of their organization remain 
to be investigated. If their organization were shown to be chromosome-spe- 
cific, one might conjecture that these subtelomeric sequences might provide 
some ancillary form of homology recognition during chromosome pairing. 

G. Karyotype Analysis 

The chromosome cytology has been an important link to the genetic systems 
of eukaryotes since the turn of the century. Karyotype analysis may be related 
to cytotaxonomy, speciation, and evolution. Within a single genetic system, it 
may be related to linkage groups, the number and distributions of chiasmata, 
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aneuploidy, polyploidy, and chromosome rearrangements, such as transloca- 
tions, inversions, duplications, and deletions. 

Traditionally, chromosomes of higher eukaryotes were stained with a 
basic dye such as carmine, orcein, hematoxylin, Feulgen, or Giemsa stain, and 
observed by light microscopy. The first clear demonstration of chromosomes 
of N. crussu in meiosis was made by McClintock [131] using aceto-orcein and 
acetocarmine in asquash technique. McClintock established n=7 forN. crussu; 
she also numbered them 1 to 7, with chromosome 1 being the longest, 
chromosome 2 the nucleolar chromosomes, and so on. She certainly laid the 
groundwork for fungal cytogenetics. 

Studying chromosomes of fungi in mitosis and meiosis had its share of 
difficulties and controversies. For meiotic chromosome counts before 1950 
(see review by Olive [152]), most species of Basidiomycetes investigated were 
reported to have either two or four chromosomes. Olive observed that “reports 
of odd number of chromosomes in the Basidiomycetes are rare, as are reports 
of haploid numbers greater than 8.” The erroneous reports arose in part 
because of small sizes of the basidia and because of high density of basophilic 
cytoplasmic ribosomes that picked up more stain than the chromosomes. In 
actual fact, more than 12 bivalents have been found in several basidiomycetes 
[92,112,121,126,163]. Chromosome counts in the F‘yrenomycetes have not 
been handicapped because of the size of the ascus. With a good protocol, 
detailed analysis of pachytene chromosomes can be achieved (see the meth- 
odology below). 

H. Methodology of Karyotype Analysis 

Three basic techniques have been used to determine chromosome numbers: 
1.) conventional light microscopy using a variety of stains; 2.) electron micros- 
copy of the synaptonemal complex; and 3.) pulsed-field gel electrophoresis of 
intact chromosome-size DNA molecules. Each technique has its advantages 
and disadvantages. 

Conventional light microscopy has been a standard procedure for karyo- 
type analysis of higher eukaryotes. The protocols and the choice of stains vary 
according to the cell types. The favorite stains are acetocannine, aceto-orcein, 
Feulgen and Giemsa, and iron hematoxylin. For fungal chromosomes, the 
meiotic cells are the material of choice. The initial success was obtained with 
the ascomycetes where the ascus is very large. The aceto-orcein [7-9,11,131], 
the acetocarmine [42,199,211], and the Feulgen and Giemsa [183,184] have 
been used with success. The introduction of the time-controlled hot HCI 
hydrolysis to remove cytoplasmic stain improves the visibility and clarity of the 
chromosomes. Additional techniques have been developed and introduced to 
fungal nuclear cytology through the years. The propiono-iron hematoxylin 
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squash technique was first developed for Gelasinospora calospora and Coprinw 
spp. [114,115,126] and later adopted to other species [123,168,175,219]. This 
procedure proved to be extremely effective for staining chromosomes, nucle- 
oli, spindles, and spindle pole bodies, and it has been used extensively to 
examine wild-type, developmental mutants, and aneuploids ofNeurosporu spp. 
(for reviews see Raju [167,171,172] and Perkins et al. [161]). However, the 
hematoxylin stain is inferior to aceto-orcein in resolving the chromomere 
details of pachytene bivalents [159], and it is quite useless to make permanent 
slides as the staining quality is destroyed in the process. Several DNA-specific 
fluorochromes have been tested for fungal cytology, and in acriflavine with 
epifluorescence microscopy was found to be most promising [168,170]; it gives 
unusual clarity of chromosome details not only for pachytene but also for 
diplotene bivalents (Fig. 5) ,  the latter not usually being resolvable by other 
stains. Acriflavine-stained pachytene chromosomes show a characteristic 
chromomere pattern like those observed in orcein-stained preparations. Ac- 
riflavine is also superior to hematoxylin and acetocarmine in another respect: 
it does not stain the nucleolus and the spindle pole bodies, so it eliminates the 
potential ambiguity in chromosome counts. The nucleolus organizer region 
shows as an attenuated strand. Although fading of fluorescence is a common 
problem with any fluorescent stain, it can be overcome to some degree with 
reducing agents such as mercaptoethanol or dithiothreitol. 

Karyotype analysis of the Basidiomycetes is more difficult, because the 
nuclei and meiocytes are much smaller than those of the Ascomycetes. Al- 
though the chromosomes can be stained with either acetocarmine or pro- 
piono-iron hematoxylin after time-controlled hydrolysis of the cytoplasmic 
ribosomes, resolution of individual chromosomes in intact basidia is quite 
impossible. Onlywhen the protoplasts are “hammered” out of the cell wall will 
the chromosomes be spread enough for karyotype analysis (see below). Even 
at diakinesis, the highly condensed bivalents tend to become associated and 
unambiguous chromosome counts are difficult, because the size of each 
chromosome is almost below the resolution power of the optics (0.1-0.2ym). 

Karyotype analysis can also be achieved by electron microscopy. During 
pachytene of meiotic prophase I, each bivalent forms a synaptonemal complex 
(SC). This three-dimensional reconstruction of a complete nucleus from serial 
sections allows tracing of all bivalents using the SC as a marker. This technique 
was first developed by Moens and colleagues [137,138] and has since been used 
for a number of fungi [30,35,73,92,178]. The use of this technique is limited to 
meiosis; it is applicable, however, to any species in which tripartite synaptone- 
ma1 complexes are found. Beyond accurate karyotype analysis, this technique 
also yields important information such as attachment of the SC ends to the 
nuclear envelope, chromosome rearrangements (e.g., translocation), and re- 



Figure Meiotic  chromosomes of h! cmsa as  shown acriflavine  staining and 
epifluorescence  microscopy: (a) pachytene, (b) diplotene; arrows point  to the rDNA 
region and satellites.  Courtesy of N. B. Raju. 

. .  

combination  nodules  and  their  distributions (to be  discussed  later).  This 
technique,  however,  is  time-consuming  and  requires  expert  hands. To circum- 
vent  this  difficulty,  a  surface  spread  technique  was  developed by Moses and 
his  colleagues  initially  for  animal  systems [57,143]. surface  spread  for SC 
was first  achieved in S. cerevkiue after  the  cell  wall  was  removed  by  enzymatic 
means [56]; it  has  been  used  extensively to study  various  meiotic  mutants  (see 
below). surface  spread  protocol was later developed  using  mechanical 
breakage of meiotic  cells  first  for C. cinereus the improved  protocol  was 
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developed for C. cinereus [l641  and for N. cmsu [12Oa].  Examples are shown 
in Figures 6 and 7. For Coprinus, where  meiosis  is  synchronous,  karyotype 
analysis  is  definitely  simplified;  several  spreads  can be obtained  in an after- 
noon’s  work. A protocol is attached  at the end of the chapter. 

In  recent  years, the molecular  karyotyping by pulsed-field  gel  electro- 
phoresis (PFGE) has  been  developed  whereby  intact  chromosomes  migrate 
through  a  pulsed  field in an  agarose  gel  matrix  with  a  velocity  dependent  on 
their  size  and  three-dimensional  structure  [191]. PFGE can separate large 
DNA molecules  up to 2 megabasepairs.  This  will  allow  researchers to deter- 
mine  both  chromosome  number  and  their  sizes. A number of “improved” 
techniques  have  subsequently  been  developed,  namely, the orthogonal-field- 
alternation gel  electrophoresis  (OFAGE)  system  [34], the contour-clamped 
homogeneous  electric  field (CHEF) gel  electrophoresis,  and the transverse 
alternating-field  electrophoresis (TAFE) [48,71]. The result is a  resolution of 
genome  into  chromosomal  bands,  each of  which  may represent one and 
sometimes  more  than  one  chromosome.  Southern  hybridization  with a known 
cloned  gene  will  allow  identification  of  a  given  band to a  linkage  group.  For 

Figure Synaptonemal  complexes  from C. cinereus showing SCs with light 
microscope  image  insert of the same  nucleus. Bar = 1 pm. Reproduced  from Pukkila 
et al. [l641 with  permission John Wiley & Sons, Inc. 



Synaptonemal  complexes  from N. showing  seven SCs. Recombina- 
tion  nodules  are  visible  in  all SCs, the  nucleolus  (nu)  and  its  associated  satellite (S); 

chromosome 1 is broken  (connected by dashed  line).  The  insert is chromosome 7 
showing  incomplete  synapsis  with  an RN (arrowed).  Bar = 1 pm. Reproduced  from 
Lu [120a]  with  permission of Springer-Verlag. 
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detailed  information,  readers  should  consult the paper  Molecular  karyotype 
analysis  of fungi by Skinner et al.  [200]. 

Variations of and 

As in higher  eukaryotes,  changes in  chromosome structure  and  numbers  have 
been  recognized  and  studied. It is  beyond the scope of this  chapter to discuss 
them in detail.  Readers  should  consult, an, excellent  review by Perkins  and 
Barryon  cytogenetics ofN crussa [160].  Cytologically,  chromosome rearrange- 
ments  can  be  studied by light  microscopy  [10,131]  and  with great  clarity by 
three-dimensional  reconstruction of  synaptonemal  complexes  of  N. crussa and 
C. cinereus [26,75,92] or by surface  spread  electron  microscopy [ 1631  (B. Lu, 
unpublished). example  is  shown  in  Figure 8. The approximate  location of 
translocations  and  inversions  can  be  mapped at early  pachytene  when  pairing 
is  precise.  Bojko found that synaptic  adjustments  also  occur  in N. crussu 
when the inversion  loop  is  eliminated,  much  as  is  found  in  mice [ la] .  

Figure Synaptonemal  complexes  of A! cmssu, heterozygous  for  translocations in 
acoy-T(1;11)4637 al-l; T(IV,V)R2355, cot-l;  T(III;VI)l,  ylo-l  involving  chromosomes 
1 and 6; (associated with the  nucleolus  (nu) and 5; and 3 and +.three  translocation 
points  are  marked by arrows. Bar = 1 pm. 
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Polyploidy also occurs in fungi. Cyathus stercoreus strain 1305 collected by 
Brodie is an autotetraploid [112a]. In C. cinereus, an autotriploid was found by 
accident as a result of dikaryon-monokaryon mating [ 1781. In fact, autotriploid 
basidia occasionally occur in normal dikaryotic fruit bodies probably because 
of mistakes at the last mitosis when one nucleus fails to enter the clamp connec- 
tion resulting in the formation of a three-nucleated basidium. In this case, the 
three lateral components are paired together. A complete set of triple SCs has 
been observed among normal diploid meioses (Pukkila and Lu, unpublished). 

4. MITOSIS IN VEGETATIVE MYCELIUM 

The study of mitosis in the vegetative mycelium has its problems and contro- 
versies from the beginning. Most of these may be attributed to the nature of 
the cell types, and how investigators interpreted their observations. The myce- 
lia are narrow tubes with septal pores through which protoplasmic streaming 
occurs; often the nuclei are forced to become linear threads when they pass 
through the septal pores, and there isvery little space to allow nuclei to spread 
as in the case of animal or plant cells when they are stained and squashed for 
cytological Observations. Compounding these problems is the occurrence of 
nuclear division taking place when the protoplasm is streaming as in Neuro- 
spora (unpublished observations). In most earlier observations, what was ob- 
served, under the light microscope, were nuclear filaments, beaded tracks, two- 
track configurations, and “bilobed” sister chromatin masses at anaphase, with 
no hint of any chromosomes or spindle mechanism. These observations may 
contribute to erroneous concepts of “amitosis” or mitosis employing mechanisms 
very different from those operatingin conventional mitosis [53,76,132,180,181]. 
A good deal of emphasis of these studies was focused on negative observations 
such as no evidence of a “classical” metaphase plate, absence of a “classical” 
spindle apparatus, etc. An excellent review is provided by Kubai [106]. 

The two-track configuration is the most commonly observed at meta- 
phase-anaphase of mitosis of vegetative mycelium of both Ascomycetes and 
Basidiomycetes, including species such as Fusanurn [2], Pona [ 1931, and yeast 
[162]. In fact, the two-track configuration is also common at meiotic meta- 
phase-anaphase in the basidium-e.g., Copn’nus. For the above species where 
two-track configurations were observed, the spindle mechanism has been 
clearly demonstrated by electron microscopy, and it is definitely unexceptional 
(see review by Kubai [108]). The best explanations for the two-track image 
observed at metaphase-anaphase is offered by Kubai [ 1081, who suggested 
that ana phase chromosomes become arranged around the periphery of the 
central spindle, lying at various positions staggered along the spindle length. 
In light microscopy, the optical sectioning of the rather cylindrical chromatin 
distribution produces the two-track images. This description is supported by 
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electron microscopy of meiotic metaphase-anaphase in the basidium of Co- 
prinus where two-track images are also commonly observed; chromosomes are 
arranged around a bundle of the central spindle microtubules [114,115,206]. 

Electron microscopy has established that mitosis is intranuclear in some 
groups of fungi, while in others regional dissolution of the nuclear envelope 
occurs [2,86,132,145] (see also Kubai [105,106] for reviews). 

Aist and Williams’s [2] observationsof mitosis in thevegetative mycelium 
of Fusurium oxysporum by a combined phase contrast microscopy and electron 
microscopy have provided the clearest picture of mitotic events. The time 
required for the stages of mitosis are prophase, 70 sec; metaphase, 120 sec; 
anaphase-telophase, 125 sec; for a total of 5.5 min. At metaphase under phase 
live, a thin spindle is formed between two spindle pole bodies and the chro- 
mosomes (unresolvable) are grouped at the equatorial region. This image is 
comparable to those observed in meiosis and mitosis in the ascus of Gelasino- 
sporu and Neurosporu [114,167], and in the basidia of Coprinus [115,126]. A 
typical spindle mechanism has also been demonstrated by electron microscopy 
using serial sections [2,86]. Aist and Williams [2] showed that kinetochores 
occur in pairs, each kinetochore of which is connected to the opposite pole by 
a single spindle microtubule (Fig. 9a). A similar image has been observed in 
Amillunu melleu andPoriu [145,193] and in S. cerevkiue [ 1621. At the EM level, 
there is no difference between the image of mitotic spindle apparatus in the 
vegetative cells (Fig. 9a) and those in meiotic cells (Fig. 9b). Thus, metaphase 
congregation of chromosomes at the equatorial region and their association 
with a spindle are identical to the conventional mitosis. It is true that the 
chromosome movement at metphase-anaphase is staggered or nonsynchro- 
nous. The staggered movement of chromosomes is also seen in asci and in 
basidia. The absence of a classical prometaphase is most likely due to limited 
space; given space, a typical prometaphase and metaphase congregation of 
chromosomes is seen clearly in the postmeiotic mitosis (division 111) in the 
ascus (Fig. 9c) and in the ascospores (division IV) of Gelusinosporu and 
Neurosporu [ 114,1671. When Neurosporu conidia are grown in liquid medium 
containing 3.22 M ethylene glycol, they grow without cell division, forming 
giant spheres with multiple enlarged nuclei. In these giant cells, all stages of 
mitosis including prometaphase and metaphase configurations have been 
observed [169]. 

5. MEIOTIC PROCESSES 

Since McClintock [131] introduced the aceto-orcein squash technique to study 
meiosis ofNeurosporu, many papers have been devoted to this subject in a large 
number of fungi. Among these are Neurosporu [9,167,172,199], Sordunu [42], 
Gelusinosporu [ 1141, Cochliobolus [95], Venfuriu [54], Hypomyces [63], Hypoxy- 
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Figure Spindle  mechanism  in  mitosis  and  meiosis: (a) Mitotic  metaphase in F. 
oxysponum: two sister  chromatids  (ch) are each  connected to the pole by a  single 
microtubule  inserted at the kinetochore (Kl, K2). Bar = 0.5 pm. Reproduced from 
Aist  and  Williams [2] copyright  permission  of  Rockefeller  University  Press.  (b) 
Meiotic  metaphase I of C. cinereus. chromosome  is  clearly  shown  to connected 
to the Spb by a  microtubule  inserted at each of its two kinetochores (k). Bar = 0.5 pm. 
Reproduced  from Lu [114,115] with  permission  of The Company of Biologists. (c) 
Spindle  mechanism in postmeiotic  mitosis  in G. culospom, showing  classical  (small 
arrow)  and  not congressed  metaphase  (large  arrow)  configurations.  Bar = pm, 
Reproduced  from Lu [114,115] with permission of Springer-Verlag. 
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Figure (a, b) Young  ascus of N. m s u .  Chromosomes are highly contracted 
shortly after karyogamy but before  homologous  pairing.  Reproduced  from Lu and 
Galeazzi [l231 with permission of the publisher. (c*) Young  ascus of G. calmporn. 
Synizetic  knot is observed  hammered out of the ascus  (c) or in the intact  ascus (d) at 
the end of zygotene  before the synapsed  bivalents open into pachytene  configuration 
(e). Bar = 10 pm.  Reproduced  from Lu [114,115] with  permission  of  Springer-Verlag. 

lon [183],Ascobolus  [211,219,226], Podospom [198], Aspetgillus [a], Cyuthus 
[ 112,1131, and Coprinus [ 115,1261. Earlier  studies on meiosis fungi  have  been 
reviewed  by  Olive [l531 and by  Heywood and  Magee 1871. In general, the 
meiotic  processes fungi are identical to those higher  eukaryotes,  with 
perhaps  minor  differences. 
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Meiotic processes include one round of DNA replication and two 
rounds of nuclear divisions: meiosis I and meiosis 11. Meiosis I is a reductional 
division, and meiosis I1 is an equational division. The major interest lies with 
meiosis I, in which occur homologous pairing of chromosomes, DNA nicking 
and double-strand breaks, formation of the synaptonemal complex, crossing 
over, and segregation of homologous centromeres. 

A. Meiotic DNA Replication 

Meiotic DNA replication has been habitually named premeiotic S phase, This 
is inaccurate because it implies an event prior to, and not a part of, meiosis. In 
actual fact, this round of DNA replication is meiotic in nature and should be 
named meiotic S phase for the following reasons: 

1. The time required for complete DNA replication in meiotic S phase 
is 8-10 times longer than that of mitotic S phase. 

2. The control of the initiation of DNA replication is different for 
meiosis and mitosis. In Coprinus cinereus, where meiosis is synchronous, the 
initiation of DNA replication is subject to arrest by high temperature and light 
in meiotic S but not in mitotic S phase [124]. In addition, a mutation was found 
to abolish meiotic S phase, but the same mutation has no effect on mitotic S 
phase [98]. 

3. The initiation of meiotic S phase signals the commitment to meiotic 
pathway and recombination [5,68,197]. 

When does meiotic S phase occur in fungi? Evidence from a number of 
experiments indicates that meiotic S phase occurs before karyogamy, at least 
in a number of species. Rossen and Westergaard [184] used microphotometric 
absorbance measurements of Feulgen-stained nuclei in Neoftielfu nrfifans to 
demonstrate that the prefusion nuclei in the ascusinitial have 2Cvalue of DNA 
each, while the fusion nucleus in the ascus has 4C value of DNA. The same 
was demonstrated for Soniaria fimicola [16], NeuroJporu crussa [97], and Schizo- 
phillum commune [35]. Similarly, completion of meiotic S before karyogamy 
was demonstrated by 32P incorporation in Coprinus cinereus [124]. The same 
conclusion was reached by Oishi et al. [151] using fluorescence of propidium 
iodide-stained nuclei in heterokaryotic fruit bodies of C. mucrorhizus (= C. 
cinereus). However, exceptions have been reported in monokaryotic fruiting 
bodies of C. macrorhizus [151] and in homokaryotic strain C. patouillardii [12, 
581. Further studies of these exceptions are needed. 

B. Meiosis in Ascomycetes 

Meiosis in Ascomycetes may be represented by Neurosporu, Gelasinospora, 
and Sordaria. By a sequential crozier formation from a single pair of nuclei, 
an array of asci of advancing stages are developed from the penultimate cells. 
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The length of the ascus varies from 30 pm at zygotene to 100 pm at full 
pachytene to 170 pm at spore-forming stage. Because of the small size of the 
ascus, the prefusion nuclei and the early postfusion nucleus are difficult to 
observe. In her preliminary study of Neurospora chromosomes, McClintock 
[ 13 11 described highly condensed chromosomes before homologous pairing. 
This is shown in Figure 10a. There is also a synizesis stage at the end of 
zygotene, like that seen in corn meiosis (often neglected by cytologists) when 
all bivalents are bundled together near the nucleolus. This configuration is 
called synizetic knot (Fig. lob) before it eventually opens into full pachytene. 
The photographic documentation of the complete meiosis is shown in Figure 
11. 

Leptonema-Zygonema 
Leptonema is not well defined in this group of fungi, and it is difficult to study 
as the ascus is small. It is a stage after karyogamy and before homologous 
pairing of chromosomes. Under the light microscope, the chromosomes are 
highly contracted. This is quite different from most organisms where chromo- 
somes at leptotene are fully extended. Under the electron microscope, a unique 
electron-dense structure appears on each unpaired chromosome; these struc- 
tures are called the axial cores, and they are formed only after karyogamy. At 
zygotene, the homologous cores start to move around to find each other and 
form loose pairs; often the pairing starts from the ends. This event is clearly 
demonstrated by three-dimensional reconstruction of serial sections by elec- 
tron microscopy [221] in Sordaria macrospora (Fig. 12) and by surface spread 
of N. crassa (Fig. 13) [120a]. Since these chromosomes are highly contracted 
before homologous pairing, they must have elongated when the homologous 
axial cores are completely aligned (Fig. 13) as they become the lateral compo- 
nents before the deposition of the central elements to form a tripartite synap- 
tonemal complex. This may be considered early zygotene. Late zygotene shows 
almost complete assembly of the SC. During zygotene, the nucleolus increases 
in volume. This is clearly evident in Gelasinospora calospora [114]. 

Pach ynema-Diplonema 
At pachytene, homologous pairing is complete, and bivalents can be resolved 
by light microscopy. These bivalents continue to elongate until they reach the 
full pachytene (Figs. 5,  l lb). The most exciting structure discovered by electron 
microscopists is the tripartite synaptonemal complex (SC). This is a ribbonlike 
structure composed of two parallel lateral components (LC), each of which is 
about 20 nm thick and 40-50 nm wide, flanking the central element (CE), 
about 20 nm thick and 20 nm wide. The distance between the two LCs is 120 
nm. The space between the two LCs is the central region in which fine fibers 
perpendicular to the ribbon appear to connect the LCs to the CE. In some 
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Figure Ascus development in Neurospora spp.  Staining was  iron-hematoxylin 
except  for  c,  d,  and f, where the DNA-specific fluorochrome  acriflavine was 

used [170]. (a) Crazier  and young ascus,  showing  apical,  penultimate, and stalk  cells. 
(b) Pachytene; the paired  chromosomes are much  extended  and the nucleolus  is at its 
maximum  size. (c)  Diplotene  chromosomes. (d) Diakinesis  showing  all  seven  con- 
densed  bivalents. (e) Metaphase I. The nucleolus  (arrow)  is  still  attached to the nu- 
cleolus  organizer  chromosome. Interphase 1. (g)  Telophase 11. The two second-di- 
vision spindles are aligned in tandem,  parallel to the ascus wall. (h) Late interphase 11. 
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Legend  cont. The enlarged  double  SPB  plaques  (arrows) are formed at this  stage. 
(i)  Anaphase 111. Al l  four  spindles are oriented  across the ascus. Q)  Interphase 111. The 
sister  nuclei  from  opposite  sides of the ascus  line  up  in  single  file  with  all  SPB plaques 
facing the same side of the ascus; spore delimiting  outlines are discernible. (k) 
Uninucleate  ascospores have just  been  delimited.  SPB  plaques usually  occupy 
the lower end of each  ascospore,  relative to the ascus  base. (l) Metaphase IV  in an 
immature  ascospore. The polar view  shows all  seven  chromosomes. (m) Telophase IV. 
The spindle,  old  nucleolus,  and  nuclear  envelope are all  visible. (n) Binucleate  imma- 
ture ascospores at interphase IV. rosette of maturing asci  showing first-  and 
second-division  segregations.  Bar = 50 pm. (p) Multinucleate mature ascospores  from 
a  mutant @er-I). Bar = 10 pm. Reproduced  from  Raju [l721 with  permission of 
Mycological Research. 
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a 
Figure 12 Early meiosis of S. macrosporn. (a) Reconstruction of late leptotene 
nucleus when the small chromosomes are all roughly paired whereas the midsize and 
long chromosomes are only partially paired over their length (e.g., the two chromosome 
4s are paired at one end at sections 35 and 36 but are diametrically opposed at the other 
end at sections 27 and 31). (b) Reconstruction of early zygotene nucleus when synapsis 
starts mostly from one or both telomeres, but some starts interstitially. Bar = 1 pm. 
Reproduced from Zickler [221] with permission of Springer-Verlag. 

cases, the LCs appear alternating thick and thin bands in precision regularity 
as exemplified by those of Neottiella, but in most cases they appear as solid 
electron-dense structure. The formation of the SC is achieved by two steps: 1.) 
the pairings of the homologous axial cores that give rise to the LCs, and 2.) the 
synapsis and deposition of the CEs, which arc first assembled in the nucleolus 
and then transported to the chromosome sites, to bring about the tripartite 
structure of the synaptonemal complex. These S C s  can be studied by a three- 
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dimensional reconstruction of serial sections of a complete meiotic nucleus 
and by surface spread electron microscopy. Another structure associated with 
the SCs is the recombination nodule (RN). This is an oval structure that sits 
on top of the central element in the central region of the SC (Figs. 7, 8). As 
the name implies, this organelle may be involved in recombination. More 
detailed discussion of the SCs and the RNs will follow later in this chapter. 

Recombination nodules can be counted and their distribution mapped 
at zygotene and pachytene stages [25,75,12Oa,221]. There appear to be two 
kinds of nodules in N. crassa, early and late. Early nodules appear at zygotene 
and increase in number until a dramatic reduction occurs at zygotene-pachy- 
tene transition. Thereafter, they are steadily eliminated until they disappear 
by diplotene. Late nodules are also present during zygotene. Their number 
doubles at the zygotene-pachytene transition and stays at this level until 
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Figure Surface  spread  synaptonemal  complexes of N. cmssu at  early  zygotene. 
Parallel pairing is evident; the  broken  chromosome 1 is connected dotted  line. Bar 
= 1 pm. Reproduced from Lu [120a] with permission from Springer-Verlag. 

diplotene. The early  nodules appear to  be  randomly  distributed,  but the 
distribution of the late nodules  is  nonrandom,  and  shows  interference [B]. 
Nonrandom  distribution of RNs is  also true in S. macmporu [221,223]. 

Diplonema-Diakinesis 
Diplotene  chromosomes are quite diffised and  often  difficult to resolve. It is 
quite  possible that this  is  an  active  stage  for  transcription  as the meiocytes 
prepare for the subsequent two division  events,  analogous to the lampbrush 
stage of  amphibian  oocytes. The  diplotene  chromosomes  can  be  resolved  more 
clearly by acriflavine  fluorescence  microscopy  than  by  any  conventional stains 
[170]. At  early  diplotene, the lateral  components of the SCs start to pull apart 
from  each other before  they  become  disintegrated; the only areas that remain 
paired are always  associated  with  an RN [120a]. These are considered to be 
chiasmata [221].  From diplotene to diakinesis,  chromosomes  contract  dramati- 
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cally; chromosome count is possible, when there is ample space in the ascus 
for chromosomes to spread. Chiasmata can be counted in favorable spreads. 

Dioision I to 111 and Spore Delimitation 
At metaphase I, the chromosomes are very condensed and are congressed at 
the equatorial region; they are so condensed and compacted that individual 
chromosomes cannot be resolved. The nucleolus, somewhat reduced in size, is 
still attached to a chromosome, the nucleolar chromosome. The spindle fibers 
are clearly visible with the hematoxylin stain, and they connect the homologous 
kinetochores of each bivalent to a pair of SPBs; here the sister kinetochores be- 
have as one. The metaphase I spindle is oriented along the long axis of the as- 
cus. At late anaphase I, the chromosomes have reached the pole and are still 
connected by the pole-to-pole central spindle fibers. The disintegrating nu- 
cleolus may still be seen in the cytoplasm. Segregation of homologous cen- 
tromeres occurs at this stage (the first division segregation), and proper dis- 
junction of homologs is dependent on chromosome pairing and chiasma 
formation. It appears that maintenance of bivalents by one or more chiasmata 
per chromosome pair at metaphase-anaphase I is essential for correct disjunc- 
tion. Asynaptic mutants generally fail to achieve correct disjunction. 

After a brief interphase I, when all chromosomes are decondensed, the 
two haploid nuclei enter division I1 in synchrony. The metaphase I1 spindles 
are also oriented along the long axis of the ascus. The spindle microtubules 
are now connecting the sister kinetochores to the opposite poles. The two 
second-division spindles are usually tandem; in some cases, they are overlap- 
ping and often parallel such as N. tetruspema, depending on the species. The 
first postmieotic mitosis is of particular interest. All phases of a typical mito- 
sis-prophase, prometaphase, metaphase, anaphase, and telophase-can be 
observed with clarity. At prophase 111, the rectantular SPB plaques have 
divided (the division of SPB probably occurs at late interphase II), but the 
daughter SPB plaques are still attached together, in a V configuration, to one 
side of the nucleus. At prometaphase 111, the daughter SPB plaques migrate 
to the opposite poles flanking the highly condensed chromosomes; chromo- 
some count can be achieved at this stage with certainty. At metaphase (division 
111), all four spindles normally orient across the ascus, like ladder rungs [172]. 
vpical metaphase plates are observed in favorable preparations [114]. Be- 
cause of the orientation of the spindles in this division, and because of the 
space limitation by the ascus, the central spindles at late anaphase are often 
curved when they elongate. At the end of division 111, the daughter nuclei are 
on the opposite side of the ascus. However, all eight interphase nuclei line up 
in a single file with their enlarged SPB plaques facing to one side of the ascus 
wall [42,114,167]. This is followed by the delimitation of ascospores, the 



150 Lu 

mechanics ofwhich has been reviewed by Beckett [14]. It appears that the SPB 
plaques/microtubule complexes may be involved in the process. 

Spindle Pole Body 

The spindle pole bodies (SPBs) and the spindle fibers are clearly stained with 
great clarity with the propiono-iron hematoxylin stain [114,172]. During the 
course of the four nuclear divisions, the SPBs change their size dramatically. 
They grow in size from 1 to 1.5 pm in divisions I and 11, and reach maximum 
in size of 2-2.5 pm in metaphase 111; the SPB is reduced to the original size in 
the spores. The size change during division I11 may be attributed to the 
formation of a plaquelike structure associated with the SPBs to form SPB 
plaques [167,l72]. During the first meiotic division, they become visible under 
light microscopy at metaphase I, and they appear to be crescent-shaped and 
about 1-1.5 p m  long, and to have spindle fibers attached to their side. At the 
interphase before the first postmeiotic mitosis (division III), the SPBs are 
closely associated with their respective nuclei and appear to be single and 
rectangular in shape. At prophase 111, each SPB plaque has divided into two 
daughter SPB plaques, and they may be positioned at an angle or in a straight 
line to each other with their ends closely associated. At prometaphase 111, the 
daughter SPBs move to the opposite pole, and they give the clearest image. 
They may appear as rod-shaped in side view, or rectangular in face view. It is 
possible that the spindle fibers are attached to a fixed side. 

Diverse Programs of Ascus Development in 
DifJerent Pseudohomothallic Species 

In filamentous Ascomycetes, species may be homothallic, heterothallic, or 
pseudohomothallic. Homothallic species are self-compatible and fruiting bod- 
ies are generated under nutritional stress without requirement of matings 
between different strains. Examples of homothallic species are Aspergillus 
nidulans, Gelasinospora calospora, and Sordariafimicola. Heterothallic species 
are self-incompatible and fruiting bodies are generated only upon matings 
between compatible strains. In these Ascomycetes, a simple monofactorial 
system is the rule; the mating type may beA or a, as in Neurospom crassu and 
its relatives. Pseudohomothallic species represent a special class of fungi in 
which the basic heterothallism is the rule, but due to diverse cytological 
programs, two compatible nuclei are enclosed in the same ascospore, thus 
generating four-spored asci. Examples are found in N. tefraspenna, G. tetras- 
perma, P. tetraspora, and P. anserina. 

Detailed cytological descriptions have been documented [55,177], and 
explanatory diagrams are reproduced here (Fig. 14). As pointed out by Raju 
and Perkins [ 1771, reprogramming of ascus development during evolution of 
the pseudohomothallic species has typically involved reducing the spore 
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number in individual asci to one-half of that found in related heterothallic 
species, while leaving the number of nuclear divisions unchanged. The mecha- 
nisms for producing dual-mating-type ascospores are quite precise; almost 
100% of ascospores produced are self-fertile. To enclose two compatible 
mating types in the same spore, at least two developmental strategies have 
been employed. 

1. By a coupling of first-division segregation of mating type locus with 
second-division spindle overlap: example is found in Neurosporu. The first 
division segregation (FDS) of the mating type locus coupled with nonoverlap- 
ping (tandem alignment) second-division spindles is found in the heterothallic 
species, N. crussu, and in homothallic species, G. culosporu, whereas FDS cou- 
pled with overlapping second-division spindles is found in the pseudohomo- 
thallic species N. tetruspemu. The FDS is ensured by lack of recombination 
between the mating type locus and the centromere. 

2. By second-division segregation of mating type, coupled with nonover- 
lapping second-division spindles: examples are found in P. tefrusporu, P. 
umerina, and G. tefrasperma. The alignment of third-division spindles in pairs 
and the inclusion of nuclei of opposite mating type in each of the four 
ascospores are common to both the Neurosporu and Podosporu strategies. 

Genetic studies show that heterothallic condition is dominant in crosses 
between N. tefrnspema and the eight-spored N. sitophilu and that the eight- 
spored condition can be restored in N. tetruspemu by a single dominant 
mutation [55] (Dodge et al., 1950; cited by Raju and Perkins [177]) with 
incomplete penetrance because the second-division spindles in a cross het- 
erozygous for E are somewhat variable, overlapping in some and tandem 
arrangement in others (171 1. The converse is not true; a single-gene mutation 
in the eight-spored heterothallic species could not in one step have given rise 
to a four-spored condition. Other changes are needed. Raju and Perkins [177] 
suggested that four-sporedness is a derived condition from its ancestral eight- 
spored condition and its control is complex and multigenic. 

C. Meiosis in Basidiomycetee 

For meiosis in basidiomycetes, Coprinus is chosen because it has a naturally 
evolved synchronous meiosis [115,119,126]. Its fruiting body contains approxi- 
mately 100 gills with an estimated 10 million basidia, of which 85% are in 
synchrony in meiotic processes [ 1731. Two stages can be used to monitor the 
development: one is karyogamy, during which the basidium changes from 
binucleate to uninucleate, and the other is metaphase I, when the condensed 
and congressed metaphase chromosomes are highly visible. Since all gills are 
identical, a few gills may be removed hourly with care (without killing the 
fruiting body) for cytological studies of meiotic progression. Thus timing of 
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meiotic stages can be obtained: 4 h for karyogamy, 5 h for pachytene, 4.5 h for 
diplotene, 2 h for metaphase I through telophase 11,2 h for sterigma formation 
[173], and an additional 3 h for spores to mature. The timing may be different 
for different geographical strains. The system also allows cytological and 
genetic studies on the same fruiting body, such as stage-specific effect of 
temperatures, radiation, or chemicals on genetic recombination [117,122,125, 
174,1791. C. cinereus is unique in another respect. The initiation of meiotic 
DNA replication is subject to arrest by combined high temperature and 
continuous light regime [118,124]; the control of meiosis is possible when the 
production of a large number of synchronized fruiting bodies is desirable. The 
meiotic S phase occurs before karyogamy [124,151]. This pathway is not 
mandatory, however, for a mutant that abolishes meiotic S can proceed 
through meiotic prophase I but cannot enter metaphase I [98]. A complete 
photographic documentation of meiosis in Coprinus is shown in Figure 15. 

As in the Pyrenomycetes, the chromosomes of Coprinus are already 
organized before karyogamy and the nucleoli increase in volume (Fig. 15a). 
After karyogamy, two nucleoli fuse immediately. Coprinus chromosomes ap- 
pear to be fully extended (Fig. 15b) prior to homologous pairing at zygotene 
(Fig. 15c). The basidia grow to double their volume. This is unlike many 
filamentous ascomycetes where ascus grows 10- to 20-fold from karyogamy 
through the end of meiosis. Nevertheless, the complete alignment of homo- 
logues is the same (Fig. 1%). The axial cores are formed very shortly after 
karyogamy; then they are aligned between the homologous pairs [115]. This is 
followed by synapsis and the completion of the tripartite synaptonemal com- 
plex. The complete set of SCs by surface spread is shown in Figure 6. The 
pachytene may last from 5 to 8 h, while the diplotene lasts from 4 to 1 h 
depending on the strains and the light regime used. During diplotene, the 
chromosomes are diffused, and chiasmata may be observed although a reliable 
chromosome count is difficult [ 1261. A pair of SPBs can be observed at pachy- 
tene (Fig. 7) and diplotene (Fig. 15g,h) with light and electron microscopy [164, 
1741. Metaphase I through telophase I1 occur rapidly within 2 hours for the 
population of 10 million basidia. At metaphase I, chromosomes are congressed 
at the equatorial region. The chromosome configuration is quitevariable, from 
a typical metaphase plate to two-track configuration; the latter is common. 
The spindle lies perpendicular to the long axis, and near the top of the bas- 
idium. Observations with electron microscopy shows that the nuclear volumn 
is reduced to approximately 1.5 pm in diameter and the condensed chromo- 
somes are closely associated with the nuclear envelope [115]. At this stage, the 
SPBs are located on each pole outside the nuclear envelope. When the spindle 
microtubules are organized, the SPBs pull away to the opposite end of the 
basidium and the nuclear envelope is dissociated, leaving a massive amount 



Figure Meiosis of C. micaceus. (a) Young basidium  before  karyogamy. @) h p -  
totene after karyogamy.  Chromosomes are well organized  but  not  paired; the chromo- 
somes are hammered out of the basidium.  Note, the chromosome  and the nucleolar 
volumes appear much  increased  when  released  from the restriction of the basidium as 
compared with the image  in  a.  (c)  Early  zygotene,  where  loose  pairing occurs. Note the 
parallel  alignment of the homologues. (d) Near  pachytene.  (c)  Pachytene. Diplo- 
tene.  Chromosomes are lampbrushed.  (g) Late diplotene;  a  pair of duplicated  spindle 
pole  bodies  (SPB,  arrowed) are visible. (h) Diplotene in an  intact  basidium showing a 
pair of SPB  (arrowed). (i) Metaphase I where  chromosomes are congressed at the 
equatorial  region  between two  SPBs.  Bar = 5pm. Reproduced  from Lu and Raju [l261 
with  permission of Springer-Verlag. 
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of membranous vesicles, which presumably be used for the reorganization of 
new nuclear envelopes. Because of the smallness of space, the change from 
metaphase I to anaphase I is difficult to ascertain. When the nucleus is 
squashed for light microscopy, the contracted chromosomes tend to display a 
wide variation of forms including a two-track and some typical metaphase 
configurations. The chromosome movement at anaphase I and I1 is staggered; 
this leads to stringlike configurations. There is a brief interphase, during which 
new nucleoli are organized, before the second meiotic division. The second 
meiotic division appears to be intranuclear, and even the SPBs are internal- 
ized. At the end of second division, the SPBs are evaginated and are positioned 
just outside the nuclear envelope [206]. Two hours after completion of meiosis, 
four sterigmata are formed from the apex of the basidium from which basidio- 
spores are formed. Each nucleus migrates into a developing spore, with the 
SPB leading the move [206]. 

D. The Synaptonemal Complex (SC) 

The discovery of the SC in meiocytes of crayfish as a unique structure of 
pachytene bivalents by Moses [ 141,1421 has added a new avenue to the analysis 
of homologous chromosome pairing. This is particularly significant in light of 
the findings that the SC is found in female meiosis of Drosophila melanogaster, 
where recombination occurs, and not in males, where meiosis is achiesmatic 
[136]. For fungi, the SCs were first found in Neottiella rutilans [213] and C. 
cinereus [113,114], and there have been many subsequent observations in 
various species, including Armillaria, Neurospora, Ascobolus, Podospora, Sor- 
daria, etc. [74,157,221] (see Westergaard and von Wettstein [215] and von 
Wettstein et al. [216] for reviews). Exceptions are found in Aspergillus and the 
fission yeast, where complete SCs are not found [4,62]. The formation of the 
SC is meiosis-specific, and its presence is correlated with the time of genetic 
recombination. There is a fourfold increase in meiotic recombination by cold 
temperature treatment on Coprinus fruiting bodies; this increase is possible 
only when the SC is present at the time of treatment [117,118,122]. 

The temporal analysis of the formation of S C s  was first described in the 
synchronous meiotic system of C. cinereus [115]. Shortly after karyogamy, 
single cores are formed on chromosomes. These are brought to align loosely 
when the homologous chromosomes pair (this is defined as pairing). Finally, 
axial cores become the lateral components of the tripartite SC when central 
elements are added to complete synapsis (now defined as synapsis). The 
temporal analysis was extended later to show that protein synthesis is necessary 
for complete assembly of the SC using an inhibitor of protein synthesis, such 
as cycloheximide [ 1201. This experimental approach accentuates different 
steps involved in the formation and dissolution of the SC. The axial cores are 
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formed within an hour of karyogamy, and their subsequent pairing and assem- 
bly into SCs have been confirmed. The most dramatic finding in this experi- 
ment is the accumulation of central elements in the nucleolus-dense body and 
their failure to transport to the chromosomal sites where lateral components 
are paired. This occurs only within a narrow time period, i.e., when cyclohexi- 
mide was applied to the fruiting cap 4 h after the beginning of karyogamy. That 
this phenomenon represents an intermediate step in the morphogenesis of the 
SC is supported by the finding of similar accumulation of central elements in 
the nucleolus in the yeast cdc4 and rad50S mutant strains [3,93]. The temporal 
analysis of the SC formation was also described for the wild-type yeast S. 
cerevisiae taking advantage of synchronized meioses in SK1 strain [3,156]. 
However, because the time spent in meiosis is short in theyeast, the formation 
and pairing of axial cores and their assembly into tripartite SCs occur in con- 
cert. Separation of pairing and synapsis is possible when time permits. Exam- 
ples of pairing before synapsis are found in Coprinm (Fig. 15c), in Sorduria 
(Fig. 12), and in Neurospora (Fig. 13). 

The three-dimensional reconstruction of axial cores and synaptonemal 
complexes by electron microscopy has increased the resolution of meiotic 
chromosomes. Examples include N. crassa [25,73,75,12Oaj, S. macrospora 
[221], Schizophyllum commune [35], Puccinia gramini [24], C. cinereus [92, 
164,1781, and in yeast S. cerevisiae [30], while the study by Zickler [221] of asco- 
mycete S. macrospora is one of the best in showing the temporal sequence of 
events of homologous pairing. The three-dimensional reconstruction not only 
resolves the formation of the SC, but also reveals the recombination nodules, 
their numbers, and their distributions. 

More recently, the surface spread whole-mount electron microscopy has 
been developed for fungal synaptonemal complexes that adds a further dimen- 
sion to the analysis of chromosomes in meiosis. This has been achieved in Sac- 
charomyces [56], in Coprinus [163,164], and in Neurospora [120a]. Examples 
are shown in Figures 6-8. The silver nitrate stains lateral components, central 
elements, and recombination nodules in Neurospora, but only lateral compo- 
nents in Coprinus and Saccharomyces; there is no explanation for the differ- 
ences. 

With surface spread electron microscopy, accurate and detailed tempo- 
ral analysis of the SC formation in relation to other meiotic events can be 
achieved. Among the most informative studies is the work of Padmore et al. 
[156] using the synchronized yeast SK1 strain. The first event of interest is the 
meiotic DNA replication. The analysis of propidium iodide-stained samples 
in a fluorescence-activated cell sorter show that the bulk of meiotic DNA 
replication is completed before other meiotic events are initiated. Approxi- 
mately 1 h after the end of DNAreplication (4.3 h after the initiation of meiosis) 
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appear nuclei with SC precursors having short axial cores and partial tripartite 
structures. These two substages may be equated to leptotene and zygotene, 
and they occupy about 30 min each. The next substage is the full pachytene 
when SCs are fully assembled, and it occupies about 1-1.3 h. The end of 
pachytene is followed within 15 min by disappearance of the S C s  and the 
appearance of metaphase I spindles at 6.8 h. Other meiotic events of interest 
are transient site-specific double-strand breaks (DSBs) and the formation of 
mature recombinant molecules. The DSBs are found in meiotic recombination 
hot spots, such as HIS4-LEU2,ARG4, THR4, and DED81-DED82 regions [32, 
78,156,2031. The meiosis-induced DSBs may be “pairing sites” for homologous 
chromosomes in meiosis [78]. DSBs can occur prior to or concomitant with 
the first appearance of visible tripartite SC structure, and they disappear 
during the stage when SCs are forming and elongating and are gone by the 
beginning of pachytene. Mature reciprocal recombinant molecules, defined 
by restriction site polymorphisms, appear at or just after the end of pachytene. 
The above observations provide a clear picture of the sequence of events that 
occur in meiotic prophase I in the yeast S. cerevisiue. It is quite possible that 
similar sequence of events occurs in higher fungi. 

E. Recombination Nodules 

Recombination nodules (RNs) are dense, oval (or near spherical) structures 
associated with the synaptonemal complex during late zygotene to early diplo- 
tene. They are located above and adjacent to the central element of the SC. 
The term recombination nodule was coined by Carpenter [36-381 after her 
extensive analysis of the S C s  of Drosophilu melunoguster females, both the 
wild-type and the recombination defective mutants (e.g., mei9, mei218, and 
mei41). She discovered that the number and distribution of RNs closely match 
those of genetic exchanges. She also found by EM autoradiography that the 
locations of the RNs are the sites of repair DNA synthesis [39]. She suggested 
that the RN may be an enzyme complex for genetic recombination [40]. She 
described two types of nodules-ellipsoidal and spherical. The ellipsoidal 
appear first in high numbers, followed by the spherical in reduced numbers. 
Based on her analyses of mei9 and mei218, in which gene conversion events 
and exchange events can be uncoupled, Carpenter suggested that the ellipsoi- 
dal nodules may be correlated with the gene conversion events, and the 
spherical nodules may be correlated with the exchange events. Since then, the 
RNs have been analyzed in a variety of higher eukaryotes. Where data of 
genetic exchanges (or chiasmata) are available, the results appear to be the 
same; the RN frequency and their chromosomal locations always match those 
of chiasma frequency and their chromosomal locations. Indeed, both the 
recombination nodules and chiasma show nonrandom chromosomal distribu- 
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tion and positive interference, which is an established genetic phenomenon. 
The RNs have been analyzed in a number of fungi [25,30,35,75,178,221]. Whcn 
the chiasmata can be counted, as in the case of Sorduriu, their numbers seem 
to agree with the number of RNs; there are 18-19 chiasmata at diplotene- 
diakinesis, and there are 18-19 RNs at pachytene and diplotene SCs. In 
general, the data on exchange frequency and their distributions are insuffi- 
cient. Nevertheless, the RN distribution is definitely nonrandom, and positive 
interference is demonstrated. In Neurosporu, Bojko [25] described two types 
of RNs; the early nodule (spherical) is randomly distributed while the late one 
(ellipsoidal) is nonrandomly distributed. The morphological distinction is not 
so obvious in the surface spread preparations [120a]; most RNs appear to be 
distally located. In Coprinus, the number of RNs is high at midzygotene, and 
they exhibit a random distribution; these numbers are reduced almost by half 
(from 46 to 26) at mid-late pachytene, and they exhibit a nonrandom distribu- 
tion. Similar results are found in Schizophyllum and Sordariu. Again, the 
predominant locations are the telomere regions [35,178,221]. 

F. The Question of Homology Search 

All observations point to the consensus that the SC and the meiotic level of 
recombination are intimately related. The SC is required for the observed 
meiotic levels of genetic recombination. It is possible that the SC functions as 
a “cast” or a zipper to hold homologues together long enough to allow 
recombination processes to take effect [119]. Mutants that are defective in the 
assembly of SCs are also defective in meiotic recombination. The converse is 
not true; mutants that are defective in meiotic recombination may have normal 
SCs, as recombination requires complex enzymatic actions. Examples include 
mei9 of Drosophila melunogaster [38], usy2-17 of S. macrospora [223], and rud52 
of S. cerevisiae [77]. Questions have been raised whether 1.) SCs come before 
the initiation of recombination, 2.) the initiation of recombination comes 
before the assembly of SCs, or 3.) the two events are parellel. 

From various observations, it is clear that the synthesis of protein 
components and their assembly into axial cores and central elements are the 
early steps. Without them, meiotic recombination is also defective. In D. 
melanogaster, females homozygous for the mutation c(3)G fail to form SCs, 
and meiotic recombination is drastically reduced; the gametes produced are 
mostly inviable [201]. In yeast, diploid homozygous for hopl also fails to form 
SCs and is defective in meiotic crossovers and gene conversions, but mitotic 
and intrachromosomal recombinations are not affected. The hopl mutation 
affects yeast meiosis in a manner analogous to that of the c(3)G mutation of 
Drosophila [89]. Thus the HOP1 gene in S. cerevisiae is important for the SC 
assembly, and it codes for a protein component of the lateral element [90]. 
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Closely related to hopl is redl, which fails to assemble discrete axial cores, 
although some short segments of tripartite structure may be present, and the 
recombination machinery is intact [ 1821. The hopl is epistatic to redl, suggest- 
ing that they belong to the same pathway and that REDl operates at a later 
step, In fact, a diploid yeast homozygous for a hopl-628 allele can be sup- 
pressed by an overexpression of the REDl gene [91]. In addition to hopl and 
r e d ,  another mutant zipl has been found. The diploid yeast homozygous for 
zipl assembles full-length axial cores that are paired but not synapsed. The 
anti-ZIP1 antibodies are localized along the length of the SC except for the 
unsynapsed area; the ZIPl is probably a component of the central region of 
the SC [204]. It is possible that HOP1, RED1, and ZIPl control the assembly 
of SCs in association with synapsis. 

Between the assembly of axial cores and tripartite SCs lies the problem 
of homologous pairing and synapsis (see Loid1 [lo81 for review). This is the 
least understood step, and there may be a number of genetic functions 
involved. Strains carrying mutations affecting this braod step are known as 
asynaptic mutants. Examples include, in addition to those mentioned above, 
meil, mei2, and mei3 of N. crussu (46,123,176,1891; spoll, mei4, rud50 null 
allele, rudSOS, rud51, merl, mer2, and dcml of S. cerevisiae [3,18,66,67,77, 
100,128,134,196]; spo44~po76, andspo77 of S. mucrosporu [ 139,2221; and rud3, 
rud9, and radl2 of Coprinus [164,224,225]. More mutants are probably needed 
to map the complete process. Most of these mutants, when homozygous, 
exhibit reduced meiotic recombination; some have incomplete axial core 
assembly (e.g., rud3-1, rud9-1 of Coprinus); and all have partial tripartite 
structures, except merl, which shows all (10% of the nuclei) or none (90% of 
the nuclei) of SCs. The rud9-1 is of particular interest where the tripartite 
structures are limited to telomeres [225]. It is puzzling that some asynaptic 
mutants (meil, mei2, rud50) exhibit pleiotrophic effect on spindle mechan- 
ism. 

What controls homologous pairing or what is homology search? The 
protein components of SCs have no property of homology. The only molecule 
in the chromosomes having the property of homology is the DNA. The idea 
of direct DNA interaction before homologous pairing has been advanced 
recently [41,202]. The DNA molecules, when single-stranded, are capable of 
finding their complementary sequences as shown in DNA renaturation studies 
[27]. The larger the number of repeat sequences, the faster they find each 
other. In higher eukaryotes, there are many highly reiterated sequences 
located in strategic locations of the chromosomes, such as pericentric hetero- 
chromatin, the nucleolar organizer regions, long and short interspersed mono- 
and dinucleotide repetitive elements (LINEMNE), and telomeric and sub- 
telomeric sequences. These regions may provide initial contacts for homology 
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search. That these sequences play some role in homologous pairing is demon- 
strated recently in Drosophilu by Hawley et al. [S]. These authors demon- 
strated that pencentric heterochromatin plays a primary role in ensuring the 
pairing and proper segregation of achiamate homologs. The pericentric het- 
erochromatin is not known in fungal genomes, but up to 20% repeated 
sequences have been demonstrated in Neurosporu and in Coprinus [28,60,61], 
and heterochromatin knobs have been observed in Neurosporu [199]. The 
closest thing to the pericentric heterochromatin is hinted by the organization 
of centromere repeated sequences of the fission yeast where three chromo- 
somes have three distinct centromere patterns [147]. The LINE/SINE may be 
involved in the organization of the SC and the initiation of meiotic recombi- 
nation [158,190,209]. Cytologically, the first event observed after karyogamy 
is the fusion of the nucleoli, suggesting that the nucleolar organizer regions 
may be involved in the early contact. There are telomeric and subtelomeric 
repeated sequences in yeast [219]. Since the telomeres are inserted on the 
nuclear envelope, they are like casters rolling on a two-dimensional surface in 
search for homologous contacts; in most cases, pairing appears to start from 
the telomeres [92,221] and “zippering up” toward the centromere regions; 
although interstitial initiation, or “buttoning up,” has been observed [74]. The 
initial contacts may not be sufficient to hold the two liomologues together like 
those observed in presynaptic alignments where the two axial cores are held 
at a distance [115,12Oa,221], further actions need to happen. The distance in 
the presynaptic alignment may represent the outer zones of the chromatin 
where DNA loops of the homologues may interact. For this interaction, 
single-stranded tails or gaps or double-strand breaks may be needed as dem- 
onstrated by the in vitro D-loop studies [52,165,212]. Furthermore, if the 
nicking enzymes make random nicks and g q x  on nonsister chromatids, many 
of these single-stranded regions will not interact because they are not homolo- 
gous or do not have extended homology; only a small number will fall within 
the same locus (i.e,, coincidental nicks), in which extended homologous, 
single-stranded sequences are exposed to form a joint heteroduplex. Insuffi- 
cient length of homology will cause this interaction to fail. Thus, when mutants 
are unable to make these DNA substrates for the initiation of recombination, 
such asspoll, rud50 null mutants, or are mutants defective in RecI- or RecA- 
like protein [52,101], such asdcml, rud51 of yeast [ 18,1961 and mei3 of Neuro- 
sporu [46], pairing is not possible and the assembly of the SC fails. On the other 
hand, when rud50 non-null mutants, such as rudSOS, double-stranded breaks 
are made, some defective pairing is possible. The above argument brings the 
initiation of recombination and the honiologous pairing into an intimate 
relationship as two separate pathways that converge to a successful synapsis 
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and the assembly of the SCs. Failing in one or the other pathway will result in 
asynapsis. This converging pathway was suggested by Malone et al. [129]. 

If the homology search is dependent on single-stranded DNA substrates 
and RecA-like protein functions, which alone can achieve gene conversion 
events, then why is the SC necessary? The homologous pairing of DNA 
substrates mediated by the RecA-like proteins represents prokaryotic and 
mitotic recombination pathway. Such reaction is chance-dependent, transient, 
and unstable. Only when these DNA substrates are held or zippered together 
long enough will the level of meiotic recombination be achieved. Thus, the S C s  
are zippers to stabilize homologous interactions, as recombination is a time- 
dependent event. 

The completion of synapsis requires the transport of central elements 
and recombination nodules to the paired lateral elements. It is possible that 
only when homologous pairing is achieved will the transport of central lements 
and recombination nodules be permitted. 

APPENDIX SPREADING THE SYNAPTONEMAL 
COMPLEX OF COPRINUS 

Preparation of Fruiting Cultures 

Coprinus cinereus, as well as several related species, has a naturally evolved 
synchronous meiosis [114,115]. The meiotic chromosomes are highly observ- 
able, and all stages are well defined [126,173], the synaptonemal complex can 
be easily spread 11641, and the development of fruiting body is controllable by 
laboratory routines [114,115,122,124]. Fruiting primordial development is 
light-dependent, and it takes 3 days to reach meiotic phase. 

To allow a reasonable prediction of the time of initiation of karyogamy, 
the following routine can be used. Dikaryotic mycelium is inoculated onto an 
agar medium in crystallizing dishes (50 x 90 cm) containing glucose, malt 
extract, and yeast extract, and incubated in a 35°C incubator in total darkness 
for 5 days, during which the mycelium will completely cover the surface of the 
medium. On day 6, the cultures are transferred to a low-temperature incubator 
fitted with a 15 watt, cool-white fluorescent light with the temperature set at 
25"C, and the light regime set for a 16-h light and 8-h dark cycle. The time 
when light cycle begins (and light intensity) has a direct influence on the time 
of meiosis, which should be determined beforehand under a set of laboratory 
conditions. In my laboratory, the light cycle begins at 1100 h, and karyogamy 
starts usually around 0300 h on day 10 or shortly after that; synaptonemal 
complexes can be spread between 1100 and 1600 h. 
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Preparation of Slides 

Slides should be of high quality, free of flaws and chips which can be detected 
under a low-power microscope; some brands are better (e.g., W R )  than 
others. Wash (never soak) in hot water with a dish-washing detergent (e.g., 
Dove), rinse well in distilled or deionized water, soak in 95% ethanol, wipe dry 
with tissue paper (e.g., Kimwipe), and polish with nonlinting lens tissue (e.g., 
Ross Optical Lens Tissue). Store in a slide box until use. 

For light and electron microscopy, clean and polished slides are coated 
with a plastic solution (0.9% polystyrene from a Falcon optilux brand Petric 
dish w/v in chloroform). Dip a clean slide in the plastic solution (in a fume 
hood, preferably with the airflow turned down for even coating) for 1 sec and 
quickly withdraw vertically with one side running against the container (this 
will remove the streak on the edge). Drain briefly on a paper towel vertically, 
then lay it down flat when it is nearly dry. 

Fixatives and Solutions 

Make a stock solution of 0.05 M sodium borate (1.91 g in 100 mL double-dis- 
tilled water) and store in a refrigerator. For use, dilute 2 parts of stock to 3 
parts of double-distilled water to make 0.02 M, then adjust pH to 9.22 with 0.5 
N NaOH (about 4-6 drops); filter through a Millipore filter (0.2pm). 

Fixative I. Make a 4% paraformaldehyde fmative (4 g in 100 mL dd 
water) in a 200-mL beaker, heat and stir to and add 10 N NaOH, drop 
by drop (about 18 drops) until solution is clear. Let cool, adjust pH to 5-7.0 
with full-strength HCI (drop by drop very carefully), then bring up the pH to 
8.2 with 0.02 M borate buffer (pH 9.22). Filter through Millipore (0.2pm) and 
store in a refrigerator. Check pH each day before use as pH drops by oxidation; 
the workable pH is 7.8-8.2. This fixative is good for 14 days. 

Fixative 11. For spreading, take 50 mL of the 4% paraformaldehyde 
fixative made above, and add 150 pL of a 10% SDS stock solution to make a 
0.03% SDS. This solution is kept at room temperature, and the pH appears to 
be stable. 

Solutions 

Photoflo rinse solution. 0.4% Kodak photoflo 200 adjusted to pH 8.2 
with borate buffer (0.02 M, pH 9.22). Use separate solutions for spreading and 
staining; change frequently, as it becomes contaminated, contributing to dirty 
slides. 

Staining solutions. Solution A: 40% silver nitrate in double-distilled 
water, filtered using 0.2-pm filter. Keep in a brown dropping bottle. Solution 
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B, a gel developer: dissolve 2 g gelatin in 100 mL double-distilled ater at 40°C. 
When cool, add 1 mL of formic acid and filter through a Millipore filter (0.2 
pm). Keep in brown dropping bottle. 

Spreading the Synaptonemal Complex for 
Light and Electron Microscopy 

1. Cut out a small piece of gill tissue from a mushroom at pachytene with 
a razor blade and put it on a slide. Dissect four or five gills without the outer 
skin in a drop of cold fixative I, and place them in a 1.5-mLmicrotube (Applied 
Scientific). Add a drop (about 50pL) of cold fixative I for a total of 4 min. The 
gills are disrupted to release nuclei using a plastic pellet pestle (Kontes 749515- 
000) in 10 up-down actions using a cordless drill (6.0-7.2 v) at full speed. Take 
great care that the 50-pL Suspension remains in the tube (just tapping it down 
will help). The tube is placed on ice while preparing for spreading dish. 

2. Prepare a spreading dish-glass dish (2 cm in diameter) coated with 
polystyrene plastic to make it hydrophobic. Fill the spreading dish with 0.5% 
NaCl to a slight convex full (about 2 mL); sweep the surface clean with tissue 
paper twice; be sure the surface remains convexed. If the surface is too convex 
the spread could be lost during the pick-up. 

Use an Eppendorf pipette to pick up 5 pL disrupted basidial suspension. 
Push it out to form a hanging drop, and touch it on the surface of the spreading 
solution as gently as possible. 

Immediately pick up the spread by touching a plastic coated slide (face 
down horizontally) against the convex spreading solution. The circular area 
should become wet indicating successful pick up. 

3. Cover the circular area with a few (12) drops of fiiative I1 and allow 
to spread for 2040 min. Mark the side of the slide with a felt-tip marking pen 
with a water-resistant ink to show the area to be stained later. Gently pour off 
the fixative and dip the slide in distilled water and then into a 0.4% Kodak 
photoflo solution. Drain quickly, and allow to air-dry. 

Silver Staining 
4. Prepare the staining solution on a coverslip (22 x 22 mm) by adding 

2 drops of 40% silver nitrate and 1 drop of a gel developer; mix well. Pick up 
the stain by the slide to be stained, and invert slide carefully in a quick action 
so that the stain does not run off. Incubate it on top of a hot plate at 55°C for 
2-2.5 min. 

5. The stain and the coverslip are washed off by distilled water using a 
squeeze bottle. After the coverslip falls off, continue washing for a few more 
seconds (take care not to damage the plastic support membrane). Dip it in 
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0.4% Kodak photoflo solution (pH 8.2), and let air-dry. The slide is now ready 
for light microscope examination. 

Preparation for Electron Microscopy 
6. When good spreads of SC are found, the locations of SC are marked 

with a felt-tipped marking pen using a water-resistant ink so as to guide grid 
laying. Take great care not to break the supporting membrane. 

7. Carefully cut off the plastic supporting membrane from the edges of 
the slide with a razor blade, and float it off the slide very carefully on clean dd 
water. Avoid water leaking through to the top surface. Lay a slot grid on the 
desired spot (to protect the grid from running off during pickup, coat the grid 
with a thin film of a superglue on three sides, except the area held by the for- 
ceps, immediately before laying. Never touch the forceps with the glue.) 

8. Use parafilm to pick up the membrane and the grids on it and let it air- 
dry in a dust-bee, partially covered container. When dry, cut out carefully around 
the grid with a thin needle so it can be picked up without tearing the membrane. 
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1. INTRODUCTION 

In eukaryotes, the vast majority of the genome is part of the chromosomes in 
the nucleus (chromosomal DNA). During nuclear divisions this genetic mate- 
rial is distributed in a well-defined way according to the Mendelian rules. In 
addition, genetic traits are found either in the nucleus or in the cytoplasm 
which are not subject to this controlled distribution. However, since the 
nuclear envelope becomes disintegrated during nuclear division, these ele- 
ments and the chromosomes are part of the same compartment, at least at 
particular stages during the cell cycle. Finally, genetic elements are found in 
the mitochondria of both heterotrophic and autotrophic eukaryotes as well as 
in the plastids of photoautotrophic plants (e.g., higher plants) (Table 1). 

Besides a classification according to their localization, the different 
genetic traits can be distinguished according to their physical characteristics. 
Eukaryotic chromosomes represent linear DNA species that are associated 
with proteins. In mitochondria and plastids, usually several copies of a high- 
molecular-weight DNA species are found as circular molecules. In only a few 
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Chromosomal 
(Mendelian) Traits 

Extrachromosomal (non-Mendelian) 
Traits 

Nuclear/cytoplasmic elements 
Set of chromosomes 

Circular plasmids 
Linear plasmids 

Mitochondria1 genome Genome of plastids 
(chondriome) (plastone) 
High-molecular- High-molecular- 
weight mtDNA weight ptDNA 
(mt DNA) 
Circular plasmids 
Linear plasmids 

Circular plasmids 
Linear plasmids 

* Viruses and virus- Viruses and virus- 
related elements I related elements 

cases were linear DNA molecules found to replace these genetic traits. In 
addition, autonomous, low-molecular-weight DNA and RNA species are part 
of the genetic complement in many, but not all, fungi. In some cases, these 
elements are found to be encapsidated by proteins and therefore, although 
most of them appear to be noninfectious, may be viewed as viruses. In other 
cases, the corresponding elements are not encapsidated and can be considered 
to be plasmids in the broader view as it was originally defined by Jxderberg 
[ 11 asallextrachmmosomalhereditaty determinants. According to this definition 
all circular and linear low-molecular-weight D N A  as well as double-stranded 
RNA molecules (dsRNA) are part of this group of genetic elements. 

In this chapter different extrachromosomal genetic elements will be 
introduced and discussed. Special emphasis is put on genetic traits found in 
fungal mitochondria. In addition, related elements identified outside these 
organelles are briefly discussed. Experimental approaches are an integral part 
of this chapter. They are aimed to outline how particular questions can be 
addressed and what the results of a particular experiment look like. In some 
cases, a rather detailed description of a typical experiment is presented. In 
others, a more general outline is given. It will be stressed that the experimental 
procedures can only be an example and can nowadays be replaced by a large 
number of alternatives. 

As a prerequisite for the understanding of this chapter, and in particular 
to follow the experimental procedures, some basic knowledge about the 
different life cycles of fungi and some training in basic microbiology and in 
molecular biology are required. 
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2. DISCRIMINATION BETWEEN CHROMOSOMAL AND 

In cases in which genetic traits are associated with a particular function, the 
mutation of the corresponding element may lead to an altered phenotype. The 
analysis of the corresponding mutant can result in the identification and 
characterization of the responsible element. In fungi that are accessible to a 
genetic analysis, one of the first steps in the characterization of a novel mutant 
is the analysis of the type of inheritance of the genetic trait that gives rise to 
the altered phenotype. This analysis may answer the question whether the 
corresponding phenotype is encoded by a chromosomal, Mendelian factor or 
an extrachromosomal genetic trait. 

The outcome of a genetic cross is dependent on the type of cells that are 
contributing to it. In fungi, there exists a large variety of different modes of 
sexual propagation. It is not possible to cover these as a whole in this chapter. 
For a more detailed discussion of sexual reproduction in fungi, the reader is 
referred to textbookson fungal biology [e.g., 21. However, in order to introduce 
the possibility to distinguish genetically between extranuclear and nuclear gen- 
etic traits, a rather general introduction is provided. 

Basically, two different modes of fertilization can be distinguished. First, 
reproduction may be initiated by the fusion of two structurally identical sexual 
units (e.g., gametes or gametangia) which contribute approximately the same 
amount of cytoplasm to the fusion product (isogamy). An example for this type 
of sexual reproduction is the fusion of isogamous gametes of certain fungi or 
the fusion of haploid cells of Succhuromyces cerevisiae. Second, the fusing cells 
or organs may be structurally different, and the vast majority of the cytoplasm 
is derived from the larger, “female” gamete or gametangium. Examples are 
the fusion of gametes orgametangia of different size (anisogamy and oogamy) 
or the fusion of small mulegametes andfemulegumetangia. The latter mode of 
fertilization is found in a number of genetically important ascomycetes (e.g., 
Neurosporu crussu, Podospora anserina). 

EXTRACHROMOSOMAL GENETIC TRAITS 

A. lsogamy 

In isogamous species that are accessible to a genetic analysis the cells that fuse 
are characterized by a polarity, a particular mating type (mat). In the simplest 
situation this mating type corresponds to one of two alternative nuclear genetic 
factors, which may be termed mat+ or mat-. In this situation, two different 
genetic crosses can be performed between a wild-type and a particular mutant 
strain. As illustrated in Figure 1, the parent with mating type + may harbor 
the mutation whereas the mating type - parent may have wild-type character- 
istics. In the so-called reciprocal cross, the wild-type parent is of mating type + 
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Figure 1 Reciprocal crosses between chromosomal and extrachromosomal mutants 
and wild-type strain of a species (e.g., Succhuromyces cerevkiue) in which the two 
parents contribute approximately the same mount of cytoplasm to a genetic cross (iso- 
gamy). The parents of each cross are either of mating type f or of mating type -. In 
this scheme the vegetative parts of an organism are indicated by rectangles; generative 
cells (e.g., gametes), by the larger circles attached to the rectangles. The genetic trait 
of interest that gives rise to a particular phenotype is indicated by small, solid or open 
circles in the case of a nuclear factor, or as open or solid ellipsoids in the case of an 
extranuclear factor. 
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and the mutant of mating type -. Assuming that the mutation is located in the 
nucleus (Fig. l), the outcome of reciprocal crosses is identical. In both cases, 
the diploid zygotes will contain a mixture of cytoplasm (heferoplasmon) de- 
rived from both parental strains. After meiosis, the four products (e.g., asco- 
spores) will segregate according to Mendelian rules. Two spores will give rise 
to a mutant progeny, and two spores will lead to strains with wild-type 
characteristics. In contrast, no 2:2 segregation is observed in the haploid 
products of a meiosis when the mutation is located in the cytoplasm. It may, 
however be that, as in the yeast Saccharomyces cerevisiae, the two types of 
extrachromosomal genetic traits completely separate after a number of sub- 
sequent mitotic divisions, giving rise to homoplasmons with the genetic traits 
derived from either one of the two parents. 

B. Anisogamy, Oogamy 

A difference in the outcome of reciprocal crosses will be observed when the 
fusing partners contribute different amounts of cytoplasm to the cross. In these 
cases, almost no cytoplasm in the zygote is derived from the smaller, “male” 
cells (Fig. 2). As a consequence, the outcome of a cross between strains with 
different genetic traits in the cytoplasm depends on the genotype of the 
“female” parent, a situation which is termed “maternal inheritance.” In this 
case, reciprocal crosses lead to differences (reciprocal differences), whereas 
those between chromosomal mutants do not. 

C. Experiments 

The genetic analysis of an isogamous organism is basically dealt with in the 
case study on Saccharomyces cerevisiae in this volume. It should be emphasized 
that it was a genetic analysis of cytoplasmic mutants of this yeast that resulted 
in the first postulation of genetic factors in mitochondria [3]. This was long 
before DNA was first discovered to be present in these eukaryotic organelles. 

Reciprocal Crosses Between Exfrachromosomal 
Mutants and the Wild-Type Strain of Podospora anserina 
A general introduction into the genetic analyses of Podospora anserim is 
presented in the case study on this ascomycete. Since the analysis of the 
extrachromosomal genetic traits in a particular mutant of this species will be 
used as an example for the analyses of the different extrachromosomal factors, 
the results of an initial genetic analyses of this mutant are presented at this 
point. For details on the life cycle of P. anserina, the reader is referred to the 
case study. 
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Figure 2 Scheme, reciprocal crosses between chromosomal and extrachromosomal 
mutants and a wild-type strain of a species with an anisogamous mode of fertilization. 
Generative cells with different amounts of cytoplasm are indicated by circles of 
different size. Symbols for genetic factors are the same as in Figure 1. 
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The two strains used in this analysis are wild-type strainA with a life span 
of 18 days, and mutantAL2 which was isolated from wild-type strainA. Mutant 
AL2 is characterized by the life span of 220 days [4]. 

Method 

1. Fertilization of a culture of the wild-type strainA with isolated sper- 
matia (”male” gametes) of long-lived mutant ,4152. 

2. Fertilization of a culture of long-lived mutantAL2 with spermatia of 
wild-type strainA (compare Fig. 3 in the case study on P. anserina). 

After the formation of perithecia, mononucleate ascospores are isolated 
from about 100 individual asci of each reciprocal cross. After germination, the 
life span of cultures derived from the individual ascospores of these crosses is 
determined. 

Results 
In this example, the life span of the progeny turned out to be identical to that 
of the “female” parent. Therefore it can be concluded that the genetic traits 
responsible for this case of maternal inheritance are most likely located in the 
cytoplasm. Since in P. anserina it is known that the DNA in mitochondria is 
involved in the control of the life span, these organelles were good candidates 
to contain the genetic trait leading to an increased life span. 

3. EXTRACHROMOSOMAL GENETIC ELEMENTS 

A. The Mitochondria1 Genome-The Chondriome 

In fungi, different types of genetic information are rather commonly found in 
mitochondria. As a whole, these elements represent the mitochondrial ge- 
nome, also termed the chondriome (Table l). In all cases, a rather large 
molecule corresponds to the so-called high-molecular-weight mitochondrial 
DNA (hmw mtDNA). In the following part of this chapter, for reasons of 
simplicity, the DNA will be termed mtDNA. In many cases, different types of 
additional, autonomous elements of a lower molecuIar weight were identified. 
Among these, mitochondrial plasmids may be of either circular or linear 
structure. Some of these elements are derived from the mtDNA. In other, rare 
cases, their origin is not so clear. In addition, double-stranded RNA (dsRNA) 
species, elements that are related to mycoviruses, may also be part of fungal 
mitochondria (e.g., Ophiostoma ulmi) [5] .  

Total DNA from Mitochondria 
After a genetic analysis revealed that a particular phenotype is encoded by 
genetic factors located in the cytoplasm, a subsequent molecular analysis may 
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lead to the identification of the corresponding traits. In such an analysis DNA 
is isolated from mitochondria of the wild-type strain and the corresponding 
mutant, and a comparative molecular characterization is performed. 

Isolation of total DNA from mitochondria of P. unserina 

Experimenfs. Total DNA from mitochondria may be extracted in dif- 
ferent ways. The DNA may be isolated from mycelial homogenates after 
concentration of mitochondria by differential centrifugation or by banding in 
sucrose gradients. It is important to include a digestion with proteinase K in 
the DNA preparation procedure. This step removes most of the proteins 
bound to the ends of linear plasmids. In many earlier protocols this step was 
not included, and linear plasmids became lost during later steps since the 
bound proteins did not allow the DNA to enter either CsCl gradients or 
agarose gels properly. 

Method 
1. Grow strains (wild-type and mutant, respectively) on 10 agar plates 

each, containing BMM. Grow the mycelium until it covers the plates. 
2. Scrape off the top of the culture using a sterile scalpel and transfer 

hyphae derived from one agar plate to an Erlenmeyer flask containing 200 mL 
liquid medium each. Grow cultures in an incubator for about 2 days at 27°C 
under constant rotation (150 rounds per minute; rpm). 

3. Transfer culture from the content of two small Erlenmeyer flasks to 
one Erlenmeyer flask containing 2 L of liquid medium each. Inoculate these 
cultures for 5 days at 27°C under constant rotation (130 rprn). 

4. Recover mycelium by filtration through four layers of sterile cheese- 
cloth and remove liquid carefully. 

5 .  Determine the wet weight of the mycelium and add a few milliliters 
of sterile glycerol until the mycelium looks shiny. 

6. Add the mycelium to a mortar that has been cooled with liquid nitro- 
gen. Add some liquid nitrogen to the mycelium and disrupt it to a powder. 

7. For each gram of mycelium add about 4 mL of mitochondria buffer 
to a beaker of a Waring blendor. 

8. Transfer the disrupted mycelium to the beaker and homogenize it 
further with three bursts for about 15 sec each. 

9. Transfer homogenate to centrifuge tubes (GSA rotor, Sorvall) which 
were preincubated on ice and centrifuge for 5 min at 4°C at 4.000 rpm. 

10. Recover supernatant and repeat centrifugation in a new centrifuge 
tube for 10 min. 

11. Recover supernatant and centrifuge in a new GSA tube at 12.500 
rpm, 30 min, 4°C. 
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12. Remove the supernatant carefully and recover the mitochondria- 
containing pellet in TES/SDS. Add a volume of TES/SDS to equal the initial 
wet weight of the harvested mycelium. 

13. Transfer redissolved mitochondria to a Teflon homogenizer and 
homogenize carefully. 

14. Add 100 pg/mL proteinase K and incubate homogenate for at least 
2 h at 60°C. 

15. Add one-fourth of the volume of 5 M NaCl and mix carefully by 
inversion of the reaction tube. Incubate for 1 h (alternatively overnight) at 4°C. 

16. Centrifuge at 5000 rpm in a SS34 rotor (Sorvall), 20 min, 4°C. 
17. Transfer supernatant to a fresh centrifugation tube, add one-third 

volume of sterile 40% polyethylene glycol 6oO0, and incubate at 4°C for 1 to 12 h. 
18. Centrifuge at 5000 rpm (SS34) for 20 min at 
19. Discard supernatant and redissolve pellet at 37°C for 1 h in 4 mL of 

TES/CsCI. 
20. Add 50 pL bisbenzimide (Hoechst 33258: 2 mg in TES) and adjust 

the refraction index to 1.3985. 
21. Centrifuge in an TV865 rotor (Sorvall) for 20 h at 20°C and 48,000 

rpm. 
22. Visualize DNA bands under UV light and recover the upper band, 

which represents mtDNA (the lower one is nuclear DNA). 
23. Remove bisbenzimide by repeated extractions of the DNA fraction 

with isopropanol saturated with CsCI. 
24. Remove CsCl from the DNA fraction by dialysis at least two times 

with 2 L of TE buffer at 4°C. Dialysis should be performed at least for 10 h. 
Results. DNA isolated by this procedure is generally suitable for further 

molecular analysis. Since proteins are removed from the terminal ends, linear 
plasmids are able to enter the gels and will lead to distinctive bands. Also, 
circular plasmids are fractionated in this way but will lead to several bands 
according to their structure-i.e., covalently closed circular (ccc), open circular 
(oc), or even linearized molecules. 

Fractionation of total mitochondria1 DNA by gel electrophoresis. Iso- 
lated DNA may be tested by subjecting an undigested aliquot to agarose gel 
electrophoresis. 

Method 
1. Total mtDNA of the wild-type strain and of the extrachromosomal 

mutant are loaded into two adjacent wells of an 1% agarose gel (1% agarose 
in TAE buffer). Load 1 pg of a DNA standard into a third well of the same 
gel. 



2. Electrophoresis  is  performed  in 1 TAE buffer  for  several  hours  until 

DNA  is  stained  with  ethidiumbromide (0.5 pg/mL TAE buffer)  for 

4. Destain the agarose  gel  in  water for 15 min. 
5.  Visualize  DNA  under UV light (254 nm). 
6. Take  a  picture of the  gel  and  compare  the  lanes  loaded  with  DNA 

from the different  strains. 
ResuitS. Differences may be found  in the lanes  containing  DNA from 

different  strains  (Fig. mtDNA  isolated  by the method  described  above 
corresponds to a  diffuse  band  migrating  between  about 18 and 40 kbp.  This 
band  represents  DNA  molecules  which, due to shearing,  were  linearized 
during  DNA  preparation.  In  addition,  one or more  distinctive  bands  may 
migrate at lower  weight.  These  bands  represent  autonomous  DNA  molecules 
(e.g.,  linear  plasmids)  present  in  mitochondria certain  fungal  strains. 

the DNA  bands of the DNA  standard are well  separated. 

approximately 20 min. 

mtDNA [ 
pAL2-1 - 

a 
Strain 

8 IAL2 
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Figure 3 Comparison of total  DNA  isolated from mitochondria of wild-type  strain 
A and long-lived  mutantAL2 of Podospora anserina. In addition to sheared  molecules 
of mtDNA  which  are  migrating  as a diffuse  band  at  about 1840 kbp in size,  a  distinct 
DNA band is  migrating at 8.5 kbp in mutantAL2  but  not in the  wild-type  strain.  DNA 
of bacteriophage  lambda, which was  digested with restriction  endonuclease HindIII, 
was  used as a DNA  standard  in a separate  lane of the 1% agarose gel. 



Extrachromosomal and Transposable Elements 187 

High-Molecular- Weight Mitochondria1 DNA (mtDNA) 
Usually, fungal mtDNA is a covalently closed circular (ccc) DNA. Only a few 
linear mtDNA species were demonstrated unequivocally [6,7]. Although the 
coding capacity of the mtDNA is rather conserved, a remarkable size polymor- 
phism is observed ranging from a minimal size of about 17 kbp in a strain of 
the yeast Schizosucchuromycespombe [8] to about 176 kbp in the basidiomycete 
Aguricus bispoms [9]. One of the reasons for this size polymorphism is the 
presence or absence of sequences which interrupt the coding sequences of 
mitochondria1 genes. These intron sequences may, as in the case of Podosporu 

\ \ o \  

(RNA Pol) 

COI 

Figure 4 mtDNA of Podospom umerinu wild-type strain s. The physical map based 
on a restriction enzyme analyses with BglII and EcoRI is shown in the inner two circles. 
On the outer circle, the genetic map is indicated as it became clear from hybridization 
studies and from a determination of the complete nucleotide sequence (551. Black bars 
correspond to coding sequences for proteins, the large (LrRNA) and the small (srRNA) 
ribosomal RNA, and the whole set of tRNAs (not indicated in detail). Intron sequences 
are indicated by gray bars. In addition to the standard protein encoding genes a reverse 
transcriptase (RT) is encoded by the first intron of the cytochrome c oxidase gene 
subunit I (COO, which gives rise to the formation of plDNA, a circular plasmid in 
senescent cultures. Remnants of a viral-type RNA polymerase gene (RNA Pol) were 
identified between the apocytochrome b gene (Cytb) and the ATPase subunit 6 gene 
(ATPuse6). 
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anserina (Fig. 4), represent a rather substantial fraction of the mtDNA. Some 
introns code for polypeptides (e.g., RNA maturases, reverse transcriptases) 
and thus represent coding sequences for products additional to the “well-de- 
fined” set of gene products which are typically encoded by mtDNAs. Finally, 
in species with mtDNAs of an intermediate or large size, some unassigned 
open reading frames (ORFs) of substantial length were identified. In some 
cases, good evidence exists that these sequences are derived from the integra- 
tion of mitochondrial plasmids and represent nonfunctional, rearranged genes 

In contrast to linear or circular plasmids, which are not found in mito- 
chondria of all fungi, the mtDNA isolated by the procedure introduced above 
is a standard component of these organelles. The structure of this molecule 
can be characterized by different approaches. Usually, a physical map is 
constructed first, followed by a localization of individual genes on this map. 
Subsequently, the sequence of this DNA species is determined in part or 
completely. 

Construction of a physical map-Restriction enzyme analysis. A phys- 
ical map of the mtDNA can be constructed by restriction enzyme analysis. In 
these experiments mtDNA is digested with different restriction enzymes, 
either in single or double digests, and the resulting restriction fragments are 
fractionated by gel electrophoresis. Using defined DNA standards, fragment 
sizes are determined. From these data restriction maps of the type shown in 
Figure 4 (inner circles) can be deduced. A restriction analysis leads not only 
to the detection of recognition sites for certain restriction endonucleases but 
also to the identification of the structure, linear vs. circular, of the correspond- 
ing molecule (see also Fig. 7, below). 

If a comparative analysis is performed, in which the mtDNA of different 
strains (e.g., P. anserina wild-type A and mutant AL2; Fig. 5 )  is analyzed, 
differences in the mtDNA can be directly identified on agarose gels. This type 
of approach can also be used to discriminate between different wild-type 
isolates (races) of the same species. It is known that the mtDNAs of rather 
closely related strains may clearly differ from each other. 

Construction of a genetical map-Southern blot analysis. The locali- 
zation of certain genes on a particular physical map is usually done by Southern 
blot hybridization using cloned mitochondrial genes of related species as 
specific probes. 

[lo]. 

Method 

1. Digest mtDNA with restriction enzymes (parallel digestions with 

2. Fractionate the resulting DNA fragments by electrophoresis. 
different enzymes are performed). 
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Figure Podosporu anserina, comparative  restriction enzyme  analyses  of  long-lived 
strain  AL2  and wild-type strain A.  Undigested,  total  mitochondrial  DNA or DNA 
digested  with  restriction  enzyme ChI was fractionated by gel electrophoresis.  In the 
undigested  DNA  fraction mutant42 linear  plasmidpAL2-l  (white  arrow)  can be 
detected in addition to a  diffuse  band  corresponding to sheared  mtDNA.  In  both 
digested  DNA  fractions further differences may be  clearly  seen. Two DNA  fragments 
in the DNA of  wild-typeA disappear,  whereas  a novel fragment  migrates at about 17.8 
kbp (white  dots).  Since the sum  of the two fragments in the wild-type mtDNA is larger 
than 17.8 kbp, it can be concluded that a  deletion of parts of the mtDNA  led to the 
differences  in the ChI digestion  patterns.  Finally,  a  hybridization  analyses  revealed 
that the three ClaI fragments in the mtDNAfraction of mutantAL2 which are indicated 
by white  arrows  arose  from the digestion of the autonomous  linear  plasmidpAL2-I. 
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3. After staining with ethidium bromide (be careful, this is a powerful 
mutagen), the fragment pattern is photographed under UV light. 

4. DNA fragments in the agarose gel are incubated for 5 min in denatu- 
ration buffer and subsequently neutralized for 5 min in neutralization buffer. 

5. The DNA is transferred from the gel to a solid medium (e.g., nylon 
membranes) using a commercial vacuum blotting device (e.g., VacuGene, 
Pharmacia). SSC buffer is used to transfer flie DNA. 

6. After removal of excess buffer, the DNA is fixed to the membrane by 
UV crosslinking using a commercial available UV crosslinker (e.g., Strata- 
linker, S t ra tagene). 

7. Hybridization of the DNA is performed in hybridization buffer con- 
taining a radiolabeled probe of a typical mitochondria1 gene of another species. 
Hybridization conditions can be modified, depending on the conservation of 
the DNA probe and the corresponding gene of the mtDNA under analyses. 

8. After removing excess amounts of the labeled probe and a brief drying 
of the filter, the moist filter is covered with Saran wrap followed by exposure 
to an x-ray film for a few hours to several days. 

9. Finally, on the autoradiograph restriction DNA fragments hybridiz- 
ing to a specific gene probe can be identified and located on the physical map 
(Fig. 4). 

Cloning of mtDNA fragments. After digestion of mtDNA with a suit- 
able restriction enzyme, the resulting DNA fragments can be ligated to avector 
molecule digested with the same restriction endonuclease. Using an E. coli 
plasmid vector (e.g., a plasmitl of the pUC series), a suitable host strain can 
be transformed with the resulting hyhrid plasmids. Subsequently, individual 
E. coli transformalits, which should each contain a different hybrid plasmid 
with a different mtDNA fragment, can be isolated. This procedure usually 
leads to the cloning of most mtDNA fragments. However, not all fragments 
may be cloned in this way. In fact, fragments of a larger size are usually not 
included in the different E. coli transformants. In this case, a different 
restriction enzyme may be used to digest the mtDNA. This procedure, which 
can be repeated with other enzymes, will most certainly lead to the cloning of 
overlapping mtDNA fragments which cover the complete mtDNA molecule. 
Alternatively, individual mtDNA fragments may be isolated from agarose gels, 
reisolated from the gel, and finally be ligated to a compatible vector. 

Sequence analysis of mtDNA. After cloning of overlapping DNA 
fragments the nucleotide sequence of these fragments can be determined 
following one or different strategies by which DNA sequences can be eluci- 
dated. A subsequent analysis of the sequence results in the identification of 
the coding potential of the corresponding genome fraction. In addition, the 
sequence data can be used to identify mtDNA polymorphisms in different 
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Figure 6 Localization of a deletion in long-lived mutant AL2 of P. anserina. The 
exact position of the deletion between positions 26069 and in the mtDNA of the 
wild-type 29693 [55] is derived from a sequence analyses of the cloned, rearranged 
DNA fragment from the mtDNA of mutantAL2. In the upper part a linearized physical 
map of the mtDNA of P. amerina is indicated (BglII restriction map). Above this map 
the localization of individual genes and open reading frames (ORFs) is shown. The 
hatched region in the COI gene corresponds to the first intron of this gene, which gives 
rise to the formation of a circular plasmid (plDNA). In the lower part, a detailed map 
of the mtDNA, which is rearranged in mutant AL.2, is shown for several restriction 
endonucleases. The sequence that is deleted in the mutant is indicated by the gray area. 

strains of the same species or of different species. Using this approach it was 
possible to identify exactly the deleted DNA region in long-lived mutantAL2 
of P. anserina (Fig. 6) .  

Low-Molecular- Weight Mitochondrial DNA (Mitochondria1 Plasmids) 

Soon after the discovery of the 2 y m  plasmid of the yeast Saccharonzyces cer- 
evisiae, a circular eukaryotic plasmid associated with the nucleus (see below), 
the first circular plasmid in mitochondria was identified in Podospora ansen'na 
[ll-131. This plasmid, which was termed plDNA (or a-SEN DNA), is one of 
a few plasmids that are associated with a particular phenotype-that is, 
senescence. In juvenile cultures of P. anserina it is the first intron of the 
mitochondria1 gene coding for cytochrome oxidase subunit I (COO (Fig. 4). 
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During senescence this intron becomes liberated and can be isolated as an 
autonomous, circular element [for reviews see 14-16]. 

Since the first description of this type of genetic elements, various 
mitochondria1 plasmids were identified in many species. Some of them are of 
circular, others of linear structure. Interestingly, a tcw linear plasmids are also 
causatively involved in the control of degenerative processes [ 17-19]. In these 
cases it appears that certain plasmids, whether circular or linear, lead to 
instabilities of that mtDNA which cannot be tolerated since they lead to 
enzyme deficiencies and as a consequence to senescence. 

Recent, systematic searches for plasmids revealed that this type of 
genetic element is a more general part of the fungal genome than was believed 
before [20-221. However, the general significance of fungal plasmids, except 
for a few strains of a few species, is far from being understood. 

Experiments 
Structure and physical map-Restriction enzyme analysis. The DNA 

migrating at a certain position in a gel can be recovered using different 
methods. Among these, the binding of electrophoreticaily fractionated DNA 
molecules to different matrices and a subsequent recovery from melted gel 
pieces are currently the most frequently used procedure. The bound DNA is 
finally released from the corresponding matrix by incubation in low-salt 
buffers. This DNA can be used for further analyses-e.g., restriction analyscs 
or ligation. 

Method 
1. 0.5 Fg of DNA recovered from an agarose gel is incubated for 1-2 h 

in the appropriate buffer together with 1 unit of a particular restriction 
endonuclease. Parallel digests are performed using different endonucleases. 
Since restriction enzymes are needed for this analysis that cut the DNA only 
at one or a few positions, enzymes that recognize six base pairs (six cutters), 
e.g., EcoRI, BurnHI, HindIII, are tested first. 

2. After digestion, the incubation mixtures are loaded on individual 
lanes of an agarose gel, electrophoresed, stained, and visualized under UV 
light (see above). 

3. From the restriction patterns the endonucleases are selected that give 
rise to only two DNA bands. 

4. In a next set of experiments, DNA is incubated simultaneously with 
two of the selected enzymes. 

5. After electrophoresis the restriction pattern is analyzed. 
Results. As indicated in Figure 7, these simple experiments can dis- 

criminate between circular and linear DNA species. If the analyzed DNA is 
of linear structure, restriction enzymes which, in a single digest, give rise to 
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Figure 7 Discrimination of linear and circular DNA species by restriction analyses. 
An aliquot of the DNA under question is digested with two restriction enzymes which 
in initial experiments gave rise to a single DNA fragment. After gel electrophoresis of 
the double-digested DNA, three DNA fragments can be located if the uncut DNA 
species has a linear structure (a). Only two DNA fragments arise from a circular DNA 
species (b). 

two fragments, will lead to three DNA fragments when a double digestion is 
performed. Ideally, two fragments will be the result of the double digestion of 
a circular molecule. It is important to verify the results of an experiment with 
a certain combination of enzymes with at least another combination, since the 
experiments may not always lead to clear results. This may be due to co- 
migrating bands or, more importantly, to small fragments that may run out of 
the gel. 

Analyses of the ends of linear elements-Exonuclease digestion. The 
structure of a DNA can be verified by digestion of the isolated element with 
enzymes that degrade linear molecules from their 5' and 3' termini, 
respectively. In addition, protected DNA ends can be identified by this 
method. 



Method 
1. Four  individual  digests of total  DNA  isolated  from  mitochondria are 

performed  with  different  amounts  of 1.) a  5”specific  exonuclease  (lambda 
exonuclease),  and 2.) a 3’-specific  exonuclease  (exonuclease 111), respectively. 
To each  digest  a  linear  DNA of a known  size  (e.g., a  commercially  available 
plasmid) is added  as an internal  control. 

2. After  an  appropriate  incubation, the different  reaction  mixtures are 
fractionated by conventional  agarose  gel  electrophoresis. 

After  stainingwith  ethidium  bromide, the corresponding  gel  is  analyzed. 
Results. If the analyzed  DNA  molecule is of linear structure and  not 

protected at its 5’ and 3’ ends,  it will be completely  digested by both of 
exonucleases. In the example  shown  in  Figure 8 this  is the case  for the internal 
control, that is,  linearized  plasmid  pBR322,  and the sheared  mtDNA. In 
contrast, the DNA  species  migrating  at 8.5 kbp (pAL.2-I) is  only  digested  by 
exonuclease 111 but  not by lambda  exonuclease.  This  DNA  shares the typical 
characteristics of a  number known linear  plasmids  and  of certain  viruses 

L 

- pAL2-1 

- pBR322 

8 Exonuclease  digestion of total  mitochondrial DNA from P. unserina 
mutantAL.2  with  a  5’-specific  exonuclease  (lambda  exonuclease)  and  a  3”specific  exo- 
nuclease  (exonuclease 111). As an  internal  control  linearized pBR322 DNA was  added 
to the  reaction  mixture. 
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lkbp - 
Figure 9 Structure of linear plasmid pAL2-I of P. amerina mutant AL2. This is an 
example indicating some characteristics of a linear plasmid which encodes for both an 
RNA polymerase (RNA Pol) and a DNA polymerase (DNA Pol). Terminal inverted 
repeats (TIR) are indicated by arrows on the ends of the plasmid. Black circles indicate 
5’-bound proteins. 

that contain proteins bound to their 5’ ends. These proteins are important for 
the replication of these types of genetic elements and are responsible for the 
protection against 5’-specific exonucleases. 

Sequence analysis of linear plasmids. The last step in the structural 
characterization of a linear plasmid is the determination of its nucleotide 
sequence. This can be performed after cloning overlapping plasmid fragments 
in the same way as explained for the mtDNA. However, the cloning of the 
terminal fragments of a linear plasmid with the protected 5’ end is usually not 
easy. Although the 5’-bound protein can be digested with proteinase K, at least 
one or a few amino acids appear to remain linked to the ends. In a few cases 
it was possible to clone the terminal fragment of a linear plasmid after digestion 
of this fragment with calf intestinal phosphatase [e.g., 231. 

After sequencing the linear plasmid, the nucleotide sequence is analyzed 
using different packages of computer software. This type of analysis leads to 
a fine structure of the genetic element under question and to the identification 
of regions with a potential function. Generally, linear plasmids are character- 
ized by long terminal inverted repeated, open reading frames able to code for 
proteins with homology to viral type RNA and/or DNA polymerases (Fig. 9). 
In cases where a linear plasmid codes for only one type of polymerase, usually 
a second plasmid is present in the mitochondrium which codes for the second 
polymerase. However, although the sequence data suggest a coding function, 
this function needs a molecular confirmation (e.g., by transcript analyses). 

Coding hnctions of linear plasmids-Transcript analyses. Specific 
transcripts can either be identified by conventional Northern blot analyses in 
which total RNA is fractionated by gelelectrophoresis and RNA blots are 
hybridized against specific DNA probes. The sensitivity of this method is 
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limited. In cases like the linear plasmidpAL2-I of P. anserina, the amounts of 
transcripts may be to low and therefore not detectable by Northern blot 
analysis. In these cases, the highly sensitive reverse polymerase chain reaction 
(RT-PCR) may be utilized. 

Method 

Isolation of total RNA from P. anserina: 
1. 4-6 g mycelium is frozen in liquid nitrogen and ground in a motor. 
2. After transfer of the ground mycelium to a sterile beaker 40 mL of 

GTC/P-ME solution is added. This solution was preincubated to 60°C. 
3. After incubation for 10 min at 60°C the mixture is homogenized in 

a Waring Bleiidor. 
4. Cellular debris is separated by centrifugation of the homogenate in 

an SS35 rotor (Sorvall) at 10,000 rpm for 10 min. 
5.  The supernatant is centrifuged through a 5.7 M CsCl cushion (5.7 

M CsCI, 0.1 M EDTA, pH 7.4) using a TST41.14 (Kontron) rotor. Centrifu- 
gation is performed for 18 h at 34,000 rpm at 20°C. 

6. After careful removal of the supernatant, the RNA pellet is washed 
three times with 200 pL 70% ethanol. 

7. The pellet is redissolved in 400 p L  DEPC-treated water. 
8. The RNA is precipitated with ethanol by adding 1/10 volumes of 3 

9. After 30 min of incubation at -70°C the RNA is recovered by 
M sodium acetate, pH 5.0, and 3 volumes ethanol. 

centrifugation for 15 min in a microcentrifuge. 
10. The RNA pellet is dried and redissolved in DEPC-treated water. 
Reverse polymerase chain reaction: 
1. 20 pg of RNA is incubated for 1 h at 37°C with 100 units of 

RNase-free DNase I in 0.1 M sodium acetate, 5 mM MgS04, pH 5.0. 
2. Extraction of the mixture with 1 volume phenol is followed by a 

phenol/chloroform and 1 chloroform extraction. 
3. Precipitate RNA with ethanol. 
4. Redissolve the RNA pellet in DEPC-treated water. 
5. Anneal a suitable primer combination to 2 pg RNA for 10 min. 
6. Perform first-strand cDNA synthesis using 200 units of MMLV 

reverse transcriptase for 60 min at 37°C in 50 mM Tris-CI, pH 8.3,75 mM KCI, 
3 mM MgCI2, 10 mM DTT, 0.5 mM dNTP. 

7, Amplify cDNA using a specific primer combination and Taq DNA 
polymerase. The reaction is carried out in a thermocycler under the following 
conditions: 35 cycles (1 min, 1-3 min, 72°C; 45 sec, 93°C). 

8. Analysis of amplification products on a conventional agarose gel. 
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Results. Amplification products obtained by this method indicate that 
regions of the genetic element (e.g., open reading frames) are transcribed at 
a low level. However, since this method is highly sensitive and, due to 
contaminations, may easily produce artifacts, it is important to work extremely 
carefully and to use appropriate controls. 

B. Plasmids in the NucleadCytoplasmic Compartment 

In this section only two plasmid systems will be introduced: one plasmid 
because it was the first eukaryotic plasmid to be discovered, and the other 
system because it is one of the few systems clearly associated with a phenotype. 
Note the remarks in the introduction which deal with the localization of 
plasmids, either in the nucleus or in the cytoplasm. For further reference on 
plasmids, their occurrence, their characteristics and their functions the inter- 
ested reader is referred to [24,25]. 

The 2 pm Plasmid of Saccharomyces cerevisiae 
The first eukaryotic plasmid was identified in the yeast Succhururnyces cere- 
visiue by electron microscopy [26]. This plasmid has a circular structure. Due 
to its contour length it was termed 2 pm plasmid. The 2 pm plasmid is found 
in most laboratory strains and in about 80% of all wild isolates of S. cerevisiae. 
In most strains the copy number is about 60 molecules per cell [27]. Although 
the plasmid shows a non-Mendelian segregation pattern, it is located in the 
nucleus [28]. More interestingly, the 2 pm plasmid is packaged into nu- 
cleosomes, thus, like eukaryotic chromosomes, showing a chromatin like 
structure. The replication of the 2pm DNA is similar to the replication of the 
chromosomal DNA. It takes place during the S phase of a cell cycle. Replica- 
tion starts at one specific origin of replication. 

Although the plasmid and different yeast strains were thoroughly ana- 
lyzed, no particular phenotype could be attributed to the 2 pm DNA. The 
different coding regions identified in the sequence of the plasmid appear to 
be involved in the control of the copy number and in the maintenance of the 
plasmid [29,30]. However, the identification of the 2pm plasmid in S. cerevisiue 
was a very important step forward to establish a molecular engineering tech- 
nology in general and, in particular, for this eukaryotic microorganism. Today 
S. cerevisiue is the best-analyzed eukaryote. 

Killer Plasmids in Kluyveromyces lads 
In Kfuyveromyces fuctis plasmids were identified that are linear elements [31]. 
Like those linear plasmids that have been introduced as part of the mitochon- 
drial genome of many fungi, the X hctis plasmids contain different reading 
frames, two of which code for a RNA polymerase and a DNA polymerase. 
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They contain long inverted terminal repeats and proteins bound to their 5’ 
ends. Again, this basic structure resembles the structure of certain DNA 
viruses (e.g., adenovirus). . 

In contrast to the 2 pm plasmid of S. cerevisiae, the K lactis plasmids, 
termed pGKLl and pGKL2, are located in the cytoplasm and not in the 
nucleus [32]. The two plasmids are associated with a clear phenotype. Plasmid- 
conlaining strains are able to kill a number of different yeast strains. This 
phenotype, and the resistance of the corresponding killer strains to their own 
toxin, is encoded by the smaller plasmids, pGIU1. The toxin is a polypeptide 
consisting of three subunits. It becomes secreted from the producer cell and 
has a cytostatic effect on sensitive cells that become arrested in the G1 phase 
of the cell cycle [33]. The larger plasmid, pGKL2, may be viewed as a helper 
plasmid.Without the presence of this plasmid, pGKLl is not stabily main- 
tained in a cell. 

C. Viruslike Elements 

In the preceding part of this chapter the structural similarity of linear plasmids 
with the genome of certain DNAviruses has been stressed. Moreover, in fungi 
a large number of viruses were reported [for a review, see 341. Generally these 
elements were identified as protein particles, termed viruslike particles (VLPs). 
They mainly contain a double-stranded RNA as a genetic material. Although 
in most cases the infectiousness of these elements is not proven, most VIPs are 
generally viewed as mycoviruses. However, many of these elements may in fact 
represent defective viruses, and therefore may be term :I viruslike elements. 
Moreover, in addition to VLPs dsRNA molecules which were never found to 
be encapsidated by proteins were identified in certain fungi. These elements 
may represent a further step of reduction. Interestingly, some of the encapsi- 
dated as well as the naked dsRNA species appear to be correlated with a par- 
ticular phenotype. As one example a killer phenotype was demonstrated to be 
encoded by dsRNAs in several yeasts and in the basidiomycete Ustifago may& 
[for reference see 351. Cells containing the dsRNA virus synthesize a secreted 
protein that can kill other cells of the same or different species that lack the cor- 
responding genetic element. The toxin-producing cells themselves are immune 
to the toxin [for review see 34,36,37]. Remarkably, inMuyveromyces luctis a kil- 
ler activity was demonstrated to be encoded by linear plasmids (see above). 

Another interesting phenotype associated with the presence of a my- 
covirus is hypovirulence in Cryphonectria parasitica. This ascomycete is the 
causative agent of chestnut blight, a severe disease that nearly eliminated 
American chestnut trees. From a chestnut tree that was recovering from this 
disease a Cryphonectria strain with a reduced virulence was isolated. Interest- 
ingly, this strain contains a mycovirus with dsRNA which appears to be 
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responsible for a hypovirulent phenotype. Moreover, it was shown that hy- 
povirulent strains are able to convert resident virulent strains to hypovirulence 
and result in healing of a Cryphonectria-induced plant cancers. Consequently, 
it was suggested to use the corresponding virus in the biological control of the 
disease [for a recent review see 381. 

In the following section only selected techniques are introduced which 
are used to demonstrate the presence of VLPs in a particular strain and to 
determine the chemical structure of the nucleic acid in these strains. Tech- 
niques for extraction of total nucleic acids-DNA and RNA-are not men- 
tioned in detail, since examples of the many different procedures have been 
introduced in the preceding part of this chapter. 

Experiments 
After total nucleic acid is isolated from a particular strain, this DNA may be 
subjected to agarose or polyacrylamide electrophoresis. In cases in which 
distinctive bands can be localized in a gel, the chemical nature of the nucleic 
acid, that is RNA or DNA, can be identified by incubation of aliquots with 
different RNases or DNase I. If the nucleic acid that gives rise to a distinctive 
band is an RNA, the corresponding band will no longer appear in a gel after 
digestion with RNase. In this case, in which good evidence about the RNA 
structure of a given extrachromosomal nucleic acids was obtained, the follow- 
ing procedure may result in the purification of viruslike particles. 

Isolation of viruslike particles (procedure according to [39]) 
1. Disruption of cells (about 10 g wet weight) in 50 mL of phosphate 

buffer (100 mM sodium phosphate pH 7.5,lO mM MgC12) by vortexting with 
class beads. 

2. Removal of cellular debris by centrifugation at 10,000 g for 10 min 
at 4°C. 

3. Recover the supernatant in 9% polyethylene glycol 8000, 2.5% 
NaCl, and incubate over night at after gentle agitation. 

4. Centrifugation for 15 min at 10,000 g. 
5.  Recovery of the pellet in phosphate buffer. 
6. Centrifugation for 3 h at 10,000 g. 
7. Recovery of the pellet in a minimal amount of phosphate buffer. 
8. The redissolved material is layered onto a 10-50% linear sucrose 

gradient and centrifuged at 30,000 rpm for 90 min in a swinging bucket rotor 
(RPS 40, Hitachi). 

9. Collection of different pools from the gradient after measuring the 
UV absorbance at 260 nm. 

10. Pools of gradient fractions with UV absorbance peaks are dialyzed 
against phosphate buffer. 
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11. Viruslike particles are pelleted by centrifugation at 35,000 rpm for 

Electron microscopy (procedure according to [39]) 
4 h in a representative 40 rotor (Hitachi). 

1. Staining of a suspension of presumptive VLPs with 2% potassium 
phosphotungstate, pH 7.0, on Formvar and carbon-coated 200-mesh copper 
grids. 

2. Microscopic observation of the sample in an electron microscope. 
Results. Following the outlined strategy, VLPs and dsRNA molecules 

may be identified in different fungi. Since not all elements are known to be 
related to a particular phenotype, VLPs containing dsRNAs or naked dsRNA 
species may be more uniquely found in fungi than can be expected now. 

4. GENETIC ELEMENTS IN THE NUCLEAR GENOME 

A. Transposable Elements 

Genetic elements which, due to their mobility, cause unstable mutations have 
been known for a long time and have been studied in detail mainly in bacteria, 
plants, nematodes, and in Drosophila. In fungi, a number of transposable 
elements were identified in Saccharonzyces cerevisiae (5: transposon yeast), 
and these are the elements that were studied most thoroughly in this group of 
eukalyotic microorganisms (Table 2). Interestingly, the Ty elemel, are mem- 
bers of the so-called retrotransposons, a group of mobile elements that 
transpose via an RNA intermediate. Ty elements were identified in different 

Table 2 Selection of fungal transposable elements 

Species Element References 

Myxomyce tes: 
Dictyostelium dircoideum DIRS-I [4*1 

Tdd-3 WI 
Physarum pofycephalum TP2 P I  

Saccharomyces cerevisiae TY 1451 

Fusarium oxysporum Fotl [471 

Neurospora crassa Tad [49,501 
Podospora anserina repa [511 

Yeasts: 

Filamentous fungi: 
Cladosponum fulvum cfl-1 1461 

Foretl [481 
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yeast strains and are present in 35-50 copies. The length of these elements is 
about 5.9 kbp and consists of a unique region flanked by direct repeats of about 
340 bp. At their integration site Ty elements are flanked by short, 5-bp direct 
repeats, 5 elements lead to the synthesis of two abundant Ty-specific poly- 
adenylated RNAs. From these RNAs different proteins are translated. These 
proteins are assembled to viruslike particles (VLPs) that contain a single- 
stranded RNA (ssRNA) and a reverse transcriptase. Most likely these VLPs 
represent units that are transposition intermediates. According to these char- 
acteristics, the 2) retrotransposons of yeast resemble a group of animal viruses, 
the retroviruses, which also propagate via an ssRNA intermediate [for review 
see 40,411. 

In yeast and other systems it was demonstrated that transposable ele- 
ments are involved in genome reorganization and, in many cases, in gene 
expression. Rather recently the analysis of transposable elements gained 
further interest since additional elements were identified in different fungal 
species. Some of these species are of high significance since they are known to 
cause specific diseases in animals and plants. It may well be that transposable 
elements are determinants of strain specificity of the various fungal strains 
with a pathogenic potential. In addition, other phenotypes, such as unstable 
spore color mutations in Ascobofus imrnersus or degenerative processes like 
senescence, are considered to be, at least in part, the consequence of the 
presence andor the activity of transposable sequences. 

Even the presence of inactive sequences, sequences that no longer move 
from one position to another, may lead to genomic instabilities due to their 
presence in multiple copies. These characteristics of transposons led to the 
development of different strategies which, in a few cases, were successfully 
used to identifjl this type of genetic elements. In the following section, two 
approaches are introduced that appear to be applicable to a wide variety of 
different fungi. These approaches are based on 1.) the ability of transposons 
to inactivate specific genes due to their integration (transposon trapping), and 
2.) the presence of multiple copies of active and inactive transposon sequences 
in the genome of fungi. Since many fungi are characterized by rather low 
amounts of repetitive DNA and, in addition, most of the repetitive DNA is 
represented by the rDNA fraction, the isolation of non-rDNA repetitive DNA 
will most likely result in the identification of transposon-associated sequences. 

Ewperiments 

Transposon trapping. This approach relies on the inactivation of a 
selectable marker gene by the integration of an active transposon into the gene 
sequence. The selectable marker gene can be either a cloned endogenous gene 
or a cloned heterologous gene introduced into the fungal genome. Both 
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approaches were successfully used to isolate fungal transposons [e.g., 47,491. 
Since in many cases no suitable, cloned genes are available for a given fungus, 
the second approach is outlined below. 

Method 

1. Introduce a specific marker gene into the fungal strain of interest 
(e.g., the niuD gene coding for nitrate reductase, mutation of which leads to 
chlorate resistance; the hygromycin phosphotransferase gene (hph), which 
leads to hygromycin B resistance). This can be achieved via integrative 
transformation of protoplasts of specific strains. Using the niuD gene, it is 
important to first select a stable niaD mutant in which the endogenous gene 
is inactivated. A procedure for this has been described [52]. Choosing the hph 
gene it is important to use a transforming plasmid which contains a fungal 
promoter sequence which allows for expression of this prokaryotic gene in the 
used fungus. In addition, it is a prerequisite that the strain under analysis is 
naturally sensitive to hygromycin B. 

2. Selection of mutants of strains (e.g., strains sensitive to chlorate 
resistance). 

3. Isolation of DNA from individual mutants. 
4. Southern blot analysis using the cloned selection gene (e.g., niaD) as 

a probe. 
5.  Selection of mutants that contain an insertion sequence in the select- 

able marker gene. 
6. Cloning of the corresponding insertion sequence and sequence analysis. 

Identification of trsnsposons in repetitive sequences. Sequences that 
may be remnants of transposons have been identified in a few filamentous 
fungi [48,51,53]. This was either by accident or by following a specific strategy, 

1. After digestion of total fungal DNA and fractionation of the resulting 
fragments by agarose gel electrophoresis, DNA fragments are identified that 
correspond to the rDNA repetitive DNA fraction. In many fungi this is the 
predominant repetitive DNA. The identification of the rDNA-containing 
fragments is performed by Southern blot hybridization using the cloned hom- 
ologous or heterologous rDNA as a probe. 

2. DNA fragments which, in contrast to single fragments giving rise to 
a background smear, occur as distinctive bands in an ethidium bromide- 
stained gel, are recovered from the gel and cloned in a suitable vector. These 
fragments should contain repetitive DNA sequences which, due to their 
abundance, give rise to distinctive bands. 

3. The cloned DNA fragments are recovered and used toverify whether 
they correspond to repetitive sequences in the genome of the analyzed fungus. 
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4. Finally, DNA fragments that give rise to hybridization of multiple 
fragments are sequenced and the sequence is compared to known transposable 
element. 

Using these strategies it is possible to isolate sequences that 
are active as transposons or are derived from this type of elements. These 
sequences may now be used to analyze the number of elements present in the 
strain of interest or in other closely related strains. In addition, it may be 
investigated whether the corresponding element is still active (e.g., by the 
selection and analysis of revertants) and whether it is transposing at particular 
stages during development. At this point it should be stressed that the first 
procedure-that is, transposon trapping-is a procedure that results in the 
isolation of active transposons. The second procedure may result in the 
identification of active and inactive transposons or even in the identification 
of other types of repetitive sequences. Among the group of inactive trans- 
posons it may be possible that, as in other systems (e.g., plants), elements may 
be identified that are only transposing if a transacting factor (transposase) is 
provided by a second active element. On the other hand, inactive transposable 
sequences may be remnants of formerly active elements. 

Results. 

5. EXTENSIONS 

1. The identification of low-molecular-weight DNA species may result 
from the analysis of total DNA, DNA that contain the nuclear-cytoplasmic 
DNA fraction as well as DNA from mitochondria. The analysis of this DNA 
may lead to the identification of plasmids associated with the nucleus or the 
cytoplasm. 

2. Sometimes distinctive extrachromosomal genetic traits may be iden- 
tified as additional DNA bands in CsCl density gradients which contain eth- 
idium bromide to visualize DNA bands under UV light. In this way the first 
circular mitochondria1 plasmid was identified in DNA preparations from 
senescent cultures of the ascomycte Podospora anserina [ll]. 

3. The structure of a genetic element may be analyzed by electron 
microscopy. In cases in which the element is small enough and does not become 
broken artificially during the DNA preparation procedure, this may indeed be 
a very sensitive and efficient method [ll]. 

4. Genetic traits that are inherited according to Mendelian rules and 
lead to the “killing” of ascospores under certain genetically defined conditions 
were described for certain Neuropra and Podosporu strains. This “spore killer” 
phenotype resembles the “killer” phenotype specified by certain linear plas- 
mids or dsRNAs in different yeasts and basidiomycetes. However, spore killing 
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appears not to be encoded by extrachromosomal genetic traits but clearly by 
different, genetically localized chromosomal genes [for a reference see 541. 

APPENDIX 

In this appendix media and buffers needed for the procedures introduced in 
the preceding parts of this chapter are listed. Only material not directly 
mentioned in the corresponding procedure is indicated. 

Media 

BMM. 1.5 g malt extract and 20 g agar in 1 L cornmeal extract. Corn- 
meal extract is obtained from 250 g cornmeal incubated in 10 L water at 60°C 
overnight. After this time the supernatant is filtered through several layers of 
cheesecloth, and the cornmeal is discarded. 

CM medium. 0.15% MzP04,0.05% KCI, 0.05% MgS04,1% D- glu- 
cose, 0.37% NHEI, 0.2% Pepton, 0.2% yeast extract, 1 m& ZnS04,l mg/L 
FeCb 

Buffers 
Denaturation bufler: 1.5 M NaCI, 0.5 M NaOH 
Hybridization buffer: 50% Formamide (stringent hybridization), 5 X 

SSPE, 0.5% sodium dodecyl sulfate (SDS), 0.1 mg/mL salmon sperm DNA. 
(The stringency of hybridization may be reduced by adding 30-50% of for- 
mamide). 

Mitochondria buffer: 0.05 M Tris/Cl, 0.01 M EDTA, 0.5 M sucrose, pH 8.3 
Mitochondria rysis buffer: 1 % SDS, 0.05 M EDTA, 0.02 M sodium ace- 

Neutralization buffer: 2 M NaCI, 1 M Tris/Cl, pH 5.5 
2OX SSC 

20X SSPE 

TE: 
TES: 30 mM Tris/CI, 5 mM EDTA, 50 mM NaCI, pH 8.0 
TESISDS: 30 rnM Tris/CI, 5 mM EDTA, 50 mM NaCI, 4% SDS, pH 8.0 
TESICsCl: Add 1.1 g CsCl per mL TES and adjust refraction index to 

tate, pH 5.0; autoclaved 

1 L contains 175.3 g NaCl, 88.2 g sodium citrate, pH 7.0 

1 L contains 174 g NaCl, 27.6 g NaH2P04 X H20, 7.4 g 
(adjusted with 10 N NaOH) 

EDTA, pH adjusted to 7.4 with 10 N NaCl 
10 mM Tris/CI, 1 mM EDTA, pH 8.0 

1.3985 
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TAE buffer (20~) :  400 mM sodium acetate, 800 mM Tns/Cl, 40 mM 

GTC/PME buffer: 5.5 M Guanidium isothiocyanate, 0.5% sarcosyl, 25 

RNA CsCI: 5.7 M CsCl, 0.1 M EDTA, pH 7.4 

EDTA, pH 8.3 adjusted with acetic acid 

mM sodium citrate, 0.1 M P-mercaptoethanol, pH 7.0 
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Genetic Transformation and Vector 
Developments in Filamentous Fungi 
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1. INTRODUCTION 

Recombinant DNA technology, which has provided techniques for the routine 
isolation and analysis of genes from almost any organism, was originally suc- 
cessfully employed during the 1970s in prokaryotes, most notably Escherichiu 
coli, and then in eukaryotes with the baker's yeast Succhuromyces cerevisiue. 
Genetic engineering procedures for the filamentous fungi followed thereafter 
in the 1980s and were originally developed in the genetically intensively studied 
ascomycetous fungi, first in Neurosporu crussu and then a little later in Asper- 
gillus niduluns, before being extended to less-tractable fungal species including 
plant and animal pathogens as well as industrial fungi that produce a variety 
of molecules of interest to man. 

Essential for the advancement of molecular genetic research in filamen- 
tous fungi was the development of gene transfer (genetic transformation) sys- 
tems for the introduction of exogenous DNA into fungal cells, usually achieved 
by means of avector system which contains a selectable marker and permits the 
selection of cells that have been successfully transformed. Since this research 
first began in the 1980s, genetic transformation systems have been developed 
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for a number of fungi, as have numerous transformatiordcloning vectors con- 
taining avariety of selection markers. As a number of detailed reviews have been 
published on fungal transformation and fungal recombinant DNA procedures 
[for a selection see 1-91, this review will attempt to avoid reiterating much of 
the subject matter covered elsewhere and will instead attempt to emphasize re- 
cent transformation and vector developments in the filamentous fungi. 

Some key concepts in genetic transformation and vector developments 
in filamentous fungi are as follows: 

1. A number of methods have been used for the transformation of fil- 
amentous fungi, with varying degrees of success. 

2. Many transformation selection systems are now available, and the 
strategy selected is largely strain dependent. 

3. The successful development of efficient transformation systems for 
fungi has led to the development of attractive alternatives to the standard 
methods for the cloning of fungal genes. 

4. In filamentous fungi, the transforming DNA most commonly be- 
comes integrated into the host genome by recombination; however, autono- 
mously replicating vectors have also been developed. 

5. An Aspeq$llis niduluns sequence (AMAl), responsible for autono- 
mous replication, has been isolated and used not only to successfully increase 
transformation frequencies in several filamentous fungi but also to synthesize 
“instant gene banks” when cotransformed with genomic DNA into an organ- 
ism. 

6. Fungal telomeric sequences have been isolated and used to create 
linear autonomously replicating vectors for fungal transformation. 

7. Gene replacement and gene disruption events, obtained by homolo- 
gous transformation, can be used to introduce desired or null mutations, 
respectively, into the recipient fungal cell. 

8. A number of specialized vectors have been developed for the analy- 
sis of fungal genes and their products, including those designed for gene 
promoter analysis, fungal protein expression, and secretion 01 heterologous 
proteins from fungal cells. 

9. Fungal transposons, which have only relatively recently been shown 
to exist, may be useful for the genetic manipulation of fungal species. 

10. Once obtained, fungal transformants can be genetically charac- 
terized in a number of ways. 

11. With both the increase in availability of transformation and selection 
systems for the genetically well characterized fungi and the use of molecular 
genetic techniques to study genetically unexplored fungi, numerous fungal 
genes will be isolated and characterized, thereby providing detailed informa- 
tion on the organization of a fungal genome at the molecular level. 
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2. TRANSFORMATION PROCEDURES 

Genetic transformation of filamentous fungi, as with any organism, requires 
that the cells be made competent to take up the incoming (vector) DNA by 
rendering the normally impervious fungal cell wall permeable to the DNA. 
“Competent” cells are then treated with the transforming DNA, and selective 
pressure is subsequently applied to detect only those cells (transformants) that 
have successfully incorporated and expressed this DNA and are thus capable 
of growth under selective conditions. 

By far the most common method for transformation of fungi involves the 
preparation of protoplasts in the presence of an osmotic stabilizer-e.g., high 
salt or high sugar concentration, to prevent cell lysis-followed by their 
regeneration to give transformed colonies. Protoplasts are obtained by digest- 
ing the cell walls of young mycelia, spores, or germlings with lytic enzymes such 
as the complex mixture of enzymes from snail gut [lo] or the most commonly 
used, Novozym 234, which is a commercial preparation of enzymes from Trich- 
oderma viride containing principally glucanases and chitinases. In order to 
produce sufficient quantities of regenerable protoplasts, some species require 
mixtures of several enzymes from several sources. Protoplasts in osrnoticum 
are exposed to DNA in the presence of calcium ions (CaCI,) and polyethylene 
glycol (PEG), which promote DNA uptake, the mechanism of which is unclear 
but is thought perhaps to be because PEG causes membrane fusions trapping 
the CaCl, precipitated DNA in the process. The protoplasts are then regen- 
erated on osmotically buffered selection medium, which allows the growth only 
of transformed cells. Comprehensive descriptions of CaClJPEG transforma- 
tion procedures, which are normally modified and optimized by individual 
laboratories, can be found in earlier primary publications and review articles 

A more recent development was the method of transforming fungal 
protoplasts by electroporation, which involves use of a high-voltage electric 
pulse to allow reversible permeabilization of the cell membrane and uptake of 
DNA. Electroporation has been successfully employed for the transformation 
of Fusarium solani and A. nidulans [ 161, Gliocladium [ 171, Aspergillus awamori 
and Aspergillus niger [18], Trichoderma hanianum [19], and Neurospora crassa 
and Penicillium urticae [20]. 

The preparation of protoplasts for transformation is laborious. To re- 
duce this tedium, if needed regularly, protoplasts of certain fungi can be 
aliquoted, frozen; and used successfully at a later date [8,21]. However, to 
circumvent this step completely, researchers have attempted to identify alter- 
native transformation methods using intact fungal cells. One such procedure 
involves exposing intact fungal spores to transforming DNA in the presence 
of lithium acetate to induce DNA uptake, and has been used successfully in 

[2,3,5, 8,ll-151. 
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N. crassa [22], Coprinus cinereus [23,24] and Ustilago violaceae [25,26]. Another 
transformation method involving intact fungal cells is particle bombardment 
(biolistics; biological ballistics), whereby tungsten particles (microprojectiles) 
coated with DNA are accelerated at high velocity directly into fungal spores 
or hyphae. Developed primarily as a means to transform plant cells in situ [27], 
biolistics has also been successfully applied to a number of filamentous fungi 
such as N. crassa [28], Magnoportha griseia [29], Phytophthora capsici, P. cirri- 
cola, P. cinnamomi and P. citrophthora [30], and Trichodema hanianum and 
Gliocladium virens 1311. Biolistics has advantages over covventional transfor- 
mation procedures in that it is technically simple, it can be used to transform 
any .fungal species whether it be amenable or less tractable to existing trans- 
formation procedures, and it can be reliably used to transform fungal mito- 
chondria [reviewed in 291. Additionally, biolistic transformation in the fungi 
Trichodema hanianum and Gliocladium viretrs was shown to result in in- 
creased transformation frequency and genetic stability of transformants when 
compared with protoplast-mediated transformation of these organisms 1-7 I ] ,  
illustrating the potential value of this technique for use in future transforma- 
tion experiments. However, in addition to safety implications, a major draw- 
back with biolistics is the requirement for expensive equipment not readily 
available in many laboratories, and the necessity in some countries, for exam- 
ple the U.K., to obtain special (firearms) licenses to use such equipment. 
Therefore, as yet, this technique has not been in widespread use. 

Similarly, although the lithium acetate and electroporation procedures 
may provide alternative means for transforming fungi that cannot readily be 
transformed by more conventional techniques, the fact that the transformation 
frequencies reported for these methods show no significant improvements 
over those of the general CaCIJPEG technique, in addition to the fact that 
electroporation requires the use of expensive equipment, has meant that these 
methods have not been widely used. 

3. TRANSFORMATION SELECTION MARKERS 

Many selection systems are now available for fungi (reviewed in [ 1,341). Those 
selectable markers in routine use fall into two broad classes: nutritional 
selective markers and dominant selective markers. 

The most common method of selection of transformants involves nutri- 
tional selection markers whereby a cloned wild-type gene is used to comple- 
ment an auxotrophic mutation in the recipient strain [for a recent review see 
81. Both homologous and heterologous markers have been used for this 
purpose. However, one drawback of nutritional markers is the requirement 
for the presence of the corresponding mutation in the recipient strain for 
transformation to be successful. This requires the isolation of auxotrophic 
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mutant strains, which is time-consuming and laborious and may be difficult or 
undesirable, particularly in industrial strains, because undefined mutations affect- 
ing, for instance, metabolites of industrial interest, may be introduced along 
with the desired mutation. Nevertheless, thepyr-4 and niaD systems, for exam- 
ple, have proved to be very useful, as these markers are functional in several 
species and the respective uridine auxotrophic mutants and nitrate nonutiliz- 
ing mutants required can be isolated directly by positive selection on the basis 
of resistance to 5-fluoroorotic acid [ll] or chlorate [32,33], respectively. 

It is possible to both select and counterselect for the mutant (resistant) 
and wild-type (sensitive) phenotypes of these markers, which makes them 
particularly useful for genetic manipulation purposes. Other such two-way or 
bidirectional selection systems include those that utilize the markersacwl[34] 
and sC [35]. The acwl gene encodes acetyl CoA synthase, and the required 
mutants, selected by their resistance to fluoroacetate, exhibit poor growth on 
acetate as the sole carbon source. This system has been used for several fungal 
species, including Ustilago muydk [34]. The sC gene encodes ATP sulfurylase, 
and the required mutants, selected on the basis of resistance to selenate, are 
unable to utilize inorganic sulfur as the sole sulfur source [35]. 

Dominant selectable markers provide an alternative means of selection 
as they can be used to transform both wild-type and mutant strains, the only 
requirement being that the recipient organism is sensitive to the selective 
pressure applied. These dominant selection markers are mainly encoded by 
drug-resistance genes, most of which are of bacterial origin, such as the phleo- 
mycin, G418, or hygromycin resistance genes [36], and are fused to fungal 
promoter and terminator regions to allow expression of the marker gene and 
to permit growth of the transformant cells in the presence of the appropriate 
antibiotic. Such markers have not been used extensively forA. nidufans and N. 
crassa because in certain cases they have a high natural resistance to the anti- 
biotic, and also there are many auxotrophic mutants available. Nevertheless, 
they have found wide application in a number of filamentous fungi. Oligomycin 
[37] and benomyl[38,39] resistance genes are examples of dominant selection 
markers of fungal origin, which have the advantage of already possessing, of 
course, fungal transcriptional signals. Many such antibiotic-resistance marker 
genes have a broad host range. However, one disadvantage is that an allele for 
resistance must be isolated in order that the wild-type strain can be trans- 
formed to resistance. Another drawback is that the resistance allele may not 
show significant dominance over the wild-type allele, resulting in selection 
difficulties. TheA. nidulam amdS gene, which is often regarded as a dominant 
selection system, is actually a nutritional marker encoding the enzyme acetami- 
dase. Where the recipient strain lacks acetamidase, amdS permits growth of 
transformants on acetamide as the sole source of carbon or nitrogen. Alterna- 
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tively, even if the host strain naturally contains a copy of the amdS gene, 
transformants can still be distinguished, because they exhibit enhanced growth 
on acetamide as the nitrogen source due to an increase in the am& gene copy 
number [5].  

Finally, although not a transformation selection system per se, conidial 
color markers can be used as a screening approach. For instance, in A. nidu- 
Zans, if a white wA2 mutant is transformed with a wild-type allele, then WA' 
transformants that are green in color can be observed [40]. Obviously, this 
approach can only be applied to fungi in which mutants affected in conidial 
color can be generated. 

In recent years the use of existing, previously reported transformation 
selection systems has spread to a whole battery of hitherto untransformed 
fungal species, and, more excitingly, new selection markers have also been 
described. As examples of the former, the N. crussa pyr4 gene was used to 
transform Trichodema viride [41]; Gibberella fujikuroi was transformed using 
the A. niger niaD gene [42]; the trp-2 gene of Coprinus cinereus was used to 
transform C. bilanatus [43]; the hygromycin B phosphotransferase gene was 
used in the transformation of Pleurotus ostreatus [44], Hebeloma cyZin- 
drosporum [45], and Gibberella pulicaris [46]. The oomycetous fungi Phyto- 
phthora infestans and P. megaspema f. sp. glycinea, in which gene transfer 
procedures have only recently become available, have been transformed using 
the dominant selectable marker hygromycin phosphotransferase for resistance 
to hygromycin [47-49], and P. infestans has also been transformed using the 
gene encoding the enzyme neomycin phosphotransferase, which gives resis- 
tance to G418 [47,48]. With regard to the new selection systems, the aspartase 
gene (aspA) from E. coli, for example, has recently been transformed into A. 
nidulans. When expressed in A. nidulans, which naturally lacks aspartase, the 
E. coli aspA gene has the ability to alter the metabolic patterns of the recipient 
strain. aspA can therefore be used as a dominant selectable marker for 
transformation of A. nidulans and has been demonstrated to be useful for 
obtaining multicopy transformants [50]. Moreover, as aspartase has never 
been reported to be present in fungi [50], aspA could potentially be useful as 
a dominant marker for a broad range of filamentous fungi. 

Gene copy number in transformants can often be important, and a high 
copy number is frequently desirable. ThearndS gene [51] is routinely employed 
to achieve this goal, and the aspA system is also of potential use in this regard 
[SO]. If a low copy number is desired, the selection markersf@ [14], argB [52], 
and niaD [33] are often employed. 

If a transforming gene cannot be selected for directly, a common tactic 
is to cotransform a vector containing this gene with one containing a selectable 
marker. There is a high probability that cells that are competent to take up 
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DNA will take up both types of vector molecule; thus, one can select for 
cotransformants by applying selective pressure to detect transformants con- 
taining the selectable marker and subsequently testing these cells for expres- 
sion of the nonselectable gene. However, cotransformation rates vary and, at 
least in A. niduluns, they appear to be dependent on the selection marker 
employed as, for example, rates of 15% and 95% were observed when niuD 
[53] and umdS [51], respectively, were used for selection in A. niduluns. 

4. ISOLATION OF FUNGAL GENES 

Fungal genes have been cloned by several routinely used methods including 
“reverse genetics,” DNA homology to heterologous probes, differential hy- 
bridization, antibody recognition, and functional expression in E. coli or S. 
cerevisiae [reviewed in 3,‘5,9,54]. However, such approaches have their limita- 
tions, and subsequent to the successful development of efficient transforma- 
tion systems for fungi, self-cloning of fungal genes has provided an alternative 
and attractive cloning method, particularly forA. niduluns and N. crussu, which 
have many well-characterized mutant strains. This technique involves the use 
of fungal genomic libraries constructed in plasmid or cosmid vectors to 
“complement” the corresponding fungal mutant strain by transformation, and 
is thus limited to organisms carrying appropriate, well-defined mutations. The 
clone containing the complementing gene can then be isolated either by 
marker rescue in E. coli or by subselection from pools of clones from plasmid- 
or cosmid-based genomic libraries. Both of these procedures for recovery of 
cloned genes are laborious and can be facilitated by employing a cosmid-based 
gene library, as these vectors can harbor relatively large fragments of chromo- 
somal DNA, thereby reducing the number of clones that may need to be 
screened before the gene of interest is detected [5,8,9]. 

In organisms that have a well-characterized genetic map and a number 
of existing cloned genes, one can employ the more laborious procedure of 
chromosome “walking” from a known, previously cloned gene to the desired 
gene, identified only by its genetic map position, using a genomic library. 
Clones containing overlapping DNA segments located progressively distal to 
the previously identified gene are tested for complementation of a mutation 
in the gene of interest. Chromosome “walking” can be achieved using bacte- 
riophage or cosmid vectors harboring relatively large DNA insert fragments 
[55]. Overlapping clones can be organized into large contiguous chromosomal 
regions designated “contigs,” and used to construct physical genomic maps 
(contig maps). In A. niduluns, for instance, cosmid libraries have been divided 
into chromosome-specific subcollections containing a Sufficient number of 
clones to permit the development of a contig map [56]. Additionally, these 
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chromosome-specific libraries should greatly facilitate chromosome-walking 
experiments by reducing the numbers of clones that require screening. Genes 
cloned by this method can be positively identified by transformation and 
complementation of an appropriate mutant strain or by gene disruption (see 
below). This procedure could also be applied to other fungi. 

5. INTEGRATIVE VERSUS AUTONOMOUSLY REPLICATING 

In filamentous fungal species, the transforming DNA most commonly becomes 
integrated into the host genome by recombination. Three types of integration 
events have been demonstrated [14]: type I, homologous integration at a 
resident site; type 11, nonhomologous integration at an ectopic site; and type 
111, gene replacement. Multiple integration events are common, both at 
homologous and nonhomologous sites, and the relative frequencies of the 
number and types of integration events appear to depend on the selection 
system or the strain of organism used [for a review see 31. 

Numerous efforts have been made to develop autonomously replicating 
vectors for the filamentous fungi which normally exhibit integrative transfor- 
mation, such as the ascomycetes Aspergillus and Neurospora. Autonomously 
replicating vectors are advantageous in that they substantially increase the 
efficiency of transformation and their subsequent recovery in E. cofi is easier 
than with integrative vectors. Recovery of transforming DNA from the fungus 
without its excision from the genome, and meiotic and mitotic instability of 
transformants grown under nonselective conditions, are among the main diag- 
nostic criteria for the identification of autonomously replicating vectors. How- 
ever, vectors that have unquestionably been integrated into the fungal chro- 
mosome have been recovered by transformation ofE. coli with the undigested 
genomic DNA from the fungal transformant, due to reversal of the integration 
event [57]. Therefore, caution must be exercised when interpreting data for 
evidence of autonomously replicating vectors. 

A number of claims have been made for the evidence of autonomous 
replication of vectors in Neurospora crassa [reviewed 1,58,59], but these have 
been treated with skepticism by some [57] and remained unacknowledged by 
others [4,5]. Nevertheless, bona fide autonomously replicating vectors were 
successfully developed, first forMucotcircinelloides [60] and later for Phycomy- 
ces blakesleeanus [61], Absidia glauca [62], Podospora anserina [63], Ustilago 
maydis [64,65] and Ustilago violacae [25,26]. More recently, a vector containing 
an A. nidulans DNA fragment that exhibits replicon activity has been devel- 
oped for A. nidulans by Clutterbuck and colleagues [66] (see below for further 
details). Not only does this vector replicate autonomously in A. oryzae and A. 

TRANSFORMATION VECTORS 
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niger [66], but a derivative has also been shown to have replicon activity in 
Gibberellafujikuroi [67]. As anticipated, using these autonomously replicating 
fectors, transformation frequencies were improved significantly in A. niduhns, 
A.  otyzae, and A.  niger [66] but, contrary to expectations, were not greatly 
enhanced in Gibberella fujijuroi [67]. Other autonomously replicating vectors 
have been obtained for the dimorphic human-pathogenic fungus Histoplasma 
capsulatum [68], the mushroom-forming fungus Pleurotus osfreatus [44], and 
the plant pathogens Ashbya gossypii [69], Fusariurn oxysporum [70], Cryphonec- 
tria parasitica [70], Nectria haematococca [70,71], and Phanaerochaete chryso- 
sporium [ 72-74]. 

In the filamentous hemiascomycete Ashbya gossypii, plasmid replication 
was successfully achieved using autonomously replicating sequences ( A R S )  
derived from Saccharomyces cerevisiae, a feat not previously accomplished with 
filamentous fungi [69]. 

The 6.1-kb A. nidulans sequence (AMAI) responsible for autonomous 
replication [66] not only dramatically increases transformation frequency in 
A. nidulans but also can be used to synthesize “instant gene banks” whereby 
an A. nidulans mutant is cotransformed with the plasmid ARpl containing 
AMAI, or its derivative (pHELP), andA. niduhns genomic DNA, which can 
be either endonuclease cleaved, sheared, or even uncut. Additionally, ARpl 
or pHELP may be used to cotransform a genomic library constructed in a 
conventional integrative vector. Here, cotransformation efficiency is markedly 
improved and results in the formation of a replicating hybrid plasmid derived 
from the two transforming plasmids, allowing one to screen for the presence 
of a gene of interest by complementation of mutant alleles. This method has 
been used to clone the A. nidulans adD and adC genes [75]. Further experi- 
ments in A. nidulans employing this method used genomic DNA from other 
fungal species to clone heterologous genes. Such applications yielded clones 
containing the P. canescens trpC gene [76] and thepyrG gene from the plant 
pathogen Gaeumannomycesgraminis [77], supporting the notion that this is an 
exciting and useful new procedure which obviates the need for conventional 
gene bank construction. It appears that joining of the chromosome fragments 
and the “helper” plasmid may occur either by ligation or recombination 
depending on whether the plasmid is in linear or covalently closed circular 
form [76]. 

In the basidiomycete P. chrysosporium, transforming plasmids are appar- 
ently maintained extrachromosomally as a result of their recombination with 
the plasmid pME which is endogenous to P. chrysosporium [73]. In the oomy- 
cete Phytophthora infestans, it was demonstrated that cotransformed linearized 
plasmids were ligated together in vivo but, instead of being extrachromoso- 
mally maintained, they cointegrated into the genome [48]. 
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Telomeric DNA sequences have been characterized from the filamen- 
tous fungi Neurosporu crussu [78,79] and Fusurium anyspomm [70]. Linear 
transformation vectors containing telomere consensus sequences were created 
in Fusurium oxysporum by fungal rearrangement of an integrating vector, and 
functioned with high efficiency as autonomously replicating vectors in N. 
huemutucuccu and C. purusiticu as well as F. oxyspomm [70]. A rather similar 
situation has been found in Histoplusmu capsulatum in which the transforming 
plasmid undergoes in vivo modification including duplication and addition of 
telomeric sequences at the termini of linear DNA to produce multicopy linear 
plasmids which replicate autonomously [68]. The isolation and charac- 
terization of telomeres from other fungi could lead to the development of 
further linear autonomously replicating vectors for fungal transformation. If 
fungal centromere sequences could be similarly isolated, they could be incor- 
porated into such telomeric plasmids, thus forming artificial filamentous 
fungal chromosomes for use as vectors. In this regard, yeast artificial chromo- 
some (YAC) vectors have been developed that can harbor extremely large 
DNA fragments and may be exploited for the construction of filamentous 
fungal genomic libraries, facilitating the screening for cloned genes. A YAC 
library has, for example, been generated for Erysiphe graminis, an obligate 
fungal pathogen of barley [80]. 

In zygomycetous fungi such as Mucor circinelloides, Phycumyces 
blukesleeunus, and Absidiu gluucu, transforming vectors predominantly exhibit 
autonomous replication [reviewed by 1,4,5,58] and, at least in the case of 
Mucor, difficulties were experienced in integrating vector DNA into the host 
genome. Indeed, in these fungi effort has been made to obtain transformation 
vectors that integrate into the host genome in order that gene disruption and 
gene replacement techniques (see below) can be developed to gain an insight 
into gene function and regulation and to allow gene manipulations. Integrative 
transformation has been demonstrated for Absidiu glaucu using a normally 
autonomously replicating vector into which had been inserted repetitive DNA 
elements [81], indicating that the development of vectors for targeted integra- 
tion should therefore be feasible. 

6. GENE REPLACEMENT AND GENE DISRUPTION 

Gene replacement and gene disruption events can be obtained only by inte- 
gration of the tramforming DNA into the homologous site on the host 
chromosome. 

Gene replacement (known also as gene conversion) is used to introduce 
desired mutations into the recipient cell and occurs by two methods, either 
direct or indirect. The direct (one-step) replacement method involves double 



Filamentous Fungi 219 

crossover of a linear transforming molecule at the homologous locus and the 
in vitro-created mutations must be bordered by normal chromosomal se- 
quences on the linear fragment for homologous integration to occur. The 
indirect (two-step) replacement method involves circular DNA molecules 
integrated at the homologous locus by a single crossover event which creates 
tandem duplications of the target sequence separated by vector sequences. 
Such integration can be reversed by allowing self-fertilization of transformants 
under nonselective conditions, and the ensuing plasmid loss due to unequal 
crossing over can result in the retention of either the mutant or wild-type gene 
sequence, depending on the position of the recombination event [82]. By using 
selective markers for which there is both forward and reverse selection, for 
example niaD or pyrG, one can circumvent the need for a sexual cycle by 
selecting for sensitivity to chlorate and 5-fluoroorotic acid, respectively, and 
hence rare mitotic plasmid loss in transformants [reviewed in 81. 

Gene disruption occurs by homologous integration of either a circular 
vector containing a defective gene or a linear DNA molecule containing the 
target gene interrupted by a selectable marker. Both methods can be used to 
create null mutations: the former method results in a duplication of the gene 
in which neither copy contains the entire coding region; the latter method 
results in replacement of the gene with the defective gene containing the 
marker (insertional inactivation by direct gene replacement). Such techniques 
can be used, for example, to confirm that a gene has indeed been cloned, to 
study the physical role of the products of such genes (e.g., in fungal develop- 
ment processes or pathogenesis), or to eliminate genes with undesirable 
properties in pathogens or industrial organisms. Nevertheless, caution must 
be exercised with the interpretation of results of gene disruption experiments 
as problems can potentially arise [reviewed by 81. It is usually necessary to 
ensure that the resultant strain does, in fact, carry the desired mutation. This 
can be conveniently achieved by restriction endonuclease, by DNA hybridiza- 
tion, or by PCR amplification and analysis (see Chapter 5).  

7. OTHER FUNGAL VECTORS 

A number of other specialized vectors are available that were originally 
developed for the analysis of genes, and their products were isolated mainly 
from the aspergilli. Nevertheless, their use will most probably be extended to 
many other groups of fungi. 

Vectors have been developed for promoter analysis that identify sequences 
in the 5’ control regions of fungal genes, which are important for transcrip- 
tional regulation. These vectors contain bacterial “reporter” genes l ac2  and 
uidA encoding P-galactosidase [83] or P-glucuronidase [84,85], respectively, 
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and DNA fragments harboring the 5’ promoter sequences of the gene of 
interest are inserted into a convenient restriction site at the N-terminus of the 
reporter gene. Such constructs are often made in a fusion vector carrying a 
homologous marker to direct the integration of the recombinant plasmid to a 
defined genomic site in the fungal transformant, such as the a@ locus. An 
embellishment of this approach has been the development of a so-called “twin 
reporter” vector in which the genes encoding P-galactosidase and P-glucuroni- 
dase are both employed. This construct is useful for studying functionally 
related but divergently transcribed genes and has been used to investigate the 
contiguous nib¶-niuD genes for nitrate assimilation in A. nidufuns [SS]. 

Often, it is desirable to obtain high levels of a particular fungal protein, 
and preferential to produce it in a fungus rather than in E. cofi. Several fungal 
expression vectors have been developed for this purpose. Such vectors contain 
strong promoters, including those of the alcohol dehydrogenase (ufcA [86]), 
glucoamylase @fa4 [87]), and glyceraldehyde-3-phosphate dehydrogenase 
(&dA “$971) genes, and cany convenient restriction sites and selectable 
markers. 

Finally, a number of vectors are available that allow secretion of a het- 
erologous protein. Such vectors contain a strong promoter (as discussed above) 
followed by either a fungal signal sequence, such as that of thegfd gene [87,89] 
or the amylase (umy) genes [90], or one that has been designed and synthesized 
artificially. A further refinement to this system is where the gene of interest is 
fused to the C-terminus of the glucoamylase gene, which appears to increase 
the amount of gene product expressed. Separation of the glucoamylase protein 
from the protein of interest is effected by incorporating a KEX-2 (proteolytic) 
site between these protein sequences [91], which the natural protease of the 
host filamentous fungus is apparently able to recognize and cleave. 

8. TRANSPOSABLE ELEMENTS 

Transposons have been used routinely for genetic manipulation in a wide 
range of organisms. Fungal transposons have only relatively recently been 
shown to exist, and have been observed in strains of N. crussu [92], Fusurium 
oxyspomm [93], and A. niger [94]. The transposons in both F. oxyspomm and 
A. niger were obtained by “trapping” them in the niaD gene, which resulted in 
the formation of chlorate-resistant strains mutated in their niaD gene. This 
approach failed to isolate transposons in A. nidufans where over 100 niuD 
mutants were examined without success (J.R.K., unpublished). It would ap- 
pear that these A. nidufuns laboratory strains, chosen originally for their 
genetic stability, lack transposons. It therefore appears that for trapping 
transposons it may be beneficial to use a less stable fungal strain, if available, 
as the vehicle of choice. 
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9. GENETIC ANALYSIS OF TRANSFORMANTS 

Transformants can be genetically characterized in a number of ways. In the 
imperfect fungi, which have no sexual cycle, the only course open for genetic 
analysis of transformants is that of Southern blot analysis. This can be used to 
determine the copy number of transforming DNA sequences and establish 
whether the vector is replicating autonomously or has integrated into the 
chromosome and, indeed, ascertain the type of integration that has occurred. 
Transformants of fungi that do have a sexual cycle can be characterized not 
only by Southern analysis, but also by the classical (formal) genetic technique 
of sexual crosses (described, for example, forA. nidulans by [95,96]) which can 
be used to determine the site of integration of cloned genes and establish their 
linkage to other characterized loci. Classical genetics can thus provide a 
powerful means of confirming results obtained by Southern analysis. Para- 
sexual and haploidization analysis of transformants can also be carried out in 
organisms with sexual or parasexual cycles to assign genes to linkage groups. 
In recent years, the advent of pulse-field gel electrophoresis (PFGE), which 
permits the size separation of linear chromosomes, has resulted in the produc- 
tion of electrophoretic karyotypes for a number of filamentous fungal species, 
including Ustilago maydis, U. hordei, Cephalosporium acremonium, A. nidulans, 
A. niger, A. niger var awamori, A. oryzae, and N. crassa [reviewed by 8,9]. 
Moreover, PFGE has provided a means of allocating cloned genes to specific 
chromosomes by Southern hybridization in species where this would pre- 
viously have been impossible due to their lack of a classical genetic system (see 
Chapter 5).  

10. FUTURE PROSPECTS 

The number of filamentous fungi that have been genetically transformed has 
increased quite considerably over the past few years, thereby opening the door 
to more in-depth molecular analysis. Nevertheless, there still remain well over 
1 million fungal species that could potentially benefit from such manipulations. 
Many of these as yet genetically unexplored fungi are of interest to man as they 
are pathogenic, produce molecules of biotechnological importance, or are 
interesting from an environmental standpoint. Therefore, there is little doubt 
that even more fungi will gain the attention of molecular biologists. As many 
transformation and selection systems are available to achieve this purpose, one 
must consider individual strains independently and choose and optimize 
appropriate systems for each organism. Although there are already many to 
choose from, further systems will no doubt be developed with other inherent 
characteristics and virtues. It seems likely that the technique of CaCInEG 
treatment of protoplasts will continue to be the most commonly used fungal 
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transformation procedure, but, given that the technique is tedious and often 
unreliable, one might expect that it may be refined or even supplanted by other 
methods. 

The "instant gene bank" methodology recently described by Clutterbuck 
and colleagues [75,76] certainly opens the door for the isolation, in A. nidu- 
luns, of genes from a myriad of fungi [77]. Furthermore, cosmids, YAC vec- 
tors, and techniques such as contig mapping will probably facilitate both the 
isolation of interesting traits in intractable fungi, and the molecular analysis 
of more tractable strains in greater depth. To this end, vector systems per se 
may also continue to be improved, as will those useful for expression or 
secretion studies. More fungal species will benefit from YAC technology, 
especially fungi with very large genomes, such as the oomycetes, and other 
intractable fungi. Even more advantageous than YAC-based chromosome 
libraries would be the development of artificial filamentous fungal chromo- 
somes (FAG?), which could be designed to contain genes of interest, such as 
those for antibiotic or enzyme products, as required. 

A few hundred fungal genes have so far been isolated and sequenced, 
including household genes such as those involved in glycolysis and amino acid 
biosynthesis, as well as various specialized genes encoding enzymes involved, 
for example, in cell cycle, mitosis, or cellular differentiation. In addition, a 
number of DNA:protein-binding regulatory genes have been isolated. Over 
the next few years, many more fungal genes will be sequenced and charac- 
terized, giving a clearer picture of the molecular mechanisms of life in these 
lower eukaryotes. Given that withA. nidulans and N. crussu 1.) self-cloning has 
become routine and 2.) mature genetic maps are available from classical 
genetic experiments performed over 50 years, it would not be surprising if most 
of the genes from these fungi, which are already characterized by formal 
genetics, were cloned and sequenced within the next decade. Indeed, it is a 
realistic possibility that the complete genome of a filamentous fungus will be 
determined at the nucleotide level, with Aspe?gillus nidulans as the strongest 
candidate, followed closely by Neurosporu crussu. 

11. EXPERIMENTS 

A. Protoplast Preparation and Transformation*t 

1. Inoculate complete medium plates each with a single inoculum of the 
Aspergillus strain to be transformed and incubate for 4-7 days at 37°C until the 

*Please note that there are several variations of these methods currently in use. 
'Media are described in the Appendix. 
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entire surface of the plate is covered with conidia. On the day prior to 
transformation, suspend Aspergillus conidia from two plates of complete me- 
dium in 2 x 10 mL saline Tween solution, vortex vigorously, and seed into 2 
x 400 mL minimal medium containing a nitrogen source and supplements 
appropriate to the selection system being employed. Incubate overnight with 
orbital shaking. Please note that the incubation times and temperatures 
employed should be optimized for each strain to give very young mycelial cells 
as the starting material for protoplast preparation. Different workers incubate 
strains at, e.g., 25"C, 30"C, or 37°C for various lengths of time depending on 
the strain being used. 

2. Harvest the mycelium by filtration through two layers of muslin and 
rinse with 500 mL cold (4°C) 0.6 M MgS04. Resuspend the mycelium in 5 mL 
cold osmotic medium in a precooled 150 mL conical flask; then add 50 mg 
Novozym 234 (suspended in 2 mL ice-cold osmotic medium) and incubate on 
ice for 5 min. To this add 1.25 mL BSA solution (12 mg/mL BSA in ice-cold 
osmotic medium). Incubate at 30°C with slow shaking for 60-90 min until the 
protoplasts are released (protoplasts can be viewed under a microscope using 
the low-power objective lens), and then place the mixture on ice to stop the 
reaction. 

3. Vigorously swirl the flask to liberate the protoplasts from the mycelial 
debris, then gently carry out the remaining manipulations. Using a 10-mL 
pipette, divide the above mixture equally between two 30-mL Corex tubes that 
have been precooled on ice, avoiding touching the sides of the tubes. Rinse 
the flask with 4-5 mL cooled osmotic medium, and add an equal volume to 
each tube. Overlay each protoplast mixture with an equal volume of ice-cold 
trapping buffer by allowing it to run very slowly down the side of the tubes. 

4. Balance the tubes with ice-cold trapping buffer and centrifuge for 20 
min at 5000 rpm, 4"C, in a Sorvall HB-4 swing-out rotor. This will pellet the 
mycelial debris, and a bushy band of protoplasts will form at the interface. 
Using a Pasteurpipette, pool the complete protoplast bands from the two tubes 
into another precooled 30-mL Corex tube, and then add an equal volume of 
ice-cold 1 x STC and centrifuge at 7000 rpm, 4"C, for 5 min the Sorvall HB-4 
rotor. Discard the supernatant, resuspend the pellet in 10 mL ice-cold 1 x 
STC, then spin again for 5 min at 7000 rpm, 4"C, in the Sorvall HJ3-4 rotor and 
discard the supernatant. 

5.  Resuspend the protoplasts in just sufficient 1 x STC to provide 
enough protoplast aliquots for all treatments, using 50 pL protoplasts per 
treatment. Add DNA to the protoplast aliquots as follows: 

In a typical experiment, in 10-mL plastic tubes, one adds lOpg/pL DNA 
to 50pL protoplasts; the volume of 2 x STC added must equal the volume of 
DNA and the volume is made up to a total of 100 pL with 1 x STC, e.g.: 
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DNA (1 pg/pL) 2 x STC 1 X STC Protoplasts Total volume 

10 p L  10 p L  30 p L  50 pL 100 pL  

To each tube, add 25pL 60% polyethylene glycol (PEG) 6000, mix gently using 
the tip, and incubate on ice for 30 min. Add 1 mL 60% PEG 6000, mix gently 
by rolling the tube for a few minutes, then incubate at room temperature for 
30 min. Add 5 mL ice-cold 1 X STC, then spin at 5000 rpm for 5 min in a 
swing-out rotor at room temperature. 

6. Remove the supernatant without disturbing the pellet and gently 
resuspend the pellet in 300pL ice-cold 1 x STC. Spread 3 x 100 pL aliquots 
of each batch of transformed protoplasts on three selection plates of protoplast 
medium containing the appropriate nitrogen source and supplements except 
for that required for growth of any untransformed organisms. Incubate plates 
at 37°C for up to 4 days. 

As a control system, treat protoplasts as above but without the addition 
of DNA and plate out as follows: 

1. Dilute control protoplasts 1e2 in sterile distilled H20 and spread 100 
pL on nonselective plates of protoplast medium supplemented with all the 
requirements for growth for untransformed organisms. Incubate plates at 37°C 
for up to 4 days. This gives the count of colonies derived from nonprotoplast 
(intact) cells, because protoplasts lyse in hypotonic conditions. 

and 10'' in 1 x STC and spread 
100 p L  of each dilution on plates of nonselective protoplast medium supple- 
mented with all the requirements for growth of untransformed organisms. 
Incubate plates at 37°C for up to 4 days. This gives the total count of colonies 
derived from both intact cells and protoplasts. 

Subtract the colony count of step 1 from step 2 to obtain the true count 
of viable protoplasts, which can then be used to calculate the frequency of 
transformation. 

B. Large-Scale Fungal Genomic DNA Preparation 

2. Dilute control protoplasts lo-', 

Using the Nucleon I1 Kit+ 

1. Grind to a fine powder 300-400 mg pressed wet-weight mycelium in 
liquid N2 (a roughly equivalent amount of freeze-dried mycelium can alterna- 
tively be used). 

2. Suspend the powder in 2 mL Nucleon reagent B in a 15-mL screw- 
capped polypropylene tube with 15 mm internal diameter. 

*Adapted for filamentous fungi by Shiela Unkles. 
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3. Add 1 pL 10 mg/mL RNase A and incubate at 37°C for 30 min. 
4. Add 1.5 mL 5M sodium perchlorate and rotary mix (at approx. 100 

5. Incubate at for 25 min, inverting once or twice during incuba- 

6. Add 5.5 mL chloroform (stored at -20°C). Rotary mix at room tem- 

7. Centrifuge at 800 x g for 1 min. 
8, Add 800pL, Nucleon Silica suspension (shaken vigorously to resus- 

9. Remove upper aqueous layer, avoiding the interface, and add 0.8-1 

10. Gently invert. The threadlike DNA precipitate can be rinsed out 

11. Wash the DNA in 70% ethanol by swirling the pipette. 
12. Remove the DNA from the pipette into a fresh tube, dry the pellet, 

and resuspend in TE. This may take several hours. 
For Aspergillus niduluns the yield should be around 400-500 pg. For 

Phytophthoru the yield should be around 200pg (Shiela Unkles, unpublished). 
Nucleon I1 Kit can be obtained from Scotlab. 

rpm) at room temperture for 15 min. 

tion. 

perature for 10 min. 

pend) without remixing, and centrifuge at 1400 X g for 3 min. 

volume of ethanol. 

using a sterile Pasteur pipette. 

APPENDIX 

A. Media and Buffers for Aspergillus Transformation 

Unless otherwise indicated, solid media are prepared by the addition of 1.2% 
agar to the appropriate liquid media, and all media and buffers are sterilized 
by autoclaving at 15 Ib/inch2 for 15 min. 

Fungal Media 
Complete and minimal medium for Aspergillus are based on the recipes 
described by Cove [98] and Pontecorvo et al. [95]. 

Complete medium 

10 g glucose 
50 M salts solution (see below) 
1 mL trace elements solution (see below) 
1 mL vitamin solution (see below) 
2 g peptone 
1 g yeast extract 
1 g casein hydrolysate 

Make up to 1 L with distilled H20  and pH 6.5 with NaOH. 
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Minimal Medium (nitrogenless) 
10 g glucose 
50 M salts solution (see below) 
1 mL trace elements solution (see below) 

Make up to 1 L with distilled H20 and pH 6.5 with NaOH. 
Nitrogen sources The various nitrogen sources either are incorporated 

directly into the medium prior to autoclaving or are kept as sterile 1 M stock 
solutions and added to nitrogenless minimal medium precooled to 55°C. 

Trace elements solution 

11.1 g H,BO, 
1.1 g ( N H ~ ) ~ M O ~ O ~ ~ * ~ H Z O  

1.6 g CoC1.6H20 
1.6 g CuS04.5HzO 

50.0 g EDTA (disodium salt) 
5.0 g FeS04.7Hz0 
5.0 g MnCIz.7H20 

22.0 g ZnS04.7H20 
Make up to 1L with distilled H20 and boil with stirring. Cool the solution to 
60"C, adjust to pH 6.5-6.8 with KOH, and store in the dark at 4°C. 

Vitamin solution 
25.0 mg biotin 
2.5 g nicotinic acid 
0.8 g para-amino benzoic acid 
1.0 g pyridoxine HCI 
2.0 g pantothenic acid 
2.5 g riboflavin 
1.5 g aneuric acid 

20.0 g choline chloride 
Make up to 1 L with distilled HzO. 

Supplements The following supplements are sterilized by filtration 
and stored as concentrated aqueous solutions at 4°C. The appropriate amounts 
of supplements are then added, as required, to media precooled to 55°C. 

Coilcentration of Amount added to 
Supplement stock solution 100 mL medium 

Arginine-HC1 4.2 g/100 mL 1 mL 
Biotin 10.0 mg/100 mL 1 mL 
Choline-HC1 2.0 g/100 mL 1 mL 
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Concentration of Amount added to 
Supplement stock solution 100 mL medium 

1 M glutamate 18.7 g/lOO mL 1 mL 
Methionine 0.5 g/100 mL 1 mL 
Nicotinic acid 10.0 mg/100 mL 1 mL 
PABA 0.14 g/100 mL 0.5 mL 
1 M proline 11.15 g/100 mL 1 mL 
Putrescine 0.2 g/100 mL 1 mL 
Pyridoxine-HCI 0.5 g/100 mL 1 mL 
Riboflavin 0.8 dl00 mL 1 mL 
1 M uridine 24.42 @lo0 mL 1 mL 

Salts solution 
10.4 g KCl 
10.4 g MgS04.7H20 
30.4 g KHZPO4 

Make up to 1 L with distilled HzO. 
Saline Tween solution 
0.01% Tween 80 
0.9% NaCl 
Osmotic medium 

10 mM sodium phosphate pH 7.0 
1.2 M MgS04 

Adjust to pH 5.8 with 0.2 M Na2HP04, filter sterilize, and dispense in 100-mL 
aliquots. 

Protoplast medium 
10 gglucose 
1.2 M sorbitol 
50 mL salts solution 
1 mL trace elements solution 

Make up to 1 L with distilled H20 and pH 6.5 with NaOH. Add agar to 1.2%. 

Buffers 

1 X STC 2 X STC 

1.2 M sorbitol 2.4 M sorbitaol 
10 mM Tris-HC1 pH 7.5 20 mM Tns-HCI pH 7.5 
10 mMCaCl, 20 mMCaCI, 
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Trapping buffer 

0.6 M sorbitol 
100 m M  Tris-HCI pH 7.0 
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Mapping and Breeding Strategies 
Klaas Swart 
Wageningen Agricultural University, Wageningen, The Netherlands 

1. INTRODUCTION 

Strategies in genetic mapping vary among different fungal species because 
fungi differ in the availability of genetic markers and in basic processes that 
allow application of genetic analysis. Aspergillus niifulans and A. niger have 
been used in many genetic studies and will therefore serve as good examples 
to demonstrate genetic mapping strategies. 

In A. nidulans a sexual reproduction cycle comprising sexual differentia- 
tion, dikaryon formation, karyogamy, meiosis, and ascospore formation is 
present, so meiotic mapping of genes is applicable. Next to this, haploid nuclei 
in the multinuclearvegetative cells of the fungus may occasionally fuse to form 
a somatic diploid that subsequently can segregate into haploids in the absence 
of meiosis. A heterozygous diploid arises upon fusion of genetically different 
nuclei, as they are present in heterokaryotic cells. Such a diploid can give rise 
to recombinant haploids which allow genetic analysis in this so-called 
parasexual cycle. 

A. niger is an imperfect fungus, thus lacking meiotic mapping possibili- 
ties. The alternative, parasexual cycle is operative, however, and genetic 
analyses are feasible. More recently, molecular techniques have been intro- 
duced as new strategies in genetic mapping. 
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The application of breeding strategies with the aim to improve fungal 
strain performance has not been widely practiced. Industrial strain improve- 
ment traditionally relies on random mutagenesis and subsequent screening 
procedures. Although this approach has been successful in many cases, the 
whole procedure is time-consuming, and the final outcome is not predictable. 
Repeated mutagenesis, e.g., may severely weaken a strain in characteristics 
that may not be directly involved in the formation of the desired product. 
General physiology, growth behavior, performance in large-scale processes, 
etc., may be impaired. Such disadvantages imply that many new mutants have 
to be tested to get one strain with improved performance. If available, breeding 
strategies can overcome several problems encountered by the traditional 
approach. 

In this chapter a general outline of breeding strategies will be discussed 
and a few examples will be worked out. 

2. COMPARISON OF GENETIC MAPPING TECHNIQUES 

Genetic mapping by sexual crosses is a routine procedure in many organisms. 
This is seldom satisfactory in A. nidulans, however, because the riiciotic 
recombination frequency is extremely high and linkage will not be observed in 
the vast majority of cases. Clutterbuck [l] calculated the total number of map 
units in each chromosome of A. nidulans: more than 4000 map units are 
distributed over eight linkage groups. The eight linkage groups vary in size; 
the map units per linkage group are depicted in Figure 1. 

Figure 1 shows that several crossovers occur per meiosis in each chro- 
mosome. A second feature of meiotic recombination in A. niduluns concerns 
the absence of crossover interference, which means that genes are randomly 
distributed over the genetic map (n.b.: this is not necessarily identical to the 
physical map). So, genetic mapping by meiotic analysis is only feasible when 
short distances have to be determined. 

Mitotic mapping was introduced by Roper [2] and Pontecorvo and co- 
workers [3] and was found to be extremely useful in the allocation of genes to 
chromosomes (see Chapter 4 for more details). The so-called parasexual cycle 
consists of the fusion of two genetically different haploid nuclei that may be 
present in a heterokaryon. Thus, a heterozygous diploid is formed and sub- 
sequent breakdown of this diploid can occur by nondisjunction. The process 
of nondisjunction involves random loss of one of each pair of chromosomes, 
and many different combinations of parental chromosomes are produced (n 
= 8 + 2' = 256 combinations). In a somatic diploid crossovers may occur at 
a low frequency, producing intrachromosomal recombinants. The frequency 
of these crossovers is very low, and selective procedures have to be used to 
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Figure 1 Genetic length of linkage groups ofAspe@*llus nidulans. 

recover such recombinants. Due to the rarity of these intrachromosomal 
recombinants the parasexual cycle is useful to assign genes to chromosomes 
(Chapter 4). Mitotic crossing over in a diploid results in homozygosity of the 
chromosome arm distal to the site of crossing over. Depending on the markers 
available on the chromosome arm involved, such homozygotes can be recov- 
ered by selective procedures, and the site of crossing over can be deduced from 
the frequency of different genotypes among the homozygotes. Also the order 
of genes on a chromosome arm can be determined (Chapter 4). Crossing over 
in one arm will not affect the other arm, and thus information is obtained about 
the location of the centromere. The site of the centromere cannot be deter- 
mined by standard meiotic analysis, unless tetrad analysis can be applied. 

Pontecorvo and Kafer [4] and mfer [5,6] compared the relative frequen- 
cies of mitotic and meiotic recombination in several chromosomal regions of 
A. niduluns. They concluded that mitotic crossing over occurred preferentially 
in the regions adjacent to the centromeres. As an example, the relative meiotic 
map units (from Clutterbuck [7], corrected by Haldane's mapping function 
[8]) and the mitotic recombination frequencies of a part of the left arm of 
chromosome I are depicted in Figure 2. 

Pulsed-field gel electrophoresis (PFGE) has recently been applied to 
map genes on a chromosome. PFGE separates chromosomes into distinct 
bands. In cases where a probe of a gene is available, blotting and hybridizations 
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Figure 2 Comparison of relative meiotic and mitotic map distances in part of the 
left arm of chromosome I ofA. nidufans. The map comprises the following genes and 
intervals: 

Genes: suAadE-'boA-nA-dG-entromere 
Interval: I I1 I11 IV 

can be used to find the chromosome of the resident gene. This way of genetic 
analysis is the only way if no phenotype of a particular gene is known-eg., 
the rRNA genes [9] (see also Chapter 5 and Swart et al. [lo] for an overview). 

3. PITFALLS IN GENETIC MAPPING 

Standard genetic mapping, according to the general descriptions mentioned 
in Chapters 3 and 4, looks more or less straightforward. In practice, however, 
unexpected problems can be met due to specific (genetic) characteristics of 
the strains that are examined. We will focus on two important charac- 
teristics-translocations and clonal segregation of mitotic recombinants. 

Translocations in a fungal strain, in general, cannot be detected cytologi- 
cally but are easily found when linkage of marker genes can be studied in the 
parasexual cycle. Genes in one linkage group segregate together if both 
parents are nontranslocation strains. In the case in which one strain harbors a 
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translocation, haploidization will not segregate all individual chromosomes 
because some segregants will contain a duplication and others will be missing 
an essential chromosome part (Fig. 3). The duplication-type segregant will in 
almost all cases not be picked up from the haploidization medium due to poor 
growth of this unbalanced genotype. The other one, deficiency type, will be 
inviable because in the haploid fase essential genes are missing. 

Thus, markers of the two chromosomes involved in the translocation 
segregate together in the viable haploid segregants, and genetic linkage is 
concluded for genes that are on different chromosomes. Detection of translo- 
cations in meiotic genetic analysis is more difficult, although it is possible in 
several cases. First, linkage between previously unlinked genes can be found 
if marker genes are present close enough on both sides of the translocation 
breakpoint. Secondly, the duplication-type colony is often viable and will occur 
in 1 out of 3 progeny colonies of a cross, provided plating conditions allow the 
growth and detection of these deviant (crinkled) phenotypes. 

In the course of growth of a heterozygous diploid, mitotic crossing over 
may occur, and the resultant recombinant can become a significant part of the 
diploid colony. Such a recombinant can become the main part of a diploid 
colony if it has some growth advantage over the original heterozygous diploid. 
Upon haploidization a fairly high recombinant frequency will then be detected 

b Pmwnormd u z 7 2 L z  

ParengL- P 

h.pkldr 

Figure 3 Mitotic mapping with a translocation in one of the parental strains results 
in apparent linkage of the markers a and b. The arrow indicates the translocation 
breakpoint. 
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between genes that are definitely in the same linkage group. In our work with 
A. niger we have repeatedly found high percentages of recombination between 
the b i d  and rysA marker genes on linkage group 111. At the time we clearly 
recognized this problem, we adjusted our experimental protocol: a diploid was 
propagated as little as possible, and, if available, spores of different original 
diploids were taken to be plated (separately) on the haploidization medium 
[ll]. If by chance one sample of spores would contain a clonal segregant, this 
should be detected by the differences of linkage results obtained from the 
separate analyses of the different diploids. The data of a thus detected clonal 
segregant can be eliminated from the results, and again low percentages of 
recombination are found for marker genes on the same linkage group. This 
problem has not been reported for A. nidulans. 

4. OUTLINE OF BREEDING STRATEGIES 

Breeding strategies can be applied if genetically marked strains are available. 
Extensive genetics of the species involved is not directly necessary; however, 
genetic mechanisms should be accessible. These can be genetics based on 
meiotic recombination (see Chapter 3) and/or based on the parasexual proc- 
esses (see Chapter 4). 

The application of genetics requires good genetic markers: a strain 
collection of the species containing several auxotrophic and resistance marker 
genes will fulfill these requirements. Such markers are relatively easy to 
introduce by random mutagenesis and selection of specific phenotypes (see 
Chapter 2). Genetic mapping techniques will be applied to establish linkage 
groups and to construct multiple marked strains. In different species such 
strains are already available and can be obtained from the laboratory where 
they were collected and/or from a stock center (e.g., FGSC or ATCC). A 
prerequisite is, of course, that no incompatibility exists between the strains that 
have to be combined or that any incompatibility could be overcome by proto- 
plast fusion. 

In our laboratory Asperg i l~  niger has been used to establish an extensive 
strain collection, to elaborate on genetic techniques, and to construct master 
strains [ 12-15]. In different applied projects this knowledge was employed to 
reach specific goals that were related to some sort of production performance. 

5. EXAMPLES OF GENETIC APPROACHES 

A. Controlled Recombination of Desired Mutations 

Many independent mutants affected in the productionlexcretion of the en- 
zyme glucose oxidase (GOX) were isolated using specific screening techniques 
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[16,17]. In order to prevent undesired “genetic background” mutations, each 
mutant was obtained after low-dose UV irradiation in a parental strain that 
contained only one marker gene. Three parental strains with dissimilar awot- 
rophic markers were used to enable subsequent selection of forced het- 
erokaryons between different mutants aimed at testing allelism. Thus seven 
complementation groups were distinguished among the GOX-overproducing 
mutants, and two different genetic loci gave nonproducing phenotypes. 
Whereas each of the overproducing types was affected in a distinct part of the 
overall route leading to GOX production/excretion, it was of interest to test 
the possibility of combining different mutations in one final strain. To reach 
this goal the differentgox genes were allocated to linkage groups by parasexual 
genetic analysis using master strains with all but one linkage group marked 
(note: at that time no suitable marker on linkage group VIII was available in 
a qualified master strain). From these experiments, several haploid segregants 
containing different marker genes in addition to the specificgox mutation were 
saved for subsequent use in recombination experiments. Diploids were con- 
structed from haploids that contained gox-complementing genes on different 
chromosomes and marker genes on other relevant chromosomes. Second-gen- 
eration haploid segregants were obtained, and selection against the auxotro- 
phic markers on the chromosomes homologous to those containing the gox 
genes resulted in a recombination strain harboring two differentgas: mutations. 
This procedure could be repeated another two times resulting in a strain 
containing four different gox mutations. Any auxotrophic marker can be 
removed in a subsequent recombination experiment using an appropriate 
partner strain. The possibility of testing and characterizing each of the muta- 
tions separately before it is taken as a candidate to be included in the ultimate 
strain is an important advantage of this procedure. An ideal setup is illustrated 
in Figure 4. Finally, phenotypic testing of the ultimate strain should be done 
to monitor the production performance. 

B. Genetic Mapping in a “Wild-Type” Strain 

Suppose genetic analysis is required in a strain with specific qualities (produc- 
tion performance or one obtained after genetic engineering) but lacking 
genetic markers. One option could be to introduce a new genetic marker by 
mutagenesis; however, this might not be desired because of the risk of the 
introduction of nonrecognizable additional mutation(s) or intrachromosomal 
recombination in, e.g., the gene constructs that were added to the host genome 
by genetic engineering. We have successfully applied a different approach in 
A. niger. Many marker genes are available in our strain collection of this fungus, 
and several master strains for mitotic mapping have been constructed, covering 
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Figure 4 Diagram of a controlled strain construction schedule. A, B, C, and D = 
single gox-mutant strains with auxotrophic markers (a, b, c, d, e, f, g, h, i). R1, R2, and 
R3 = strains constructed by recombination. 

all eight linkage groups. Most marker genes confer awtotrophies, but a few 
resistant genes are included in some master strains. 

Especially, dominant resistance markers are useful to solve the above- 
mentioned genetic analysis problem. A dominant resistance mutation will give 
the resistance phenotype to a heterokaryon and to a constructed diploid as 
wcll. Thus, a combination of a “wild-type” strain with a master strain contain- 
ing several awotrophic markers and a dominant resistance marker enables the 
isolation of a heterokaryon and heterozygous diploids by selection upon proto- 
trophy (characteristic of the wild-type strain) and resistance (characteristic of 
the master strain). The wild-type strains were transformants of A. niger N402 
[ 181. Different transformants harbored each independent multicopy inserts of 
theA. niger glucoamylase gene combined with theA. nidulansarndS gene. Such 
a transformant is at risk to recombine within the multicopy insert upon 
treatment with mutagens, so any manipulation to introduce a new marker 
should be avoided. Parasexual genetic analysis was performed on these strains 
by combining each transformant with a tester strain containing several auxot- 
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Heterokaryons and heterozygous diploids were selected on MM + 3 
pg/ml oligomycin. Haploid segregants of these diploids were tested for 
linkage of the amdS-gene to one of the tester strain markers. 

Result: IamdSS ;dS 
resent absent 

fwnAl+ 

fwnAl 

Conclusion: insert with glaA/arndS is on linkage group I 

Figure 5 Strategy of gene mapping in a wild-type strain. 

rophic markers and the dominant nuclear oligomycin resistance mutation ol im 
[ 191. Whereas the phenotype of the glucoamylase multicopy insert was difficult 
to assess, the amdS gene(s), accompanying the glaA genes, were used to test 
presence or absence of the transformed sequences. This strategy is illustrated 
in Figure 5.  

The inserts in seven different transformants could be assigned to linkage 
groups, and in each transformant the insert appeared to be in only one linkage 
group. This suggested the occurrence of the insertion of an array of transfonn- 
ing sequences at only one locus. Knowing the linkage group allocation of the 
insert in each transformant, a recombination procedure similar to the one 
discussed in the previous paragraph could be used to construct new strains 
containing glaA multicopy inserts on two different linkage groups. Hence, it 
could be tested whether the glucoamylase protein production of different 
transformants is additive or is reaching a limit. 

C. A Mutation Strategy to Block the Degradatlon 

Several (bio-)chemical compounds are not easily produced by chemical syn- 
thesis, because either one or more steps in the synthesis are extremely difficult 

of an Intermediate Compound 
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to perform, or a monostereospecificity of the product is required, which often 
cannot be obtained by in vitro synthesis. In that case, a biotechnological 
production method can be the right alternative. Hydroxylated aromatic com- 
pounds belong to this category. We have recently investigated the para-hy- 
droxylation of benzoate by Aspergillus niger as a model [20]. Here the desired 
compound, p-hydroxybenzoate, is an intermediate in a degradation pathway. 
Ideally, the first step(s) of the degradation route should be increased and 
subsequent breakdown of the intermediate should be blocked. A mutational 
analysis of the pathway will give information about steps and genes in the 
degradation route. 

In the model study [20] strain ATCC 1015 was used. Mutations were 
induced by low-dose UV irradiation aimed at a survival rate of approximately 
70%. In the first experiments we found that a much higher UV dose was 
required to get 70% survival compared to our standard laboratoty strain N400 
(= ATCC 9029). Additionally, hardly any mutants (e.g., simple amino acid 
auxotrophic ones) could be isolated after a filtration enrichment procedure. 
These two findings may indicate that the conidiospores that were used for 
mutagenesis were not mononucleate. A cytological investigation of the spores 
using the fluorescent DNA-specific dye DAPI indeed showed that most of the 
spores were binucleate. In subsequent mutation induction experiments a 
segregation step was included: irradiated spores were propagated on complete 
medium (CM), and the “second-generation” spores were harvested, split up 
into several portions, and used for mutant enrichment. 

The filtration enrichment was done by incubation of lo6 spores/mlliquid 
minimal medium (supplemented for the auxotrophy of the strain) with 0.1% 
benzoate or 4-hydroxybenzoate as carbon source. Germinating conidiospores 
and growing mycelium were removed by filtration over cotton-wool every 8 or 
16 hours; ungerminated spores were collected by centrifugation and resus- 
pended in fresh medium for the next round of enrichment. Whereas the 
substrates used in this procedure are poor carbon sources, the enrichment 
process had to be continued for 3 to 4 days. Finally, the ungerminated coni- 
diospores were rescued by plating on CM, and mutants were identified by 
growth tests on supplemented medium (SM) + glucose and on SM + benzo- 
ate. This procedure yielded several mutants affected in the catabolism of 
benzoic acid-e.g., Bph mutants lacking benzoate-4-hydroxylase, and Phh 
mutants lacking benzoate-3-hydroxylase. Thus, the route of biodegradation of 
benzoate in AspergiIIirs niger was confirmed, and it became possible to clone 
the respective genes. Further analyses of the steps in the degradation route 
revealed new problems which hampered manipulation of this route [21,22]. 
These problems, however, are not in the scope of the present overview. 
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Saccharomyces cerevisiae 
The Way from Genetic Crosses to 
Transposable Elements 

Klaus Wolf 
Rheinisch- Wesrfiilische Technische Hochschule, Aachen, Germany 

1. INTRODUCTION 

Mitochondria are semiautonomous organelles that are responsible for respi- 
ration and oxidative phosphorylation in all eukaryotic cells. The mitochondrial 
genome carries the genetic information for only a few essential functions. Thus 
formation of mitochondria depends on a complex interplay between the 
nucleus and the mitochondria. The majority of mitochondrial proteins (more 
than 95%) are encoded by nuclear genes and synthesized on cytoplasmic 
ribosomes. Considerable effort, beginning in the early 197Os, has resulted in a 
very detailed understanding of mitochondrial genomes and genes, their ex- 
pression, and their dependence on nuclearly encoded functions, so the mito- 
chondrial genome of baker’s yeast is one of the best characterized eukaryotic 
genomes. Genetics of mitochondria was initiated by the discovery of the 
respiratory-deficient petite colony mutant [for reviews see 1,2]. Later on, the 
discovery of mutants resistant to antibiotics and with defined lesions in genes 
for respiratory chain components [2,3] has provided the basis for a genetic and 
molecular analysis of transmission, segregation, and recombination of mito- 
chondrial genomes. The discovery of mitochondrial introns and their functions 
has initiated a large series of studies on autocatalytic RNAsplicing and mobile 
genetic elements. 

247 
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Two key concepts of yeast as a model organism to study mitochondrial 
functions are the following: 

1. The yeast Saccharomyces cerevisiae is an ideal eukaryotic organism 
because of its ease of cultivation, the availability of thousands of well-defined 
mutants, and the applicability of powerful molecular techniques. When the 
sequencing of the yeast genome is finished (probably in 1996), a solid basis for 
functional analyses will have been provided. 

2. Since Saccharomycescerev~iae can provide its energy by both fermen- 
tation and respiration, it is able to survive on fermentable carbon sources with 
grossly altered or even without mitochondrial DNA. This property of the 
so-called petite positive yeasts allows the introduction of any kind of muta- 
tional alterations in the mitochondrial DNA. 

2. PRINCIPLES 

A. The Mitochondria1 Gene Map of Saccharomyces cerevisiae 

Before entering the practical approach, the mitochondrial gene map with the 
relevant mutational sites will be presented (Fig. 1) and described briefly. 

B. The Mitochondrial Standard Cross 

Zygotes issued from the cross of two nonisomitochondrial cells are heteroplas- 
mic, since they contain two distinct mitochondrial DNApopulations and, later, 
the recombinants formed between them. The vegetative multiplication of 
these zygotes is accompanied by a rapid segregation of mitochondrial ge- 
nomes, so that virtually all diploid progeny is homoplasmic after 20-25 genera- 
tions. In the so-called standard cross, a large population of zygotes is formed by 
random mass mating between the parents and allowed togrow on nonselective 
medium. The entire progeny is then analyzed using a representative sample. 
Sporulation of a homoplasmic diploid clone will produce four spores with iden- 
tical mitochondrial genotype, whereas the nuclear genes will segregate in a 
Mendelian fashion (2:2; see Chapter 3 for meiotic recombination). The mito- 
chondrial standard cross is depicted schematically in Figure 2. 

C. A Mobile lntron in the Mitochondrial Gene 
Encoding the Large Ribosomal RNA 

Introns belonging to group I [for a review see 41 have been observed in a variety 
of locations in mitochondrial, chloroplast, cyanellar, and nuclear genetic 
systems in eukaryotes as well as in bacteriophages. Several group I introns are 
able to splice autocatalytically. The intron in the gene encoding the large 
ribosomal RNA (ml) in mitochondria is able to splice autocatalytically. The 
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rnl 

cob 

Figure 1 Simplified gene map of the mitochondria1 genome of Saccharomyces cer- 
evisiae (long form; i.e., with the maximum number of introns = 85 kbp). Black bars 
indicate exons, and white bars indicate introns. Nomenclature: coxl, ~ 0 x 2 ,  cox3 = 
genes for subunits 1,2, and 3 of cytochrome c oxidase; cob = gene for apocytochrome 
b; atp6, atp8, atp9 = genes for subunits 6,8, and 9 of ATPase; varl = gene for a small 
ribosomal subunit protein; tsl = tRNA synthesis locus; tRNA genes are not shown 
except for tmtl; tmtl = gene for tRNAthr, the only gene located on the complementary 
strand; ms = gene for the small ribosomal RNA; ml = gene for the large ribosomal 
RNA; l? = mutational site conferring resistance to erythromycin; C? = mutational 
site conferring resistance to chloramphenicol; fl = mutational site conferring resis- 
tance to paromomycin. 

most interesting aspect of this (and several other) introns is their ability to 
propagate themselves by inserting at predetermined positions into intronless 
sites of genes. This kind of intron movement is called intron homing. The 
mobility of group I introns was described genetically [4] long before the 
detection of introns. The systematic evaluation of crosses with mitochondria1 
antibiotic resistance markers has revealed two natural allelic forms of a 
genetic determinant, called omega+ (a+) and omega- (03. After the discovery 
of introns it was realized that the omega determinant corresponds to an 
optional intron in themigene, the intron being present in a+ strains, but absent 
from a- strains. Sequence determination revealed an internal open reading 
frame in the rnl gene, whose gene product is a double strand-specific endonu- 
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Figure 2 Schematic presentation of a mitochondria1 standard cross. Further expla- 
nations and abbreviations of media are given in the text. 

clease. In crosses between o+ and w-strains the intron was transmitted to more 
than 95% of the progeny. Molecular analysis of mitochondria1 DNA in indi- 
vidual clones of the progeny shows that the intron conversion is associatedwith 
the co-conversion of flanking DNA sequences which carry the genetic markers 
conferring resistance to chIorarnphenicol (C) and erythromycin (E). 
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3. PRACTICE 

A. Experiments 

Isolation of Mitochondrial Mutants Resistant to 
Chloramphenicol, Erythromycin, and Paromomycin 

Mitochondrial point mutations conferring resistance to antibiotics ( a d )  are 
rare and occur at a frequency of lO-’ to 10-8 per cell/division. They can easily 
be selected on glycerol complete medium (YPgly) supplemented with an 
appropriate concentration of the antibiotic. The following method should be 
used to select independent drug-resistant mutants. Alternatively, the desired 
mutants can be obtained from strain collections. Care should be taken, how- 
ever, for purification of mutants and verification of the mutant phenotype. The 
procedure is the following: 

1. Grow a haploid strain with at least one auxotrophic marker in YPgly. 
2. Dilute in sterile water, plate 0.1 mL on YPgly plates, and incubate at 

3. Pick single colonies (3 or more) and inoculate individually in 5 mL of 

4. Plate 0.1 mL of each culture on YPgly plates containing the relevant 

5.  Incubate antibiotic plates in a moist incubator at 28°C for at least 1 

6. Pick up a single colony per original subclone to obtain mutants of in- 

7. Inoculate 5 mL of YPgly and grow at 28°C for 2 days. 
8. Purify mutant cultures by streaking on antibiotic plates to obtain 

9. Reisolate single clones from the antibiotic plate and store the mutants. 

28°C for 3 days. 

YPgly medium. Incubate for 2 days at 28°C. 

antibiotics (see Materials). 

week and up to 3 weeks to allow appearance of resistant colonies. 

dependent origin. 

single colonies. 

Standard “Homosexual” and “Heterosexual” Mitochondrial Crosses 
The basic procedure of a mitochondrial standard cross is outlined below and 
summarized in a flow diagram (Fig. 2) for a given homosexual cross (0- x a+) 
involving the two mitochondrial markers CR and ER. The same procedure has 
to be applied for a heterosexual cross (a+ x a-). 

1. Grow mutants in selective media with the relevant antibiotics. 
2. Test on minimal medium (MM) for auxotrophic requirements. 
3. Wash and mix the two parental strains. 
4. Drop out on MM the individual haploid strains as control, together 

5.  Incubate until confluent growth of the mixture appears on MM (2-3 
with a 1:l mixture of the two parental strains. 

days, 28°C). 
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6. Suspend a loopful of the mixture in sterile water, count, and dilute. 
7. Plate 50-100 cells on MM, and incubate at 28°C until colonies are 

visible (3-4 days). 
8. Replica plate on YPgh, YPgly, YPgly+C, YPgly+E, and YPgly+C+E 

(more antibiotic plates are needed when more mitochondrial markers are 
involved). 

9. Evaluate plates for the different phenotypic classes. 
It is helpful first to mark all colonies on the lid of a Petri dish with black 

dots and then mark with color the individual resistant colonies. Then the lid 
is transferred to the next Petri dish, and the colonies resistant to the second 
antibiotic are marked with a different color. At the end, the final phenotypic 
composition of the colonies on one plate can be evaluated. Colonies that grow 
on both plates containing a single antibiotic but that fail to grow on plates 
supplemented with two antibiotics do not carry recombinant mitochondria1 
genomes, but represent a mixture of two mitochondria1 genomes. These 
colonies should not be counted. Mutants that fail to grow on YPgly are 
respiratory-deficient mutants. These rho- mutants should be counted, but 
should not be considered in the calculations. 

Construction of Double and Triple Mitochondrial Mutants 
By Sporulation of Diploids 
As outlined in section 2.B above, a homoplasmic diploid produces four 
mitochondrially identical spores. By sporulating individual homoplasmic dip- 
loid clones, haploid clones with the desired mitochondria1 and nuclear pheno- 
types can be obtained. Due to the limited space, the reader is referred to 
Spencer et a]. [5] and to the laboratory course manual Methob in Yeast Gene- 
tics by Rose et al. [6]. In this chapter we will perform and analyze one homo- 
sexual and one heterosexual cross with the two markers C" and E" and one 
homosexual cross involving the three markers C", E", and P. 

B. Materials 

Media 
YPglu: 2% glucose, 1% yeast extract, 1% bactopeptone 
YPgly: 2% glycerol, 1% yeast extract, 1% bactopeptone 
YPgly+C YPgly + 0.4% chloramphenicol, pH 6.Y 
YPgly+E: YPgly + 0.5% erythromycin, pH 6.24 
YPgly+P: YPgly + 0.2% paromomycin, pH 6.5 

*pH is adjusted with 50 m M  phosphate buffer. 
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MM: 2% glucose, 0. 67% yeast-nitrogen base without amino acids (for sup- 
plementations with bases or amino acids see below). 
Supplements to MM. Prepare the following stock solutions, autoclave, 

and store in the refrigerator. Add 10 mL of the stock solution to the medium 
when temperature is below 60°C. 

Stock Solutions 

Supplement 

Adenine 
Uracil 
Histidine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Tryptophan 
Tyrosine 
Valine 

Amount 

2 mg/mL 
1 mg/mL 
1 mg/mL 
6 mg/mL 
6 mg/mL 
1 mg/mL 
1 mg/mL 
2 mg/mL 
2 mglmL 
1 mg/mL 
2 mg/mL 

Solute 

50 mM HCI 
water 
water 
water 
water 
water 
water 
water 
water 
50 mM HCl 
water 

Other materials are standard equiprnents of a genetidmicro-biological 
laboratory. 

Conseruation of Strains 

Yeast strains can be stored indefinitely in 50% (vh) glycerol of -70% in vials 
containing 1 mL glycerol. Strains are grown on plates with YPglu. The cells 
are scraped off with a sterile toothpick and suspended in glycerol. The vials 
are shaken before freezing. Revival is obtained by dropping a small sample on 
a YPglu plate. Short-term storage, for less than 6 months, is possible on slants 
with YPglu, supplemented according to the awotrophic requirements of 
strains. 

C. Evaluation of Experiments 

In this section the experimental data from crosses are summarized, which were 
carried out by the author [7]. This will help to compare your own results with 
published data. When this chapter is used in a theoretical course, these data 
can be used for evaluation. 

In all crosses only respiratoxy-competent (RC) colonies are evaluated. 
Appropriate strains can be obtained from a stock center or from the Centre 
de GCnktique MolCculaire du C.N.R.S., Gif-sur-Yvette, France. 
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A ‘dHomosexual” Two-Factor Cross 
a auxl-’ C!Es w- X a aux2- CRER w- 

Result of a Typical Cross 

@ES PER PP CRER Total 
38.6 2.1 2.1 57.2 100 

(Values in percent; at least 300 colonies should be analyzed.) 

A “Heterosexual” Two-Factor Cross 
a awl- C E s  a- x a aux2- CRER a+ 

Result of a mica1 Cross (values in percent) 
@IP P E R  CRES cRER Total 

2.5 0 46.9 50.6 100 

A “Homosexual” Three-Factor Cross 
a auxl- PESpR w- X a auxZ CRERps w- 

In this case, the sum of four independent crosses is given (values in percent): 

D. Conclusions from Different Crosses 

1. In a homosexual cross both parents possess either an intronless rnl 
gene (w-) or an intron-containing ml gene (o+). The transmission of the two 
alleles is 38.6 + 2.1 = 40.7% for ER and 57.2 + 2.1 = 59.3% for CR, which is 
the same order of magnitude. Both recombinant classes are equal (2.1% each). 
The absence of polarity among parental and recombinant types is an indication 
for a homosexual cross. 

2. Unlinked markers show recombination frequencies of 10-15% for 
each reciprocal recombinant type. In the case of the C X E - cross, the 

*At least one auxotrophic marker (mu-) should be present; a and a are mating types. 
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frequency of both recombinant types is 2.1%, indicating linkage. Indeed, the 
ER marker is located 671 bp from the intron, the CR marker 54 from the intron 
(see Fig. 1). 

3. In a heterosexual cross (a+ x 03, the transmission of the CR/C'alleles 
is highly unequal. Transmission of CR (from the a+ parent) is 46.5 + 50.6 = 
97.1%. For the more distant ER marker the transmission is 50.6%. Also, the 
two recombinant types are unequal46.9% for CREs, and 0% for PER. 

4. In a three-point cross (CSppR x CRERps), linkage or absence of 
linkage between markers can be determined: 

ant1 ant2 ant3 Values 
(c) (E )  (P) Designation 
S S R PI 28.6 
S S S rl 7.9 
S R R r2 0.8 
S R S r3 0.7 
R S R r4 1.3 
R S S r5 0.8 
R R R r6 9.6 
R R S P2 50.3 

Abbreviations: ant = antibiotic; C = chloramphenicol; E = erythro- 
mycin; P = paromomycin;p = parental type; r = recombinant; R = 
resistant: S = sensitive. 

Calculations 
Percent transmission of alleles from parent 1 (C'E'P"): 

% transmission ant1 = % @ I  +rl +r2+r3) = 38.0% 
% transmission ant2 = % @ I  +rl +r4+r5) = 38.6% 
% transmission ant3 = % @ I  +r2+r4+r6) = 40.3% 

Percent recombinants between allelic pairs (two reciprocal recombinant 
classes): 

% recombinants (antl-ant2) = % (r2+r3+r4+r5) = 3.6% 
% recombinants (antl-ant3) = % (rl+r3+r4+6) = 19.5% 
% recornbinants (ant2-ant3) = % (rl +r5+r2+r6) = 19.1% 
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The transmission of all three alleles from one parent is equal. The markers 
ant1 and ant2 (C and E) are linked, whereas markers ant1 and ant3 (C and P), 
as well as markers ant2 and ant3 (E and P), are unlinked. 

Questions 

1. The mitochondrial genome of Succharomyces cerevisiae has a very 
active recombination system, since markers that are more distant than roughly 
1000 bp appear as unlinked. The reader is confronted with the problem of 
recombination systems in other mitochondria (animals, plants) and in other 
organisms (prokaryotes, higher eukaryotes). 

2. As a consequence of the high recombination rate, other strategies 
have been developed to localize markers genetically on the mitochondrial 
genome. The reader’s attention should be drawn to the powerful deletion 
mapping by rho- clones. 

3. Intron homing has consequences concerning the conservation of in- 
trons during evolution. The reader is encouraged to follow up the literature 
on the evolution of introns. 

4. The homing endonuclease of the Succhuromyces cerevisiue rnl intron 
has (like other homing endonucleases) an extended recognition sequence; thus 
these enzymes can be used as rare cutters in genome projects. Experiments for 
rapidly analyzing the specificities of these endonucleases could be designed. 

Extensions 
1. Presence or absence of the intron, designated as a+ and a- on the 

basis of genetic crosses, can directly be assayed both by restriction enzyme 
analysis of the progeny of a given cross or by DNA-DNA hybridization with 
an intron probe. Methods for minipreparations of mitochondrial DNA are 
available. 

2. The availability of thousands of respiratory-deficient mutants with 
defined lesions in mitochondrial genes (mil-) allows the study of recombination 
between physically defined mutational sites. 

3. A yeast cell contains in the order of 40-50 mitochondrial genomes; 
thus we are dealing with a multicopy genetic system. The transmission value 
in crosses is roughly the same for each marker, but is obviously dependent on 
the strains used and the physiological conditions. A number of experimental 
treatments of parental cells prior to crossing can be used to modify transmis- 
sion [for literature see Dujon, 11. It can be shown that the frequency of 
recombinants varies with the input ratio. The maximum value of recombinants 
is achieved when the two alleles in question are equally transmitted. Appro- 
priate crosses could be performed. These results can be discussed in the light 
of the recombination model for phages by Visconti and Delbruck [8]. 
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4. Until recently, the major drawback in mitochondrial molecular ge- 
netics came from the inavailability of a transformation system. The biolistic 
transformation [9] has opened the possibility of introducing DNA in mutants 
devoid of mitochondrial DNA (rho" mutants). Using this powerful technique, 
a wealth of experiments on the expression of mitochondrial genomes, includ- 
ing their interaction with nuclear genes, can be studied. 

5.  The yeast Schizosuccharomyces pombe is the second yeast with a 
comparable mitochondrial and nuclear genetic background. This yeast pos- 
sesses a mitochondrial DNA of less than 19 kb, which makes this genome 
attractive for molecular studies [lo]. 
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1. INTRODUCTION 

Candidu albicuns is a pathogenic fungus that is becoming a serious medical 
problem, Although C. ulbicuns causes thrush and vaginitis in otherwise healthy 
patients, its major medical importance is in infecting immunocompromised 
patients. Aggressive cytotoxic chemotherapy, bone marrow and other trans- 
plants, and AIDS all predispose patients to fungal infection, and C. ulbicans 
is the most common fungal pathogen. A major problem with fungal disease is 
that there are only a few effective antifungal drugs, and each of these has its 
drawbacks. Amphotericin B is toxic to the patient as well as the fungus and 
must be administered intravenously, while the imidazole and triazole drugs 
are fungistatic, not fungicidal. Fungal diseases are thus becoming a greater 
and greater health threat, and new treatments are not coming forth very 
rapidly. 

Little is known about the pathogenesis of fungi in general and Cundidu 
ulbicans in particular. No virulence factors have been conclusively demon- 
strated to play a role in infection, although the extracellular proteinase [1,2], 
the yeast-to-hyphal dimorphic transition [3], and the phenotypic transition or 

259 



260 Magee and Scherer 

colony switching [4] have all been postulated to be involved. A definitive 
demonstration of the involvement of any of these properties requires an 
unequivocal genetic test, comparing thevirulence of null mutants in a potential 
virulence factor to their isogenic parents. But genetics in C. albicuns is com- 
plicated by the fact that the fungus is diploid and has no known sexual cycle. 
Parasexual genetics has been used for genetic mapping of auxotrophies, litit 
this sort of analysis is cumbersome and slow and suffers from the problem that 
it is impossible to be sure that the recombinants are euploid. Five years of 
effort in several laboratories was not sufficient to determine the chromosome 
number nor to locatc A I ientromere. 

Curididu albicuns molecular genetics, pioneered by Kurtz and co-workers 
at Squibb, has been developed to the point that one can clone genes, tri, isform 
cells, and disrupt chromosomal genes [5-71. An important step forward in 
molecular genetics was provided by the demonstration that C. aibicans chro- 
mosomes can be separated by pulsed-field gel electrophoresis (PFGE) [8,9]. 
The use of Southern blotsof karyotype separationsdernonstrated that the most 
common chromosome number is eight [ 101, and approximately 130 genes have 
now been assigned to bands on the electrophoretic karyotype (Table 1). 
Development of a macro restriction map of the C. albicuns genome, using the 
8-base-specific enzyme 5’’ I, improved the resolution of the karyotypic map- 
ping but did not allow fine structure mapping [ 11 ]. 

A complete physical map of the genome of C. ulbicans based on a set of 
overlapping clones would be extremely useful for a variety of reasons: 

1. The organism has a highly varied karyotype, with as many as 25% of clini- 
cal isolates showing variation in the number or position of chromosome bands in 
PFGE. The mechanism by which the karyotype varies may be quite interesting. 

2. The detailed genomic structure remains unknown. No centromeres 
have been isolated, and while several different middle-repeated DNA seg- 
ments have been found, there is no information about their function. 

3. There is evidence for aneuploidy in some strains, and it would be 
extremely interesting to know which chromosomal regions can be tolerated in 
the haploid state. 

4. Transformation of some “switching” isolates (strains which undergo 
the phenotypic transition at a high rate) yields strains with autonomously 
replicating chromosomal fragments [12]. The structure of these fragments will 
tell us much about how Candida chromosomes are constructed. 

A complete physical map would provide the tools to cast light on the 
mechanisms behind many of these observations. Furthermore, if sequence 
information is to accompany the map, many genes could be located by se- 
quence homology, saving investigators the effort of attempting to clone inter- 
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Table 1 Cloned Genes of Cundidu ulbicuns and Their Chromosome Assignments 

Gene Chromosome Function 

ACT1 
ADEl 
ADE2 
ADHl 
ALDl 
ALK8 
A L S  1 
APRl 
ARDl 
ARFl 
ARC4 
ARHl 
AR03 
BEM 1 
BGL2 
BIN2 
BKDl 
CAGl 
CPBl 
CCNI 
CDC3 
CDClO 
CDC25 
CDRl 
CHPl 
CHSl 
CHS2 
CHS3 
CHTl 
CHl2 
CHT3 
CLN2 
CMDI 
c o x 2  
cox12  
CPPl 
CPYl 
CRL.1 
CRMl 
CYPl 

1 
R 
3 

R 
6 
2 
6 
R 
7 

4 

4 
m 
6 
I 
7 

R 

actin 
CAIR:aspartate ligase 
AIR:carboxylase 
alcohol dehydrogenase 
aldehyde dehydrogenase 
cytochrome p450 enzyme 

proteinase A 
arabinitol dehydrogenase 
ADP ribosylation factor 
arginosuccinate lyase 
ATP-dependent RNA helicase 
3-deoxy-D-arabinoheptulosonate-7-P synthase 
budding 
beta-1,3 glucan transferase 
chaperonin 
branch-chain acid kinase dehydrogenase 
G protein alpha subunit 
corticosteroid binding protein 
G1 cyclin 
cell cycle 
cell cycle 
cell cycle 
multi-drug resistance 
transcription factor 
chitin synthase 1 
chitin synthase 2 
chitin synthase 3 
chitinase 
chitinase 
chitinase 
G1 cyclin 
calmodulin 
cytochrome oxidase subunit 2 
cytochrome oxidase subunit 6b 
protein tyrosine phosphatase 
carboxypeptidase Y 
GTP-binding protein 

peptidyl proline isomerase 

- 

- 

(continues) 
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Table 1 Continued 

Gene Chromosome Function 

GYP52 
CZFl 
DFRl 
DUTl 
DY7VI 
EBPl 
EBP2 
ECEl 
EFGl 
EN01 
ERG1 
ERG7 
ERG16 
ERKl 
FASl 
FAS2 
GAL1 
GLYl 
HEM3 
HEX1 
HIS3 
HIS4 
HPTl 
HSP70 
HST6 
HST7 
IMP1 
IN01 
INTl 
IPPI 
I S P ~ ~  
KGDI 
KREl 
LEU2 
LYSl 
L YS2 
MALl 
MDRl 
MGLl 
MSMl 
MS W1 
NAG1 

4 
7 
1 

6 
6 
4 

I 
I 
2 
5 
4 

3 
I 
I 
2 
5 
2 
4 
2 

3 
R 

R 
2 

7 

R 
7 
4 
1 
R 
6 
R 

6 

cytochrome P450 52A3 
zinc finger protein 
dihydrofolate reductase 
dUTPase 
dynein heavy chain 
estrogen binding protein 
estrogen binding protein 
cell elongation 
transcription factor 
enolase 
equalene epoxidase 
oxidosqualene cyclase 
lanosterol 1Calpha demethylase 
protein kinase 
fatty acid synthase beta subunit 
fatty acid synthase alpha subunit 
galactokinase 
glycine metabolism 
uroporphyrin I synthase 
beta-N-acetylglucosaminidase 
imidazole glycerol-P dehydratase 
histidine biosynthesis (3 enzymes) 
hypoxanthine phosphoribosyl transferase 
70K heat-shock protein 
- 
- 
IMP synthase 
inositol-1-phosphate synthase 

inositol polyphosphate 5-phosphatase 
mitochondrial import protein 
alpha-ketoglutarate dehydrogenase 
beta-1,6-glucan biosynthesis 
isopropylmalate dehydrogenase 
saccharopine dehydrogenase 
2-aminoadipate reductase 
maltase 
multi-drug resistance 
alpha-methyl-glucoside utilization 
mitochondrial met-tRNA synthetase 
mitochondrial trp-tRNA synthetase 
glucosamine-6-P deaminase 

- 
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Table 1 Continued 

Gene Chromosome Function 

NMTl 
NPSl 
OPS4 
PDEl 
PEP1 
PHRl 
PKCl 
PLCl 
P u A l  
PMIl 
PMMl 
PMRl 
PTR2 
PYKl 
RAD.5 
RQD.54 
RBPl 
RDNl 
RPLIO 
RPL30 
RPS8 
RPS24 
RPS2.5 
SAP1 
SAP2 
SAP3 
SAP4 
SA P5 
SAP6 
SAP7 
SECI8 
SER57 
SNRI4 
SOR2 
SOR9 
SPA2 
SRK? 
STEI2 
SUCl 
SUGI 

4 
3 
I 
5 
2 
4 

3 

R 

R 
7 
R 

6 
R 
3 
6 

I 
I 

3 
R 

I 
R 

myristoyl-CoAprotein N-myristoyltransferase 
cell cycle 
opaque specific 
cyclic nucleotide phosphodiesterase 

pH response 
protein kinase C 
ribosomal protein 10 
plasma membrane ATPase 
mannose phosphate isomerase 
phosphomannomutase 
Ca2+ transporting ATPase 
peptide transport 
pyruvate kinase 
DNA repair 
DNA repair 
rapamycin binding protein 
ribosomal RNA 
ribosomal protein LlOe 
ribosomal protein L30 
ribosomal protein S8 
ribosomal protein S24 
ribosomal protein S25 
secreted aspartyl proteinase 
secreted aspartyl proteinase 
secreted aspartyl proteinase 
secreted aspartyl proteinase 
secreted aspartyl proteinase 
secreted aspartyl proteinase 
secreted aspartyl proteinase 
ER-golgi transport 
serine biosynthesis 
U4 snRNA 
sorbitol utilization 
sorbitol utilization 
morphogenesis and mating 
adenylate cyclase-associated protein 
transcription factor 
sucrose utilization 

- 

- 

(continues) 
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Table 1 Continued 

Gene Chromosome Function 

TEFl 
TEF2 
TEF3 
TIFI 
TMPl 
TRLI 
TRPl 
TUB2 
UBC4 
uRA3 
W S l  I 
XOGI 
YBR162 

YIL124 
Y H R ~  

translation elongation factor 
translation elongation factor 
translation elongation factor 
translation factor eIF4a 

2 thymidylate synthase 
tRNA ligase 

I phosphoribosyl anthranilate isomerase 
I beta tubulin 

3 OMP decarboxylase 
2 white-specific 
1 exo-1,3-beta-glucanase 

ubiquitin-conjugating enzyme 

esting genes by PCR, low-stringency hybridization, or complementation in S. 
cerevisiae, efforts that are not always successful. 

We have therefore undertaken the preparation of a complete “contig” 
map of the C. albicans genome, using a library prepared in a fosmid vector 
[13]. Our mapping strain is a derivative of the one for which the Sfi I map was 
developed, 1006. Our first-order mapping uses probes that we have in hand. 
These are simultaneously assigned to the karyotype, the Sfi I map, and the 
fosmid library. Genes that have been sequenced but for which no clones are 
available can be assigned to the library by PCR; positive fosmids can then be 
assigned to the karyotype and the Sfi I map. In addition, a large new collection 
of probes is subjected to single-pass sequencing, and the resulting sequences 
are compared to the GenBank database to identify genes by homology. 

A unique feature is the use of a World Wide Web server on which the 
latest mapping information is available. The server is updated on a daily basis. 
Thus, the latest mapping information is available to the community of scientists 
interested in C. albicans genetics. 

2. PRINCIPLES 

The principles of preparing a physical map of the genome of an organism are 
well known 114,151. A physical map for these purposes is a library of clones 
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which can be arranged along the chromosomes in order such that no part of 
the chromosome is uncovered (a contig map). 

Since fungal chromosomes are much smaller than those of multicellular 
eukaryotes, the preparation of such a map is simplified. The chromosome ends 
serve as markers on the genomic map, and the chromosomal location of a gene, 
if it is known, provides a referral point for mapping. If the chromosomes of 
the organism to be mapped can be separated by PFGE, it is relatively easy to 
assign cloned genes to them. Alternatively, genetic assignments can be used. 
However, it is important to be sure that the cloned sequence corresponds to 
the mapped gene, since mutations in different genes may give a common 
phenotype. Thus, the first step in map preparation is to assign as many cloned 
genes as possible by hybridization to particular chromosomes separated by 
PFGE separations. 

The second step is to prepare a library containing several genomes’ worth 
of DNA sequences. The library is probed with cloned genes whose chromoso- 
mal location is known. If there is a relatively complete genetic map, the task 
is made much easier, since the location of clones from the library that hybridize 
to the probe will be known more exactly. Furthermore, a map with a large 
number of genes means that there is a reasonable chance that two genes will 
hybridize to one clone from the library. In such a case, a contig over the area 
adjacent to the two genes is easily assembled (Fig. 1). 

Note that the ends of the clones are not precisely placed, and although 
the clones are drawn in a particular configuration relative to the genetic map, 
this configuration is arbitrary (e.g., clone 1 could have gene A at either end). 
At this stage of the map assembly, the clones are drawn as if they were all the 
average size of the inserts in the library. Needless to say, this is not accurate, 
and as they are characterized further, their size is corrected. 

From such a contig grouping, the map can be expanded in either di- 
rection by walking. Walking can be accomplished by subcloning the ends of the 
sequences and probing the library anew. One doesn’t know a priori in which 
direction a particular cloned end points in a grouping such as 4-7 (Fig. l), but 
one can rapidly find out by determining whether the cloned end hybridizes to 
clone 2. If it does, either the other end points toward gene C or the cloned se- 
quence is smaller than and completely contained within clone 2. The correct 
alternative can be determined by cloning the other end and using it to probe 2. 

Once the appropriate end is determined, walking is accomplished by 
probing the library with sequences from the end. When a new grouping of 
clones is encountered, the process of assigning a contig is repeated. An 
appropriately positioned gene such as C or a previously established contig 
group can be used to verify that the walk is proceeding in the right direction. 
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Qenetic Map 

Fosrnid 
1 
2 

3 
4 

5 
6 
7 

D A E C 

Fosmid 
1 
2 
3 
4 
5 
6 
7 

Hybridizing to gene 
A B C D  

+ -  
+ + -  
+ -  - +  
- + -  
- + -  
- + -  
- + -  

Contig Map 

D A 0 C 

Figure 1 Establishing a contig. The letters A-D represent markers forwhich probes 
are available. The numbers indicate fosmids that have been shown to hybridize to one 
or more of the probes. 

One should therefore assign all clones to the library before beginning 
extensive walking. If the density of cloned genes is great enough (and for 
almost any organism, the number of cloned genes is increasing rapidly), the 
map may largely self-assemble in the way that the contigs unitinp A and B did. 
Walking may then be necessaly only for a small number of gaps in which by 
chance no cloned genes occur. Walking may also be necessary if one wants 
early in the process to obtain a complete contig map of one region. 
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Repeated DNA constitutes a problem, since by definition it does not 
have a unique chromosomal location. Several classes of repeated DNA have 
been identified in C. albicans, including ribosomal DNA [16], a telomeric 
repeat [17], RPSl [MI, and several other sequences. Sequences small enough 
to be contained in a single fosmid will not affect the map, since we expect to 
find one or more fosmids with unique DNA on both sides of the repeat. 
Sequences larger than a fosmid will form an interruption in the contig map; 
we will be able to map the beginning and the end of the repeat, but we will not 
be able to determine its size. 

A. Choice of Vectors 

The choice of vectors for library preparation is determined by a variety of 
issues. The relatively small size of fungal chromosomes means that vectors as 
large as yeast artificial chromosomes (YACs) are often not needed. In fact, 
they may not provide a significant advantage over chromosomes in many cases, 
since the YACs may be of equivalent size. Cosmids (35-45 kb) are often very 
useful. Dr. S. I. Iwaguchi in our lab has found that cosmidscontaining repeated 
DNA tend to rearrange in E. coli. Bacteriophage h is a useful vector; the size 
of the inserts (20 kb) means that more clones are required to cover a given 
stretch of DNA. Vectors with inserts smaller than those of h are not useful for 
preparing contig maps in fungi. 

We have chosen to use a vector that leads to clones called fosmids. This 
vector consists of the replication origin of the F plasmid from E. coli, a cos site, 
the selectable marker chloramphenical resistance, and two cloning sites, Hind 
I11 and Bum HI, flanked by Not I sites to excise the insert. In addition it has 
SP6 and 77 promoters on either side of the cloning sites. These sites allow the 
preparation of RNA copies for walking and also serve as primer sites for 
sequencing the insert. The advantage of this vector is that the F replication 
origin controls the copy number at 1 or 2 per bacterial cell. Repeated DNA is 
more stable in low-copy-number vectors. 

B. TheLibrary 

The library we are using is composed of genomic DNA from strain 1161, a 
Candidu ulbicans isolate we have chosen as a standard strain. We chose it 
because it has the most common Candida karyotype-eight pairs of chromo- 
somes with the homologues, except for chromosome R, of nearly the same size 
(at least not separable under standard PFGE conditions). It contains five 
genetic markers, including ura 3, and derivatives have been prepared with 
markers on every chromosome [19]. Hence, this strain is the best available for 
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eventual correlations of the physical map with the genetic map. In addition, a 
Sfi I restriction map genome of the parent strain, 1006, has been constructed. 

The library contains 3840 clones of average size 40 kb, or 10 genomes’ 
worth of DNA, stored in 40-microtiter dishes. We are using half the library to 
prepare our preliminary map, since any gene has a 99% chance of being 
represented, given randomness of the library. Statistically we would expect one 
or two gaps per chromosome using this half to build a map; we will use the 
second half to close the gaps and verify key structures. 

3. PRACTICE 

A. Constructing the Map 

The principles of the mapping effort are to assign a sequence to the karyotype 
and the Sfi I restriction map as well as to the fosmid library. As the density of 
markers on the genome increases owing to the cloning of more genes, the gaps 
will close, because fosmids that contain two or more markers will be identified. 
The order of markers is simultaneously determined. The orientation of a con- 
tig can be determined with respect either to an Sfi I site or to the telomere re- 
peats (for which we have a probe). 

B. Assigning Genes 

There are three ways to assign genes to the fosmids: direct probing of a filter 
containing a grid of DNA from the library in microtiter plates, use of the 
polymerase chain reaction (PCR) on pools of fosmids, and a recombination 
technique being developed by M. Strathman at Lawrence Berkeley Lalwra- 
tory. The first technique is quite straightfornard and will be used for most 
assignments. The second, PCR, is somewhat more complicated in that it 
requires knowledge of the sequence of the cloned gene so that the appropriate 
primers can be prepared. Furthermore, the technique requires the use of pools 
of fosrnids; a positive pool is then subdivided and tested again until all positive 
fosmids are identified, Thus it is more time-consuming and more expensive 
than hybridization. The pools of DNA can of course be used to look for several 
different genes by PCR, thus increasing the efficiency of the process. The 
advantage of this approach is that it does not require the clone itself; the 
published sequence will suffice for preparation of the PCR primers. Further- 
more, repeated DNA in the clone will not necessarily confuse the assignments 
to fosmids. The fosmids identified as containing the genes can then be used to 
identify the chromosome and Sfi I fragment on which the gene is located. An 
alternative, which is cheaper and quicker, is to use the PCR product to screen 
the library directly. 
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C. Identifying Genes 

To be sure that sufficient markers exist to complete the contig map, we assign 
members of a library of random clones in the vector pUC to the library, first 
subjecting these clones to one-pass sequencing, a relatively inexpensive pro- 
cedure which gives about 300 nucleotides of sequence. This means that we will 
build our physical map as much as possible with genes, not probes of unknown 
function. This sequence is then subjected to a blastx [20] search to see whether 
the clone contains an open reading frame that corresponds to a known gene 
(from any organism). The rapidly increasing database from the S. cerevisiue 
genome project will greatly aid this identification. About 1 in 5 of the sequences 
that have been determined appears to encode a homologue of a known gene. 
As more sequence data from the Succhuromyces cerevisiue genome product 
become available, we expect this frequency to rise to 1 in 4. As the map nears 
completion, the number of identified genes available as fosmids will be high 
enough that 10% of Cundidu genes will be available on known fosmids. 

D. Completing the Map 

We estimate that the map will be two-thirds complete by the time we have 
assigned 250 random clones to fosmids. Chromosome- or S’ I fragment-spe- 
cific libraries can be used to generate probes and saturate regions of interest. 
We calculate that 25 additional probes for any l-Mb fragment (a small chro- 
mosome or an Sfi I fragment) will not only provide complete coverage but will 
also provide extensive ordering of the clones. 

As the map approaches completion, use of random probes becomes 
more inefficient, since they are likely to come from regions already mapped. 
We will sequence the ends of fosmids to which no probes are assigned in order 
to make new probes, since by definition these fosmids are located in uncharted 
regions. Use of both ends means that a 45-kb region will be covered, thus en- 
suring efficient spacing as well. The sequence determination will also identify 
new genes as described above. We can also use the terminal sequences of as- 
signed fosmids to order unordered regions and to walk across gaps by the same 
methods. By the time we have assigned 600 probes, we expect on statistical 
grounds to have a virtually complete map, except for one or two gaps per chro- 
mosome. We will close these gaps by using the second half of the library. 

Regions of repeated DNA, such as the rDNA cluster and the tandem 
repeats of the RPSl sequence, will not be part of our map. However, the rest 
of the genome should be covered at a density of about 1 marker every 25 kb, 
and a large fraction of the markers should be genes, many of them uncloned 
except in the fosmid library. 
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E. Data Sharing via the World Wide Web 

We have put on line a server to provide up-to-date information on the progress 
of the map. The server is accessible via client programs such as MOSAIC. The 
server contains the chromosome numbering system of Candida afbicans, the 
Sfi I restriction map, and a list of the known genes and markers. The list 
contains the name of the gene if it is known or the name of the probe if it does 
not appear to encode a gene; the fosmids to which it is assigned; the chromo- 
somal and Sfi I fragment location if it is known; and the name of the person 
who isolated the gene. By clicking on the name of the gene or the probe, one 
can access the GenBank entry if it exists. There is a separate list of the fosmids 
and the genes assigned to them, so that one can determine all of the genes or 
sequences located on a fosmid of interest. The server also has a file of Cundidu 
literature references and a variety of other information, including information 
on methods and a blastx search program for new sequences. 

The function of the server is to make the data obtained during the 
mapping process very rapidly accessible to the community of Cundidu investi- 
gators. New gene-fosmid assignments are added as soon as they are confirmed. 
In turn, the Cundidu community has been very helpful in sending us cloned 
sequences t o  assign to the map. We call assign any sequences which appear in 
GenBank via cloning by PCR, as described above.* 

F. Distribution of the Library 

The library will be distributed widely, as will filters with the library gridded out 
for gene mapping. Our plan is to enlist as much help as possible in building 
the map. Possession of the library will, of course, make quite simple the cloning 
of any mapped gene. 

4. CONCLUSION 

The rapid advances in genome analysis are making important changes in the 
way biology is being studied. Instead of having to start with the phenotype and 
move to the study of the gene, investigators can work in the opposite direction, 
from gene to physiology. Cundidu ulbicuns, being diploid and lacking a sexual 
cycle, has proven a very difficult organism to study in the classical way. Our map- 
ping of the genome will make possible the second approach in order to facili- 
tate the understanding of the virulence of this important human pathogen. 

*The address of the Server is http://alces.med.umn.edu/candide.htrnl 
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Within 5 years we expect to have completed the contig map of Candida 
albicans together with the assignment of more than 300 genes to it. The map 
will aid research on this organism in a variety of ways. The catalog of genes 
will provide a starting point for investigators of a great many aspects of Candida 
physiology, obviating in many cases the need for cumbersome approaches to 
cloning desired genes. The chromosome changes leading to variations in the 
electrophoretic karyotype can be determined. Specific chromosome translo- 
cations can be analyzed. Construction of strains designed to facilitate the 
analysis of pathogenesis will become much easier. In general, the map should 
provide a very large step forward toward understanding the properties of this 
important human pathogen. 
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1. INTRODUCTION 

Genetic analysis of the asexual fungus Aspergillus niger is based on genetic 
recombination in somatic cells (see Chapter 4) and requires proper genetic 
markers. Mostly such markers are induced by mutation. A great number of 
auxotrophic mutants have been isolated in this way, and genetic maps have 
been constructed [l]. Alternatively, genetic markers may be introduced by 
transformation with a heterologous gene. The heterologous Aspergillus nidu- 
luns gene coding for acetamidase (umdS) has proven to be an excellent marker 
for mitotic mapping of other markers in several linkage groups ofA. niger [1,2]. 
The introduction of heterologous markers can be useful not only as extension 
to the amount of available markers, but also to trace other markers that are 
difficult to identify by their own phenotype. ThegluA (glucoamylase) gene of 
A. niger, for example, does not have a simple phenotype for testing. 

An insertional mutation of the glaA gene tagged with the heterologous 
ble gene, (conferring resistance to bleomycin) in a transformational gene 
replacement, facilitated genetic analysis of theglaA gene [3]. In addition, trans- 
formation with a vector carrying bothgluA and umdS enabled genetic analysis 
of the gluNumdS inserts in various multicopy glucoamylase-overproducing 
transformants using the umdS gene as marker [4]. 
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Key concepts for the use of a heterologous gene as marker for genetic 
analysis in A. niger are these: 

1. Vectors with a heterologous marker may integrate at different sites 
in the genome, and multicopy transformants usually carry the plasmids as a 
single insert. 

2. An insert with a heterologous marker can be used as marker in genetic 
mapping and for the localization of genes lacking a detectable phenotype. 

3. Insertion of a plasmid with a heterologous dominant marker in a 
diploid can facilitate genetic analysis. 

2. TRANSFORMATION WITH A PLASMID CARRYING 
A HETEROLOGOUS MARKER 

Transformation in Aspergillus results from integration of the transforming 
DNA sequences in the genome of the recipient. Recombination of homolo- 
gous transforming DNA may be at the homologous site either by single 
crossing over, by double crossing over, or by gene conversion. Ectopic integra- 
tion apparently occurs by heterologous recombination with different integra- 
tion events for one transformant to another [5,6]. If there is no significant 
homology between the transforming DNA and the recipient genome, trans- 
formation yields ectopic transformants. 

This is the case for transformation ofA. niger with the heterologous A. 
niduluns gene coding for acetamidase (amdS) and enabling growth on 
acetamide as sole carbon and nitrogen s0urce.A. niger strains do not have an 
equivalent gene, but the amdS gene is subject to regulation if introduced by 
transformation [7]. ArndS' transformants of A. niger can be selected on the 
basis of acetamide utilization. On the other hand, loss of function (AmdS-) 
can be monitored by selecting for resistance to fluoroacetamide (FA) [2,8]. 
Therefore, the heterologous amdS gene can be used as a two-way selectable 
marker. 

More recently, autonomously replicating plasmids have been obtained 
that do not require integration into the genome upon transformation inlisper- 
gillus [ 9 1, 

3. MITOTIC MAPPING USING AMDS TRANSFORMANTS 

In this case study we present the application of the two-way selection using 
amdS transformants in genetic analysis. We will see that the amdS insert of 
the different transformants can be localized rather easily and in fact provide 
an efficient mitotic mapping strategy for analysing other markers. As outlined 
in Chapter 4, a distal selective marker in cis position to the recessive markers 
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on the chromosome facilitates the mitotic mapping analysis. The amdS gene 
provides such a marker. Growth of amdS transformants on acrylamide is due 
to constitutive expression of amdS gene(s) and indicative of multiple copies of 
the gene [2,7]. 

The main advantages of the mitotic mapping method using amdS trans- 
formants are: 

1. The amdS gene may be introduced at different loci in the genome. 
Assuming random heterologous integration, each transformant would carry 
the dominant amdS+ insert at a unique position. 

2. The mitotic stability of the Amd+ phenotype can be quantified, since 
revertants (AmdS- segregants) can be selected for on the basis of resistance to 
fluoroacetamide (FA). 

3. Diploids constructed from such transformant strains and a strain 
carrying linked recessive markers are Amd+ and thus sensitive to FA. From 
such diploids that are essentially hemizygous for the recessive FA resistance, 
homozygous crossing-over recombinants can be isolated quantitatively on the 
basis of resistance to FA. 

4. The selective FA resistance “marker” is in the desired cis position to 
all recessive markers of the nontransformed strains. The method has been used 
to localize many recessive nonselective markers relative to the amdS insert of 
the different transformant strains [1,2]. 

The first step in the genetic analysis of A. niger transformants is to 
determine the linkage group of the insert on basis of haploidization. A. niger 
has eight linkage groups, and master strains with marked linkage groups are 
available [lo]. In the first part (A) of the following experiment we do a 
transformation experiment with a plasmid containing the A. nidulans amdS 
gene. In the second part (B), some amdS+ transformants are analyzed by 
haploidization. In the third part (C), we determine the frequency of reversion 
of the Amd+ transformants to Amd-. In the fourth part (D) we will determine 
the linear order of markers on a chromosome relative to the amdS insertion 
and the centromere. 

In special cases it may be useful to start transformation with a diploid 
strain constructed from two haploid strains together carrying markers for each 
chromosome. In this way time-consuming isolation of heterozygous diploids 
from each individual transformant strain with a tester is avoided. An additional 
advantage may be that otherwise lethal transformants (insertional mutations 
in essential genes) can be obtained in a heterozygous diploid. 

4. EXPERIMENTS 

Strains and plasmid used. The A. niger strains used are listed in Table 
1. The plasmid pGW325 carrying the amdS gene is a derivative of p3SR2 [ll]. 
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Table 1 Strainsused 

I I1 111 IV V VI VII VIII 

N671 fwnAl hisD4 metBl 
N716 bioAl leuAl nicAl pabAl oliA2 nirA2 
N761 fwnAl PyrB4 

pabAl 
CnVAl 

AT1 nicAl amdS 

Media and growth conditions. The media (complete, minimal, and 
supplemented minimal medium; CM, MM, and SM, respectively) and the 
growth conditions are described in the Appendix. The Amd+ character is 
isolated or tested on SM with 20 mM acetamide (SMA) as sole carbon and 
nitrogen source and the required auxotrophic supplements are added at 20% 
of the standard concentration. Growth on acrylamide is tested on SM contain- 
ing 10 mM acrylamide as sole nitrogen source. 

Chlorate resistance is tested on complete medium containing 150 mM 
KC103 and 10 mM urea (CMC). Fluoroacetamide (FA)-resistant segregants 
are isolated on SM + FA (1 mg/mL) + 5 mM urea and 100 mM acetate as car- 
bon source [S ] .  The techniques for genetic analysis are described in Chapter 4. 

The osmotic buffer used for the preparation of protoplasts consists of 
1.0 M sorbitol, 10 mM CaCI2, 10 mM Tris (pH 7.5). 

A. Transformation Experiment 

1. Protoplasts are isolated from young mycelium of diploid strain N671/ 
N716 grown for 15 h at 30°C on a rotary shaker. The mycelium is collected on a 
myracloth filter in a Buchnerfunnel, and 1 g is resuspended in osmotic buffer (0.7 
M NaCI, 0.2 M CaCI,) with 0.5-1 mg/mL Novozyme 234 (see also Chapter 8). 

2. The protoplasts are washed and resuspended in osmotic buffer at a 
density of 107-108 protoplast per mL. Aliquots of 0.1 mL are mixed with an 
equal volume of the same buffer containing the vector DNA. This suspension 
is immediately mixed with 1 mL PEG buffer consisting of 30% PEG 6000,lO 
mM CaCI,, and 10 mM Tris (pH 7.50), and left at room temperature for 20 
min. 

3. The protoplasts are collected by centrifugation and resuspended in 
0.4 mL osmotic buffer, and aliquots of 0.4 mL are plated in a 2-mL overlay on 
selective medium (MMA). The plates are incubated for 2 days at 30°C. 

4. Amd' transformants are isolated and purified by transfer to a selec- 
tive plate (MMA). About 20 independently derived single spore colonies are 
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preserved and tested for growth on acrylamide (growth indicates multiple 
copies of amdS). 

B. Haploidization Experiment 

1. Transfer small amounts of conidia from the different diploid trans- 
formants onto plates containing CM + benomyl (25 pg/mL) to induce hap- 
loidization. Incubate the plates at 30°C for 3-5 days. 

2. Haploid segregants (either fawn-colored or black) are isolated with 
help of a dissecting microscope, purified by transfer to a plate of CM. 

3. All segregant colonies are tested for each of the markers. SincemetBl 
and nicAl are tightly linked on linkage group V, haploid segregants will be 
requiring either methionin or nicotinamide (the odd black prototrophic colony 
is therefore most likely diploid and should be discarded). 

Results 
1. Estimate the transformation frequency. 
2. What is the fraction of multiple copy transformants? 
3. Could viable haploid A m d S  segregants be recovered from all diploid 

transformants? 
4. Calculate the recombination frequencies for the amdS gene to each 

of the other markers. 
5. Assign the amdS inserts in the different transformants to linkage 

groups. Can all be assigned to a single chromosome, even the multiple copy 
transformants? 

C. Estimating the Stability of the amdS Insert 
in Haploid and Diploid Culture 

Since loss of the Amd+ phenotype will result in resistance to FA, the mitotic 
stability of the Amd+ phenotype can be quantified. Therefore, transformant 
AT1 and the hemizygous diploid ATl//N761 are grown on nonselective me- 
dium (CM). In principle FA-resistant segregants may result from loss of (part 
of) the am& sequences in both haploids and hemizygous diploids (“rever- 
sion’’) and from crossing over between homologous chromosomes in diploids 
(homozygosity for the absence of the amdS sequences). Assuming that rever- 
sion events in diploids occur at the same rate as in haploids, we can estimate 
crossover frequencies between the amdS insert and the centromere. Haploid 
transformants that are relatively stable are good candidates for analyzing 
crossover recombinants in diploids. In order to obtain reproducible quantita- 
tive data the inoculaused are first tested for the presence of revertants to avoid 
clonal bias. 
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Isolation of A m d  Segregants 

The quantitative selection of Amd- segregants (revertants) from the haploid 
transformant is performed on SM + FA. Conidia of purified Amd+ transfor- 
mant AT1 are grown on CM for 3-4 days at 30°C; the inocula are also tested 
by plating on SM + FA. If no resistant colonies appear on the SM + FA plates, 
conidia of the CM plates are harvested and plated onto SM + FA and CMT. 
Plates are incubated for 3-4 days at 30"C, and the frequency of FA-resistant 
colonies is determined. FA-resistant colonies are tested for the inability to 
utilize acetamide as the sole nitrogen source. The quantitative selection of 
mitotic segregants from diploid strain ATl//N761 should be performed with 
similar precautions against clonal segregation. Suspensions of single conidial 
heads from primary diploid cultures are screened for mitotic recombinants, 
i.e., Amd- segregants (on SM + FA) and chlorate-resistant CnxA- segregants 
(on CMC). Parallel cultures from the same suspensions are grown on CM to 
propagate the diploid. If no segregants resistant to FA or chlorate are found, 
the conidia are harvested from the corresponding CM plate and used to 
determine the frequency of FA or chlorate-resistant segregants. 

Results 

1. Determine the mitotic stability of the haploid transformant. 
2. Determine the recombination frequencies in diploid culture for the 

amdS and the cnxAl marker. 

D. Mapping the amdS Insert by Mitotic Crossing Over 

FA-resistant (FA') diploid recombinants can be isolated from diploids hemizy- 
gous for the dominant heterologous amdS sequence (i.e., the plasmid insert is 
present on only one of the two homologous chromosomes in the diploid). We 
choose transformants in which the amdS insert is in repulsion to the marker 
on that chromosome. In this case the diploid recombinants are most informa- 
tive, since the genotypes can be inferred directly (otherwise each transformant 
would have to be haploidized to determine its genotype). 

Alternatively, we can construct diploids from haploid amdS segregants 
and a tester strain carrying several markers linked to am& insert. In this 
experiment we will further analyze the hemizygous diploid ATl//N761 (see 
exp. C). The selectable marker cmAl enables isolation of chlorate resistant 
recombinants in addition to FA-resistant recombinants. (Note: The frequency 
of mitotic recombination may be increased by UV irradiation. Heterozygous 
diploid conidia are germinated on CM plates for 16 h at 30°C, irradiated with 
UV to a final sublethal dose of 10 J/mz, and further incubated.) 

1. Construct a diploid AT//N761. Transfer small samples of coni- 
diospores (preferably from a single conidial head) from primary diploid 
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colonies to plates containing MM + FA supplemented according to the 
requirements of that chromosome (20 inoculations per plate). Similarly chlo- 
rate-resistant colonies are selected for on CMC. Incubate for 3 -5 days at 30°C. 

2. Isolate (aconidial) FA-resistant recombinants by taking small my- 
celial fragments of the edge of the sectors and transfer them onto a CM plate 
(20 segregants per plate in a 4 x 5 pattern). Chlorate-resistant segregants can 
be transferred using small conidial inocula. Incubate the plates at 30°C for 3 
days. 

3. Replicate each plate on test plates to test for each marker on the 
chromosome. Score the test plates after 2 days at 30°C. 

Results 
1. Determine the relative frequency of the different genotypes. 
2. Explain each recombinant genotype in terms of a recombinational 

3. Conclude the linear arrangement to the centromere and the marker. 
4. Estimate the relative distance to the centromere. 
5 .  Are the findings consistent with the results from experiment C? 

event. Can all genotypes be explained by single crossovers? 
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1. INTRODUCTlON 

Neurospora was the first organism in the development of molecular genetics, 
and has a 55-year history of continuous development. Its exploitation as a 
research tool has depended critically upon the ability to induce and select 
mutants at particular loci. For most of the first half-century, this depended on 
either brute force screening for particular mutant phenotypes in a population 
of randomly mutagenized propagules, or the exploitation of a variety of tricks 
for selection of particular phenotypes, again from a random mutagenized 
population. Because of the promiscuity of the organism in inserting any DNA 
taken up into predominantly ectopic locations, conventional in vitro inser- 
tional inactivation techniques are remarkably inefficient. Fortunately, the 
so-far Neurospora-specific RIP mechanism of in vivo site-directed mutagenesis 
permits potential inactivation of almost any gene for which a clone is available. 
Recent examples of our RIP inactivation of three new genes is described. 

Some key concepts in the mutation of N. crussu are these: 
1. In the course of over 50 years of genetic research on Neurospora more 

than 1000 genes have been described and mutants in them have been obtained. 
Of these, over 200 have now been cloned and sequenced. 
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2. In vivo mutagenesis, coupled with methods for general enrichment 
for mutants and subsequently specific enrichmentlselection methods for mu- 
tants with particular phenotypes or in particular genes, provided powerful 
tools and led to the rapid development of the genetic analysis of the organism. 

3. General in vitro methods for site-directed mutagenesis proved inef- 
ficient in Neurosporu, due to efficiency of the organism in integrating trans- 
forming DNA in ectopic locations. 

4. The process of RIP (rearrangement induced premeiotically), de- 
scribed first in Neurospora and unknown in any other major genetic species, 
provides a very powerful tool. 

5.  With RIP, a cloned sequence can be used to specificially inactivate 
the resident copy of the gene without the necessity for a homologous transfor- 
mation integration event to cause gene disruption. 

6. With RIP, one can not only do specific gene disruption, but can 
readily determine any function of a clone of unknown function. 

7. Being specific to the process of meiosis, RIP is particularly simple to 
control experimentally, and without putting a transformed strain through a 
cross, it is totally protected from RIP inactivation. 

2. NEUROSPORA AS A GENETIC RESEARCH ORGANISM 

Neurosporu crussa is the most extensively studied of all the filamentous fungi, 
with a literature dating back to the pioneering work of Shear and Dodge [l], 
detailed formal genetic analysis initiated by Lindegren [2] ,  and the origin of 
microbial biochemical genetics including the induction o f  the first mutant, 
p&(299), ofN. sitophila by X-rays by Beadle and Tatum [3]. The Fungal Gene- 
tics Stock Center at University of Kansas Medical Center, Kansas City, pub- 
lishes biennial lists of available stocks. The last major compilation of the loci 
ofNeurospora was that of Perkins et al. [4], although many more loci have since 
been identified and characterized. 

Approaching the molecular level, colinearity of gene and gene product 
was first demonstrated in eukaryotes in Neurosporu, by Fincham and co-work- 
ers with the urn gene for NADP-linked glutamate dehydrogenase [5 ] .  This 
poineering work was based on a comparison of the in vivo gene fine-structure 
map and the determined amino acid sequence of the encoded enzyme. 

The first Neurospora gene was cloned in 1977, when the qu-2 gene for 
catabolic dehydroquinase was isolated by complementation of the anabolic activ- 
ity of Escherichiu cob [6]. Since that time, veIy many Neurosporu genes, from 
nuclear and mitochondria1 genomes and from plasmids, have been cloned. The 
latest compilation (Fungal GeneticsNavsleter41,19!94) shows that approximately 
200 Neurospora genes have been cloned and sequenced and the sequences 
published, and that many other genes have been cloned but are not yet sequenced. 
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Neurospora is a very active research organism, with so much work in 
progress on in vitro genetics. This is aided by the efficient transformation 
systems available for the species, reviewed recently by Fincham [7]. Transfor- 
mation frequencies in the range to 10-4 per microgram of transforming 
DNA may be obtained using CaCl,-PEG transformation of enzymatically 
prepared spheroplasts of germinating conidia. Transformation in Neurospm 
is essentially by integration of transforming sequences into the host genome, 
predominantly ectopically, as no effective autonomous vector exists for the 
organism. Experiments and calculations camed out some time ago suggest 
that the efficiency of integration of supplied DNA is such that persistence of 
autonomy would be difficult to achieve as selection could not be maintained 
once a functional integrated sequence was obtained [8]. Integrative transfor- 
mation gives stability of transformants, but makes self-cloning very difficult. 
Self-cioning depends on either sib selection or inefficient marker recovery. 

However, despite the advanced state of its in vitro genetics, the in vivo 
genetic systems of Neurospom still have major applications. The potential of 
meiotic analysis is greatly enhanced by the potential for analysis of ordered 
tetrads, as well as ready random meiotic products. The full exposition of formal 
genetic methods was published by Bmatt et al. [9]. 

Formal, in vivo, genetic analysis including tetrad analysis lost some of its 
significance with the advent of in vitro genetics. However, with the elucidation 
of the RIP mechanism for invivo genome protection by Neurospra [lo], tetrad 
analysis was a necessary tool in the analysis of the inactivated products of 
duplicated, ectopic DNA sequences, just as important as the in vitro analysis 
of the effects of RIP on the resident and ectopic copies of the duplicated 
sequence. 

The preceding is a very brief review of the development of Neurospom 
genetics, For most of the above developments, a critical aspect has been the 
availability of allelic differences. Initially these came from natural polymor- 
phisms and spontaneous mutants. However, the work of Beadle and Tatum 
introduced the deliberate induction of mutation as a source of more variation. 
This case study is a summary of the development of methods of mutagenesis 
in Neurospora-many subsequently applied to other species, but others essen- 
tially restricted to the genus. 

3. MUTATION DETECTION AND SELECTION 

A. Nonselective Random Recovery end Screening 

In the earliest work on mutation in Neumspra, both N. crassa and N. sitophila, 
random mutations were induced by physical and chemical mutagens. Growth 
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on complete medium of total mutagenized ascospores or conidia revealed 
morphological mutants directly by visual inspection, and auxotrophic mutants 
by their inability to grow on minimal medium when subcultured. Identification 
of mutants at a particular locus then required determination of the biochemi- 
cal requirement in the latter case, and in all cases follow-up complementation 
tests and crosses to determine allelism and map location. 

B. Enrichment by Selective Removal of Nonmutants 

Improvements were made to enrich for mutations, and for those with a 
particular phenotype, initially by filtration enrichment [ll]. In this process, 
mutagenized conidia were incubated in liquid minimal medium, and all un- 
mutated (and hence prototrophic) conidia germinated and were filtered out. 
After 3 or 4 days and numerous filtrations, the remaining conidia were plated 
on solid medium supplemented with the requirement for the desired auxotro- 
phic phenot! le. These then germinated and could be recovered. 

C. Enrichment by Selective Death of Nonmutants 

An alternative selective removal method of enrichment was inositolless death, 
based on the rapid death of inositol auxotrophs on minimal medium [12]. This 
required an inositol auxotrophy in the starting strain, which was mutagenized 
and plated on minimal medium. Unmutated in1 conidia germinated and died, 
but those with a newly induced second auxotrophy remained ungerminated. 
After several days, the desired supplement was overlayered, and those with 
that auxotrophy germinated and formed colonies. 

D. Locus-Specific Screening 

The first visual selectinn method for a specific class of mutants was that 
exploiting the purple pigment accumulated by certain adenine auxotrophs, 
specifically at either the ad-3A or ad-3B locus [13]. In this method, conidia 
were mutagnized and then grown in large flasks of liquid sorbose medium. 
Individual conidia tended to form individual “snowball” colonies; those accu- 
mul:i ting purple coloration were isolated. 

A general method of screening for a specific auxotrophic phenotype is 
by replica plating, from colonies growing from mutagenized conidia on selec- 
tively supplemented medium onto minimal medium, and recovering from the 
former a colony that fails to grow on the latter [14]. 

E. Locus-Specific Selection 

A number of special methods were developed to select from a random 
population of mutagenized conidia those that were mutant at a specific locus, 
using their ability to grow when all other conidia were unable to do so. 
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The most straightforward of these was selection for resistance to an 
inhibitor or antimetabolite. Among these are benomyl resistance [ 151, cyclo- 
heximide resistence [16], and 4-methyl-tryptophan resistance [17], 

One of the most elegant methods was based on the common intermedi- 
ate, carbamoyl phosphate, in the arginine and pyrimidine biosynthetic path- 
ways. Although normally channeled, at least in eukaryotes, cross-feeding be- 
tween the pathways is possible if the pool accumulates abnormally in one or 
other pathway. Exploiting this, forward mutants eliminating the ACT (aspar- 
tate carbamoyl transferase) function of thepyr-3 locus but leaving its CPS (car- 
bamoyl phosphate synthetase) function intact could be selected by their ability 
to suppress the arginine requirement brought about by loss of CPS activity in 
the arginine pathway due to an utg-2 or u p 3  mutation. Conversely, an utg-12 
(ornothine carbamoyltransferase) mutant strain could be selected by its sup- 
pression of a CPS-pgr3 allele [18]. In each direction, plating a large sample of 
mutagenized conidia on the appropriate medium selected for the rare mutants. 

4. SITE-SPECIFIC MUTAGENESIS 

A. Conventional Targeted Gene Disruption 

Until recently Neurosporu crussu has exhibited one major drawback for use in 
modem molecular biology when compared with other model organisms such 
as bacteria, yeast, and some other fungi. Unlike these other model organisms, 
homologous recombination and integration of transforming DNA are usually 
extremely rare and unstable, making isolation of mutants in specific genes of 
interest extremely difficult [19]. 

The standard method, by insertion of a piece of exogenous DNA into a 
gene to form a null mutant, has been demonstrated in the species, first by 
Paietta and Marzluf [20], who used linear DNA containing an urn clone 
disrupted by qa-2 (the selectable marker) to disrupt the resident copy of urn. 
However, the method has shown limited success in Neuroporu [21,22] due to 
its propensity for ectopic insertion of transforming DNA. Fortunately the 
timely discovery of the in-built in vivo RIP system in Neumporu [23] and 
targetable gene disruption machinery [24], and the recent novel developments 
in detecting homology-directed recombination [2!5,26] have overcome this 
problem, thus restoring Neurosporu to its leading role in genetic research. 

B. RIP-Rearrangement Induced 

Investigating the observation that transforming DNA, especially when present 
in multiple copies, was rarely stable through sexual crossing 127,281. Selker et 
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al. [10,30] used a number of transformant strains harboring single copies of 
the plasmid pES174 as a parent in sexual crosses and examined the progeny. 
pES174 consisted of the Neurosporu crussu urn (glutamate dehydrogenase) 
gene [29], pUC8 vector sequence, the Neurosporu crussu 4-q region-an 
imperfect tandem duplicate of a 0.8-kb segment, usually methylated and 
including a 5s RNA gene [30], and finally 6 kb of adjacent flank sequence. The 
transformant host strain (N24) contained a deletion of the entire urn gene 
(urn132) [29] and a unique DNA sequence replacing and exhibiting partial 
homology to the native C,-q region [30]. 

Restriction analysis and Southern hybridization of the progeny DNA 
indicated that expected restriction sites within the 6-kb flank region had been 
lost, suggesting local rearrangement of this DNA. Further analysis using CpG 
methylation-sensitive and insensitive isoschizomer restriction enzymcs dem- 
onstrated that de novo hypermethylation of the flank sequences had occurred. 
The flank region was the only duplicated sequence in the transformant paren- 
tal strain. The 4-q region exhibited some methylation, but as this is also 
observed during normal vegetative growth, it was more likely a result of 
reversible inactivation [31] than sexual crossing, or intrinsic methylation signal 
as originally claimed [32]. Otherwise, none of the transforming DNA not 
previously present in the host genome (urn, 6-q and pUC8) appeared generally 
altered. Tetrad analysis revealed that rearrangement and de novo hypermethy- 
lation of the duplicated sequences occurred after fertilization but before kar- 
yogamy and meiosis. This phenomenon was termed RIP (rearrangement in- 
duced premeiotically). 

To confirm that RIP was the result of DNA sequence duplication, Selker 
and Garrett [33] constructed strains housing single, duplicate, and multiple 
copies of the am gene at unlinked chromosomal locations and crossed them 
with other strains both harboring and not harboring theurn gene. Only crosses 
in which one of the parents carried duplicate or multiple copies of theurn gene, 
regardless of the mating partner, resulted in RIP. Furthermore, only even 
numbers of copies of the sequence were inactivated. 

RIP affects both linked and unlinked copies of both Neurosporu crussu 
and closely homologous foreign duplicate sequences [34], and sequences that 
have been altered by RIP remain susceptible to RIP after many further 
generations [35]. Direct neighboring duplications of the 6-kb flank region 
never survived a cross unaltered, but unlinked duplications of the same 
sequence escaped RIP in approximately 50% of cases [lo]. 

To clarify the local duplicate sequence rearrangements resulting from 
RIP, Cambareri et al. [36] sequenced both linked and unlinked duplicate DNA 
segments before and after exposure to RIP. In both cases the rearrangements 
were identified as being point mutations. A number of the original sequence 
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G-C base pairs had been converted to A-T base pairs. A clear preference of 
RIP for certain G-C pairs could be seen; -64% of all G-C base pairs mutated 
were those with an adenine 3’ of the altered cytosine, and -18%, -13%, and 
-5% of G-C base pairs mutated occurred in CpT, CpG, and CpC contexts. 
The acronym RIP was now redefined as “repeat-induced point mutations.” In 
comparing the effects of RIP on the unlinked and linked duplications, it was 
seen that 10% of the G-C base pairs in the unlinked sequences had been 
altered whereas in 31% of the G-C base pairs the linked sequences had been 
changed, after being subjected to RIP through two meiotic cycles. 

Using the bisulfite genomic sequencing technique developed by From- 
mer et al. [37], Selker et al. [38] were able to investigate the de novo methyla- 
tion resulting from RIP. The bisulfite genomic sequencing technique allowed 
the identification of the precise bases that had become methylated as a result 
of the RIP in duplicatedam gene sequences. Methylation occurred at cytosine 
bases only, on both DNA strands, and in apparently any sequence context. 
More than 80% of the cytosines present within the duplicated sequences were 
affected. The distribution of methylation showed no correlation to the base 
pair point mutation sites resulting from RIP. 

In summary, RIP occurs associated with the process of meiosis and is 
triggered by the presence of a DNA duplication, with a higher efficiency for 
linked, tandem duplications (efficient with >l-kb duplication) than for un- 
linked, ectopic duplications (>2 kb required for efficient RIPlng). Sequence 
homology needs to be at least 90%, but this does permit RIPing with closely 
similar but heterologous duplicate sequence [34]. RIP occurs until homology 
i s  <90%, perhaps taking several cycles of meiosis. At the end of RIP, a 
significant proportion of GC base pairs will have been changed to AT, giving 
a nonrevertible mutant. 

RIP provides in Neurosporu, and probably in some pyrenomycete rela- 
tives, a site-specific mechanism for mutagenesis, for almost any part of the 
genome for which a cloned fragment is available, and for any part of the 
genome for which a highly homologous sequence has been cloned from 
another species. As such, it provides a mechanism for inducing mutants at loci 
for which there is no selectable phenotype, and a way of potentially revealing 
the phenotype of a clone of unknown function. 

A problem arises if the process of RIP disrupts an essential function that 
cannot be remedied by medium supplementation or other modification of the 
environment, as such disruption would be lethal, hence not recoverable. 
Identification of such a lethal phenotype would show up in tetrad analysis as 
4 viable:4 nonviable spores per ascus, and could be mapped by segregation of 
the lethality. However, Metzenberg and Groteluschein [39] have devised a 
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modified RIP procedure, sheltered RIP, which carries a RIP-lethal mutant 
nucleus in a heterokaryon. 

The sheltered RIP method exploits the fact that in a cross homozygous 
for the mei-2 mutant, meiotic recombination and normal chromosomal dis- 
junction are inhibited [40,41]. Among the meiotic progeny are a range of 
aneuploid products, including disomics. A recessive lethal mutant may there- 
fore be recovered from such a meiosis initially as a disomic partial heterozy- 
gote. As disomics in Neurosporu break down within the first few mitotic 
divisions after meiosis, by random loss of the extra chromosome [42], the result 
is a heterokaryon with nuclei containing both a normal copy of the gene and 
the recessive lethal RIP-mutated allele. Sheltered RIP has been used to 
inactivate the mom-19 gene specifying the mitochondria1 protein import re- 
ceptor MOM19 [43,44]. 

RIP has now been used to induce mutants in a number of loci, and the 
1994 Catalogue of the Fungal Genetics Stock Center includes RIP-induced 
alleles at the am, usd-1, eus,grg-1, and ro-11 loci. 

5. RIP 1NACTlVATION OF NEW GENES 

We have recently used RIP to induce mutation in previously uncharacterized 
genes, for a specific blue-light-inducible protein (bli-4), for the major extracel- 
lular glucoamylase @lu-l), and for cellobiohydrolase 1 (cbh-I), the major 
enzyme of the extracellular cellulase complex. 

A. The RIP Inactivation of bfl-4 

Neurosporu has proven to be an excellent system for the investigation of 
regulation by blue light induction. A number of blue-light-regulated genes 
have been identified, including bli-3 [45], bli-4 [46,47], and bli-7 [48]. It has 
been shown that bli-4 demonstrates increased mRNA transcription 2 minutes 
after blue light induction, reaching a maximum of 90-fold over the dark control 
after 30 minutes [46]. Transcriptional induction ofbli-3 and bli-4 are the fastest 
blue-light-induced responses in nature. No bli-4 mutant was known, the cloned 
wild-type allele being derived from differential cDNA libraries. 

In order to RIP-inactivate the resident bli-4 locus, a 6-kb HincII/I@nI 
fragment containing the entire coding region and flanking sequences was 
isolated and inserted into the multicloning site ofpUC19 to createpBli4. The 
2.4-kb SulI fragment from pCSN44 containing the hph (hygromycin phos- 
photransferase) gene coding sequence flanked by the control regions of the 
Aspergillus nidulans hpC gene was isolated and inserted into an EcoRV site in 
the middle of the bfi-4 coding region in pBli4, creating pBH1. Thus pBHl 
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contained the entire bfi-4 gene interrupted by a selectable hph tag conferring 
hygromycin resistance. 

A forced heterokaryon, R179 (af-1, arg-10) + R186 (al-2, urg-I), was 
transformed with pBH1, using standard methods [49]. Note that the het- 
erokaryon grows on minimal medium and has orange conidia, but if allowed 
to break down on medium supplemented with arginine, the two homokaryotic 
components would have either yellow conidia from al-I or white conidia from 
al-2. Stable transformants were selected on medium containing both hygromy- 
cin and arginine. These were then analyzed by Southern hybridization to 
identify those with only a single inserted copy of the transforming sequence. 

One transformant, BA47-cl0, was purified to homokaryosis, and crossed 
to wild-type strain R2. Subsequently, ascospores from this cross were plated 
onto medium containing arginine but not hygromycin, and geminated, and 
growing progeny colonies isolated. Genomic DNA was extracted from isolates 
RB47-1 to RB47-30, double-digested with ClaI and HindIII, run out, and 
probed with pBHl DNA. Strains with altered patterns of restriction in com- 
parison to parental patterns could be readily identified. Reprobing with the 
pCSN44 vector confirmed that these strains contained only a RIPed resident 
copy of the bli-4 locus, so that any resulting phenotype would be attributable 
specifically to the bfi-4 mutational alteration. 

Three isolates with altered restriction patterns, and hence sequence 
alterations in bli-4, RB47-3, RB47-13, and RB47-24, were selected for further 
study. Their growth, morphology, conidiation, protoperithecial production, 
and response to blue light were all examined, but on no criterion were they 
demonstrably different from wild-type. 

B. The RIP Inactivation of &-I 

The major extracellular glucoamylase gene, gla-1, was cloned and sequenced 
by us recently [50]. No mutant in the structural gene had at that time been 
isolated. 

A known, transformablepr-4, a strain of Neurospora crussu was used in 
this experiment [8]. It was transformed with a chimeric plasmid containing the 
vectorpCSN43, which has the E. coli ampR, and the hph gene for hygromycin 
resistance controlled by Aspergillus niduluns promoter and terminator se- 
quences [51]. A 2-kb Hind111 fragment of the N. crussu glu-1 gene frompPS8, 
containing all except the 5’ 10% of the coding region plus circa 500 bp of 
downstream flanking sequence [50] was cloned into the unique Hind111 site of 
pCSN43. 

This construct was then used to transform the recipient strain to hy- 
gromycin resistance, using a standard transformation method [49]. Hygromy- 
cin-resistant regenerants growing strongly after 4-5 days were isolated onto 
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nonselective medium. Transformants were then crossed by using them to 
conidiate wild-type 74-OR32-1A as the protoperithecal parent. In due course, 
ascospores were harvested and germinated on plates containing 1% starch and 
0.1% glycerol as carbon sources. Small pieces of slow-growing colonies (puta- 
tive starch-nonutilizers) were subcultured onto slants of sucrose medium. 

Extracellular amylase activity (combined glucoamylase and a-amylase) 
was visualized on these and other plates by flooding each plate with 3 mL of 
an aqueous solution of 0.15% iodine in 0.3% potassium iodide. This staining 
of the remaining starch revealed exported activity around colonies by the 
presence and diameter of the starch-free and therefore stain-free “halo.” 

Whereas glucoamylase releases glucose from starch, a-amylase liberates 
maltose. It is therefore simple to differentiate between the two activities. 
Quantitative assays of glucoamylase activity were carried out by inoculating 
-5 x lo6 conidia into 50 mLVogel’s liquid medium containing 1% starch, and 
incubating with shaking at 30” for 3 days. Protein determination in culture 
filtrates was according to Bradford [52]. Glucose concentration was by the 
Sigma glucose determination kit, using the method of Bergmeyer and Bernt 

RIP derivatives were found with total glucoamylase-specific activity loss 
l.531. 

(compared to wild-type 74-OR23-1) of 80-90%. To confirm that these reduc- 
tions correlated with actual RIP-induced changes in base sequence, DNA 
samples were extracted from three of the putative RIP derivatives. RFLP 
analysis of RIP derivatives and wild-type after restriction with the isoschizom- 
ers Suu3A and MboI indicated changes in both current methylation and 
primary sequence (total GATC targets and methylated GATC targets between 
different RIP progeny and between them and wild-type). 

The glu-2 mutant phenotype is characterized by reduced starch halo, 
reduced ability to grow on starch as sole carbon source, and reduced ability of 
culture filtrate to convert starch to glucose. 

Representative RIP-induced mutant alleles ofgla-l have been deposited 
in the Fungal Genetics Stock Center. 

C. The RIP Inactivation of cbh-l 

The major cellobiohydrolase gene, cbh-2, of Neurospora crussu has recently 
been cloned and sequenced [54]. A 2.7-kb fragment of the gene, containing 
1.5 kb upstream and the first 1.2 kb of the coding sequence of cbh-l was 
subcloned into pBluescript to createpFI’1. IntopFI’l was then inserted the 
2.4-kb SulI hygromycin resistance fragment of pCSN43 (see above) to create 
pCSN430F. 

pCSN430F was then transformed into Neurosporu cram spheroplasts 
of strain 43a, using standard Vollmer and Yanofsky [49] methodology, select- 



Mutation in Neurospora crassa 291 

ing for hygromycin resistance. Several hygromycin-resistant transformants 
were then isolated for further study. These were used as microconidial male 
parents, fertilizing strain 74-OR23-1A as the protoperithecal parent. Asco- 
spores were subsequently isolated and germinated on Vogel's sucrose me- 
dium. All showed normal growth on sucrose. Approximately half the progeny 
showed evidence of RIP inactivation of cellobiohydrolase activity, with severe 
or total inability to produce halos on medium containing carboxymethyl 
cellulose, revealed by staining with dilute Congo red. 

Although the cellulase complex in Neurospora [55] resembles that in 
Trichodema [56] in having multiple endoglucanases and cellobiohydrolases, 
synergism in the complex is such that the loss of the major cellobiohydrolase 
might be expected to have a drastic effect on the overall activity of the complex. 

Representative RIP-induced alleles of cbh-1 have been deposited in the 
Fungal Genetics Stock Center. 
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1. INTRODUCTION 

Mugnuporthegriseu, the causal agent of rice blast disease, has a wide host range 
among graminaceous species [l], among which rice (Olyza sativu) is the most 
economically important. M. griseu was originally classified as two species, 
Pyn'culuria oryzue and P. griseu, based on their apparently mutually exclusive 
hosts, rice and grasses, respectively. However, the two species were morpho- 
logically indistinguishable and, more importantly, were interfertile. Thus both 
species are now classified under the name Pyricularia griseu Sacc., teleomorph, 
Mugnuporthe griseu Barr. 

M. griseu is a heterothallic ascomycete (class Pyrenomycetes) with a 
bipolar mating-type locus [2]. The sexual stage was first described by Hebert 
[3], who crossed isolates from crabgrass (Digitaria sunguinulis). The club- 
shaped ascus contains eight unordered ascospores which are crescent-shaped, 
consisting of four cells each of which contains a single haploid nucleus. 
Hermaphroditism is common in grass-infecting strains ofM. grisea, but isolates 
from rice that are mating-competent are usually female-sterile. Furthermore, 
the majority of isolates from rice are apparently incapable of crossing at all 
[4,5]. Consequently it is not usually possible to cross rice pathogens among 
themselves. However, Kato et al. [6] found that isolates from rice were capable 
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of crossing with isolates from grasses, although the fertility of these crosses 
was poor. Workers from several laboratories have since invested significant 
efforts into developing fertile rice-pathogenic strains to simplif\,genetic analy- 
sis of pathogenicity and host/cultivar specificity [5,7-lo]. The rewards of such 
efforts are manifest in the current availability of many fertile strains ofM. griseu 
that will enable genetic analysis of various aspects of M. griseu biology. 

Key concepts regarding the genetic analysis and mapping of avirulence 
genes in Mugnuporthe grisen are the following: 

1. M. gn’seu is an asconiycete fungus with a haploid genome. Fertile 
strains have been developed to facilitate genetic analysis Iused on niciotic 
crosses. 

2. M. griseu is readily cultured on artificial media, is easily mutated, and 
is amenable to genetic transformation using a variety of positively selectable 
markers. 

3. M. q k e u  exemplifies many other plant-pathogenic fungi in terms of 
pathogenic strategies. It forms appressoria; produces toxins and degradative 
enzymes; and sporulates on host tissues. 

4. As a species, M. giiseu infects many graminaceous hosts. Individual 
isolates display specificity toward particular hosts; therefore, the M. griseulrice 
pathosystem provides a good model for studying the molecular genetic basis 
of pathogedhost specificity. 

5. Cloning avirulence genes by transformation requires screening trans- 
formants individually for an acquired inability to grow on particular hosts. 
Instability of transforming DNA, or incomple!, riess of gene libraries may 
cause such approaches to fail. Map-based cloning procedures provide a proven 
alternative. 

2. MAGNAPORTHE GRISEA AS RESEARCH OBJECT 

M. griseu is an ideal system in which to study fungal phytopathology. It is easily 
cultured on defined artificial media and grows rapidly. Being haploid, it is 
readily amenable to mutagenesis. Ultraviolet irradiation [ 11,121 and chemical 
treatment [ 131 have both been used successfully to generate mutants. Genetic 
transformation of M. griseu was established using the urgB gene of Aspergill14s 
iiidulnizs [ 141, and more recently Leung et al. reported transformation using 
the positively selectable hygromycin B resistance gene [ 151. Therefore, poten- 
tially any M. griseu isolate may be transformed. We have demonstrated that 
the phleomycin resistance gene from Streptomyces hindustunus in vector 
PANS-1 [16] and the GUSA gene from Escherichiu coli in pNOM102 [17] are 
also efficiently expressed in M. griseu [lS]. In this study, we also demonstrated 
histochemical staining of fungal tissues expressing GUS in infected rice leaves. 
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The ready availability of genetic methods and molecular tools for M. 
grisea opens many avenues of research, and several aspects of M. m‘sea 
pathogenicity provide attractive research possibilities. Development of infec- 
tion structures, growth within host tissues, conidiation, and the genetic basis 
of host and cultivar specificity are all amenable to rigorous genetic and 
molecular analysis [for review, see 191. Moreover, M. grisea exemplifies many 
phytopathogenic fungi in terms of its pathogenic strategies. Like many other 
phytopathogenic fungi, M. grisea develops appressoria [20] which are involved 
in penetration of the host epidermis. It also produces toxins [21,22], degrada- 
tive enzymes [23-261, and conidiates within lesions on host tissue. 

Another prominent feature of M. grisea pathogenicity is its host specific- 
ity. Despite being a pathogen of many gramineous hosts [1,27], the host range 
of any given M. @sea isolate is often very limited. Genetic analysis has 
suggested that host specificity toward weeping lovegrass (Erugrostis curvula), 
finger millet (Eleusine coracana) and goosegrass (Eleusine indica) is deter- 
mined by single genetic loci [5,28]. M. grisea strains infecting rice (0ry.m safiva) 
show cultivar specificitywhich is also often determined by single genetic factors 
[8,29-311. Genes affecting host and cultivar specificity in M. grisea are termed 
avirulence genes, since strains possessing them are unable to infect specific 
hosts/cultivars which presumably possess a corresponding resistance gene. 

A practical limitation to genetic and molecular studies of traits associ- 
ated with phytopathogenicity is that mutant production and subsequent com- 
plementation by transformation may require screening transformed strains on 
many thousands of plants. Fortunately, M. grisea can be induced to develop 
infection structures on artificial surfaces [32,33] and it sporulates on agar 
medium. This enables mutants deficient in these processes to be identified and 
screened for complementation in vitro. Testing the pathogenicity of these 
mutants and complemented strains should require inoculation of only a small 
number of plants. However, phenotypes associated with host and cultivar 
specificity genes are manifest only by inoculation of potential hosts. Therefore, 
cloning these genes by screening transformants for the avirulence phenotype 
would require inoculation of tens of thousands of plants. This practical burden 
is likely to preclude the success of “shotgun cloning’’ approaches. However, 
information gained from genetic analysis and mapping of avirulence genes 
provides a strong theoretical foundation which supports a systematic approach 
for cloning these genes by map-based strategies. Two M. griseu avirulence 
genes have been cloned thus far [34]. Both of them were isolated through 
knowledge of their chromosomal locations. PwZ2 maps close to a cosmid 
RFLP marker and was isolated by chromosome walking from this marker. 
AVR2-YAM0 maps close to a telomeric RFLP. Spontaneous mutants that had 
gained virulence on this cultivar were found to have suffered deletions within 
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a telomeric restriction fragment, suggesting thatA VR2-YAM0 resided imme- 
diately adjacent to the telomere. Cloning a telomeric rcstriction fragment 
resulted in the isolation of AVRZ-YAM0 [34]. 

In this chapter, we describe the genetic analysis and mapping of an 
avirulence gene to rice cultivar C039 to illustrate the principles and practices 
involved in such studies. 

3. PRINCIPLES 

M. grisea displays a wealth of naturalvariabilitywith respect to host andcultivar 
specificity. Consequently, field isolates of M. griseu are expected to possess 
many different complements of avirulence genes. For this reason they are 
attractive candidates for genetic analysis of specificity. Grass-infecting isolates 
have proven to be readily amenable to crossing, enabling investigation of host 
specificity [5,28]. Furthermore, fertility of grass-infecting strains can be im- 
proved by selecting for hermaphroditic progeny [ 5 ] .  However, it has proven 
difficult to establish fertile rice-pathogenic strains by crossing with fertile, 
hermaphroditic strains because these strains are usually nonpathogens of rice, 
and using them in crossing schemes compromises virulence toward rice in the 
progeny. The complex genetic bases of fertility and pathogenicity necessitate 
an empirical breeding approach, involving a certain amount of trial and error. 
Attempts to coselect for fertility and pathogenicity on rice have only met with 
partial success [8,35]. Leung and co-workers reported that fertility was estab- 
lished in early generations while attempting to coselect for fertility and patho- 
genicity [9]. Although the fertile progeny were poorly pathogenic on rice and 
produced small lesions, pathogenicity was improved by intercrossing these 
isolates. By contrast, Ellingboe and co-workers established pathogenicity to 
rice in early generations of a breeding line [36]. Subsequent selection for 
fertility resulted in a cross in which every progeny was a pathogen of rice and 
was capable of mating with each sib of the opposite mating type. Furthermore, 
every progeny except one was capable of acting as a female in crosses. The 
cross that produced progeny that were all pathogenic on rice, and two succes- 
sive crosses, which ultimately produced the fertile progeny, involved Guyll as 
one of the parental strains. Guyll is a field isolate of M. grisea collected in 
French Guyana by J. L. Notteghem [9]. It is relatively fertile, hermaphroditic, 
and virulent on many rice cultivars. Therefore, Guyll is extremely useful in 
strain development because it will rarely contribute additional avirulence 
genes. Moreover, crosses involving Guyll are likely to produce progeny with 
reduced numbers of avirulence genes, simplifying subsequent genetic analyses. 

It may not be possible to achieve 100% viability in progeny of some 
crosses. Presumably, crosses having significantly reduced viability do not yield 
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entirely random combinations of parental genotypes within surviving progeny. 
For this reason, the ratio of aviru1ent:virulent progeny may not be a good 
indicator of how many avirulence genes are segregating. This is most reliably 
determined by intercrossing avirulent F1 progeny. If a single avirulence gene 
segregated in the initial cross, crosses among avirulent sibs should yield only 
avirulent F2 progeny. If any of these crosses segregate virulent progeny, the 
original avirulent parent likely contained more than one avirulence gene. By 
crossing avirulent progeny in all possible combinations, it should be possible 
to identify each avirulence gene that segregated in the initial cross. It is also 
informative to make test crosses between virulent isolates. The appearance of 
avirulent progeny may indicate the presence of additional loci that interact to 
induce or suppress avirulence. For example, in a study of avirulence toward 
rice cultivars K1 and Aichi asahi, SiluC and Notteghem [30] crossed two isolates 
that were virulent on these cultivars. One-quarter of the progeny from this 
cross were avirulent on each cultivar. The authors hypothesized that two genes 
interacted to produce avirulence. Ellingboe recovered avirulent progeny from 
crosses of isolates that were virulent on rice cultivar Katy [37]. He postulated 
that one of the virulent parents contained an avirulence gene whose expression 
was suppressed. In the event that avirulent progenies appear in crosses be- 
tween two virulent isolates, it is necessary to perform judicious crosses to test 
different “interacting gene” models. While it is not possible to distinguish 
between a suppressor and a positively acting effector of avirulence by crossing, 
the presence of either would interfere with a mapping effort. Therefore, for 
an avirulence gene to be reliably mapped, test crosses should be reiterated 
until it is reasonably certain that the mapping cross segregates for a single locus 
determining avirulence. 

It is important to note that proceduresfor inoculation and disease assess- 
ment vary among laboratories. Differences in the interpretation of the results 
of such inoculation experiments will affect the conclusions of a genetic analysis. 
By mapping a genetic locus determining avirulence/virulence, we have gained 
qualitative evidence that supports the conclusions of the inoculation experi- 
ments described below, 

We illustrate below the genetic analysis and mapping of an avirulence 
gene in a cross between two M. griseu strains [31]: Strain 2539 was constructed 
by intercrossing various wild and laboratory isolates [9] (Fig. 1) and was avir- 
ulent when inoculated onto rice cultivar C039. This strain presumably con- 
tains an avirulence gene which prevents infection of C039 and we have 
designated this gene AVRC039. It is postulated that C039 contains a corre- 
sponding resistance gene [8,31]. Guy1 1, described above, was the virulent 
parent used to cross with 2539. Rice cultivar C039 is susceptible to most 
rice-infecting isolates of M. griseu and was used as a recurrent parent for the 



300 Farman and Leong 

pool of fertile swains created by intermating 
isolates from rice and grasses 

33 X CHlW-3 

J 

J 

374x4134-11-2 

88 X 4091-5-8 

943 X CH40- 1 

4162 X CH40-I 

25 1 9 

Figure 1 Crossing scheme used to construct M. grisea strain 2539 (adapted from 
bung  et al. [9]). Isolates on the left are progeny from the previous cross. The isolates 
on the right are wild isolates and laboratory strains as follows: CH104-3, rice pathogen 
(China [35]); 4134-1 1-2, grass pathogen (laboratory strain [ 5 ] ) ;  4091-5-8, grass patho- 
gen (laboratory strain (51); CH40-1, rice pathogen (China [35]). 

introgression of resistance genes from four donor cultivars [%I. This resulted 
in five near-isogenic lines, each of which possessed a single additional resis- 
tance gene. The resistance genes introgressed into the C039 background 
potentially could identify additional avirulence genes in M. pkea strain 2539. 
It would not be possible to detect these genes by inoculation of the isolines 
with 2539 owing to the epistatic effect from A vRC039. However, inoculation 
of the isolines with progeny from the cross between 2539 and Guyll, which is 
virulent on all the isolines, would reveal the presence of additional avirulence 
genes segregating in the cross. 

Mapping avirulence genes segregating in the cross used to construct the 
genetic map 1391 is straightforward, requiring only the addition of the new data 
to an existing RFLP data set before analysis with the mapping program, 
MAPMAKER v1.0 [40]. 
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4. PRACTICE 

A. Experimental Approach 

Construction of a Fertile Strain for Analysis of Cultioar Specijkity 
Strain 2539 was constructed as shown in Figure 1: Five isolates (two from rice 
and one each from goosegrass, weeping lovegrass, and finger millet) were 
intercrossed randomly. Fertile ascospore cultures that were pathogenic on rice 
were selected from this mating population and used to establish a breeding 
line. At each generation, cultures derived from whole asci or single ascospores 
were inoculated onto rice. Conidial isolates were recovered from lesions and 
used for the next cycle of mating. This scheme resulted in strains that were 
highly fertile but poorly pathogenic on rice. Only 3% of ascus cultures formed 
lesions when inoculated on rice. Nevertheless, strain 2539, which was recov- 
ered after the two final crosses to the rice pathogen strain, CH40-1, has been 
shown to be moderately virulent to 29 rice lines [29]. The inability of 2539 to 
infect many other rice lines and cultivars suggested that it may be a rich source 
of avirulence genes. 

Genetic Analysis of Specificity Toward Rice Cultioar C039 and 
Fioe Isoline Deriuatioes 
Strain 2539 is avirulent on C039 and five isolines derived from this cultivar 
(Table 1). This strain was crossed with the field isolate Guyl 1, which isvirulent 
on C039 (Table 1). Sixty-one progeny were selected for analysis of their 
virulence. Seventeen progeny exhibited a meiosis-induced buf mutation, 
causing a pigmentation defect. buf mutants are nonpathogenic 1411 due to 

Table 1 
derived isolines. 

Interaction phenotypes of Guy11 and 2539 on cultivar C039 and five 

Interaction phenotype of Segregation 
Resistance M. &eu parental strains+ in progeny 

Cultivar/isoline gene * Guyl 1 2539 A:V 

C039 V A 25:18 
ClOllac Pi-1 V A 25:18 
c101A51 Pi-2 V A 25:18 
ClO4PKT Pi-3 V A 25:18 
C 10 1 PKT Pi-4a V A 25:18 
C105'TTF'-4 Pi4b V A 25:18 

*Reference 38. 
'Strains were considered virulent if they could sporulate on the leaf surface (see Experimental 
,Procedures). 
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their inability to penetrate the host [42]. These progeny isolateswere therefore 
not expected to be informative with respect to their virulence, and were 
eliminated from the analysis. The remaining 44 progeny were inoculated on 
51583, a cultivar that is susceptible to both parents, to ensure that they were 
capable of infecting rice. Forty-three formed lesions on 51583, and one failed 
to infect. The latter progeny also failed to infect C039 as well as 29 other rice 
varieties known to be susceptible to 2539, indicating that it is likely defective 
in general pathogenicity. This progeny was also eliminated from the analysis. 

Inoculation of the 43 progeny onto C039 yielded a segregation ratio of 
25 avirulent:18 virulent progeny. A x*value of 1.14 indicated that segregation 
was consistent with a 1:l ratio at thep c .05 level of significance. However, 
the data also fitted a 5:3 ratio, expected if two avirulence systems were involved, 
one requiring two interacting loci for expression [43]. For this reason we 
expanded the progeny population by another 58 isolates to more accurately 
assess the segregation ratio. Combining the ratios from both populations gave 
53 avirulent:48 virulent, which caused us t o  reject a 5:3 ratio at the p c .05 
level. The combined ratio remained consistent with a 1:l segregation (xz = 
0.25). Subsequent analysis by crossing among sibs and by hackcrossing was 
used to support this interpretation. In most crosses, 30-40 progeny were tested 
to ensure statistical confidence in the segregation ratios. In all test crosses 
between avirulent isolates, only avirulent progeny were recovered; in test 
crosses between virulent isolates, only virulent progeny were produced. 
Crosses between avirulent and virulent strains produced avirulent and virulent 
progeny in approximately 1:l ratios. These data are consistent with avirulence/ 
virulence to cultivar C039 being determined by a single gene difference 
between Guy11 and 2539. 

Five isolines of C039, each containing an additional resistance gene 
were also inoculated with the original 43 progeny isolates used in the C039 
analysis. Segregation of avirulence/virulence toward these isolines coincided 
exactly with that on C039; therefore, we concluded that 2539 did not possess 
additional avirulence genes corresponding to the resistance genes introgressed 
into these rice lines. 

Mapping an Avirulence Gene to Cultivar C 0 3 9  
Mapping A VRC039 was simplified by the fact that it segregated as a single 
gene in the progeny population used for RFLP mapping. Segregation data for 
AVRC039 was treated in the same manner as for the other RFLP markers. 
Markers were sorted into linkage groups with the MAPMAKER GROUP 
command using high-stringency parameters (L.O.D. = 4.0; theta = 0.2). Once 
AVRC039 was assigned to a linkage group, the stringency of the maximum 
recombination fraction was relaxed to join this linkage group to others that 
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Figure 2 Map location of the AVRC039 gene. The map was constructed using 
MAPMAKER v1.0, using a L.O.D. score of 4.0 and a theta value of 0.3. Recombination 
fractions and centimorgan distances between avrC039 and its flanking markers were 
calculated by hand to account for nonpathogenic progeny. The validity of loose linkage 
associations was tested by chi-square analysis (p c .05). 
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were known to be on the same chromosome from Southern hybridization 
studies of CHEF gels [36] (M. L. Farman and S. A. Leong, in preparation). 
Thc validity of joining loosely linked markers was tested by chi-square analysis 
at they < .05 level of significance. Finally, a map was constructed using the 
MAPMAKER MAP command. Centrimorgan distanceswere calculated using 
the Kosambi mapping function in the MAPMAKER program. When calcu- 
lating recombination fractions, MAPMAKER used the segregation data of 
the markers flankingAVRC039 to predict the genotypes of the nonpathogenic 
progeny that were excluded from the inoculation experiments. This could 
introduce errors in the determination of map distance if any double crossovers 
had occurred in this region. For this reason, the map distanceswere calculated 
by hand. By this analysis,AVRC039 was located 11.8 cM from cosegregating 
markers CH5-120H and 1.2H, and 17.2 cM from marker 5-10-F (Fig. 2). By 
comparison, MAPMAKER positioned AVRC039 8.5 cM from CH5-120H 
and 1.2H, and 1 1.6 cM from 5-10-F. 

Experimental approaches for mapping genes that have been charac- 
terized in other crosses are outlined in section 6 (Extensions). 

The following is a scheme outlining the genetic analysis of avirulence in 
a cross between two isolates of M. @sea. 

B. Materials Needed 

Construction of Strains and Genetic Ana/ysis oj Auirulence 

Fungal strains. M. grisea is a restricted organism and requires permits 
for shipment within, to, and from the United States. Regulations for each 
country should be checked before importing or exporting strains. 

Containment facilities (standards may vary in different countries). M .  
grisea has a high-level containment rating in the United States, which 
necessitates the use of a transfer hood (llow cabinet) with a BL-1 physical 
containment level rating. All manipulations of the fungus must be performed 
in this hood. Cultures must always be disposed of by autoclaving. 

Media. M, grisea is usually grown on oatmeal agar for isolation of 
conidia and for crosses [5] .  Rolled oats (50 g) are suspended in 400-500 mL 
water and heated to 65°C for 1 hour. The suspension i., filtered through two 
layers of cheesecloth, and the volume is adjusted to 1 L. Agar (15 g) is added 
and the medium is autoclaved for 50 min. 

Complete medium is used for growing large quantities of mycelium for 
DNA isolation, and contains 6 g casamino acids, 6 g yeast extract, and 10 g 
sucrose dissolved in 900 mL water. The pH is adjusted to 6.5 with NaOI I, and 
the volume is then adjusted to 1 L. This medium is autoclaved for 20 min. For 
solid medium, 15 g of agar is added prior to autoclaving. 
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Plant growth facilities. In the United States plant growth facilities 
need to meet BL3-P containment standards. In addition, infected plants may 
not be removed from the growth facility except when tightly sealed in biohaz- 
ard safety bags for sterilization by autoclaving. 

Mapping 

Technologies,* Alameda, Calif. 

Wilmington, Del. 

1. A set ofRFLPmarkcrs [36,40] orRAPDprimers obtained from Operon 

2. MAPMAKER v1.0 (or u2.0) obtained from S V Tingey, DuPont Co., 

C. Experimental Procedures 

Crossing Strains of M .  grisea 

Crosses used to develop the fertile strains and to generate progeny for the 
mapping cross were performed as follows: Cultures of opposite mating-type 
were inoculated approximately 4 cm apart on oatmeal agar. They were grown 
at a distance of 30 cm from continuous near UV light (360 nm, 40 W black 
light, Westinghouse) at 25°C. Perithecia formed 16-20 days after inoculation. 
Mature perithecia were squashed in a drop of sterile water on 4% water agar. 
The asci were separated and allowed to dly on the agar surface to loosen the 
ascus wall. Individual asci were separated under a stereo microscope (250X) 
by using a drawn-out capillary tube. After 12 h, germinated ascospores were 
transferred to rice potato sucrose slants (this may be replaced by oatmeal agar) 
and maintained at 24°C until the analysis of virulence. In the later crosses, 
which were used to expand the progeny population and to examineAVRC039 
segregation in the F2 generation, isolates were crossed underwhite fluorescent 
light at 18°C. Random ascospore isolates were obtained by picking an entire 
germinated ascus to fresh oatmeal agar and recovering a single conidial isolate 
from this culture [36]. 

Rice Inoculation 

Growth and inoculation of rice were performed in a chamber equipped with 
white fluorescent light (230pElmlsec) set for 16 h photoperiods. Day and night 
temperatures were 28°C and 21"C, respectively. The relative humidity was 
33%. Rice seeds were planted in Bacto potting soil (Michigan Peat Co., 
Houston, Tex.) at a density of 5-6 seeds per pot (3"). The pots were placed in 

*Names are necessary to report factually on available data; however, the USDA neither guaran- 
tees nor warrants the standard of the product, and the use of the name by the USDA implies no 
approval of the product to the exclusion of others that may also be suitable. 
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a tray and were watered daily by adding water until it drained out of the pots. 
When the seedlings had emerged, about 7 days after planting, oatmeal agar 
plates were inoculated with four evenly spaced agar plugs of each progeny 
culture. These plates were incubated at room temperature (approximately 
22°C) for 14 days under constant illumination from white fluorescent light (55 
pE/m/sec). On day 14 the plants were watered and sealed in plastic bags (12 
plants per bag). A sterile glass pipette was placed in one of the pots to support 
the bag and prevent it from damaging the leaves. The bags were then placed 
in the dark for approximately 1 h to increase the humidity. Agar plates 
containing cultures of each progeny were flooded with a sterile 0.2% gelatin 
solution and gently massaged with a sterile, bent glass rod to release the 
conidia. A sample of conidia was checked for germination. The conidia were 
counted using a hemacytometer and the density was adjusted to lo4 conidia 
mL-'. After approximately 2 h in the dark, the bags were opened and the plants 
were inoculated by spraying with 12 mL of conidial suspension (1 mL/ plant). 
The bags were resealed tightly and placed in the dark. After 24 h, the plants 
were removed from the bags and placed in trays in the light as before. After 7 
days, representative leaves were detached and fixed onto cards using clear 
adhesive tape. If kept in the dark, these cards serve as permanent records of 
the infection phenotype. 

The following rating scheme was used to classify each infection type: &no 
visible symptoms; 1-small brown pinpoint-size, nonsporulating lesions; 2- 
dark brown, nonsporulating lesions 2-3 mm in length; 3-circular, sporulating 
lesions with tan centers and dark brown margins; and &large, diamond- 
shaped, sporulating lesions with tan centers and dark brown margins. The 
different rating schemes used by various investigators and their interpretation 
may affect the genetic analysis. In our experiment, isolates that were able to 
sporulate on the leaf surface after the detached leaves were incubated over- 
night on water agar (types 3 and 4) were considered virulent; nonsporulating 
lesions (Types 0,1, and 2) were considered avirulent. 

Mapping Using MAPMAKER 
Full instructions for using MAPMAKER are included in a manual supplied 
with the program. From our experience, we suggest using the GROUP com- 
mand of MAPMAKER with fairly stringent mapping parameters of L.O.D. = 
4.0 and a maximum theta value (recombination fraction) of 0.2 to define 
linkage groups. We found that a larger thetavalue tended to link markers from 
separate chromosomes. Once linkage groups have been identified using these 
parameters and their constituent markers have been ordered, attempts can be 
made to join linkage groups that are on the same chromosome. This can be 
achieved using the NEAR command of MAPMAKER to identify markers that 
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are “near” to markers on the ends of linkage groups. The validity of joining 
linkage groups should be checked using chi-square analysis. As a guideline, in 
a mapping population of 61 progeny, we found that markers having greater 
than approximately 30% recombination between them should be classified as 
unlinked at the p < .05 level of significance. 

5. QUESTIONS 

Why perform genetic analysis and use map-based strategies to clone avirulence 
genes? An alternative approach would be to clone these genes by “shotgun” 
methods, involving transforming a virulent strain with a gene library of an 
avirulent strain and screening transformants for avirulence. After all, these 
methods were used to clone avirulence genes from bacterial phytopathogens 
without preliminary genetic analysis [43]. Genetic analysis of M. griseu aviru- 
lence has revealed some systems that may not always be amenable to shotgun 
cloning approaches. For example, SiluC and Nottheghem [30] described sys- 
tems where two genetic loci are required for the expression of avirulence. 
Genes that suppress the expression of avirulence have also been postulated 
[37,44]. I f  twogenes are required for avirulence, it will not be possible to confer 
avirulence by transformation of a virulent strain with DNA from avirulent 
strains. Likewise, an avirulence gene borne on a cosmic1 clone will not be 
expressed if the recipient contains a dominant suppressor of that gene [44]. 
The success of shotgun cloning also depends on the avirulence gene being 
dominant. In the absence of classical methods to test dominance relationships 
in M. griseu [ll], this can only be assumed. 

Several inherent problems in the transformation may also compromise 
the shotgun approach. Expression of transforming DNA may be sensitive to 
position effects and copy number. To improve the chances of identifying an 
avirulence gene in a library, more transformants than expected may have to 
be screened. This could require inoculation of tens of thousands of rice plants. 
Stability of transforming DNA is a critical concern in shotgun cloning because 
antibiotic selection cannot be maintained on the plant. Orbach and co-workers 
initiated an attempt to clone several avirulence genes by screening transfor- 
mants. However, it was discovered that the cosmid vector possessed a sequence 
that caused autonomous replication of many library clones in M. griseu trans- 
formants. Fifty percent of the transformants were found to be mii. jtically 
unstable, significantly compromising the feasibility of the experiment [45]. 
Even integrated DNA in M. griseu transformants may be unstable as trans- 
forming DNA can be lost or rearranged after M. griseu is passed through a 
plant host [46]. 
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Cloning by “complementation” can lead to the cloning of unexpected 
genes. For example, Mann et al. repeatedly cloned pho-4+ in an experiment 
to complement a Neurosporu crussa nuc-2 mutation by transformation [47]. By 
analogy, it is possible that avirulence may be induced by overexpression of a 
second locus. Finally, it is desirable that a gene library be fully representative 
of the fungal genome. This is often difficult to assure as some sequences may 
be “poisonous” to Escherichiu coli. Such a sequence was linked to the nuc-2’ 
gene, causing it to be absent from a cosmid-based library. The nuc-I+ gene was 
eventually cloned by chromosome walking, using a bacteriophage lambda 
library [48]. 

It is important to note that even if such problems are encountered and 
lead to the failure of attempts to clone avirulence genes, the effort may not be 
wasted if the results tell us something about plant-pathogen interactions. 

How do genetic analysis and map-based cloning obviate the potential 
problems outlined above? Genetic analysis can establish how many genes are 
required to produce avirulence and whether additional genes modify the 
expression of avirulence [13]. Mapping of the gene can provide qualitative 
evidence that a trait is truly controlled by a single locus and provides a route 
to cloning the gene. When a candidate avirulence gene clone is identified, 
knowledge of its genetic behavior will enable the design of rational transfor- 
mation experiments. In particular, appropriate donor and recipient strains can 
be chosen, enabling confirmation of gene identity and function. Once agenetic 
locus associated with avirulence is identified, it is not necessary to know the 
dominance relationships between avirulence and virulence. These can be 
tested by reciprocal gene transfers. 

6. EXTENSIONS 

A. Mapping Genes Identified in Other Crosses 

Five genetic maps have been constructed for M. griseu [39,49-511 (J. L. Not- 
teghem, pers. comm.). Integration of two of these maps [39,49] is in progress 
in our laboratory. From the integrated map, it should be possible to pick a 
subset of markers spanning the entire genome. For example, if each marker 
in the subset were separated from its adjacent marker(s) by approximately 30 
cM, then any newly identified gene would be linked to another marker. The 
genetic distance between the new gene and its nearest associated marker 
would be no greater than 15 cM. This degree of linkage would be easy to detect 
even by rudimentary linkage analysis. Once linked markers are identified in 
the subset, analyzing the segregation of additional markers in this region will 
lead to a finer resolution map in the region of interest. 
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RFLP mapping of avirulence genes is useful for establishing a posit:on 
in the genetic map. However, the ability to rapidly clone the gene based on its 
map position will depend on how close the nearest associated markers lie. 
Chromosome walking and physical mapping studies performed in our labora- 
tory indicate that 1 cM may average 30-60 kb over extended regions of the 
genome but that specific recombination points may be more than 100 kb apart 
(M. Farman and S .  Leong, in preparation; and unpublished results). Conse- 
quently, if the target gene is flanked by markers that are both at least 10 cM 
away, i t  would be more expeditious to identify nearer markers. 

Mapping techniques based on randomly amplified polymorphic DNA 
(RAPD) fragments [52] call be used to identify PCR amplicons linked to a 
gene of interest. Specific chromosomal regions can be targeted for marker 
identification by using bulk segregant methods [53]. DNA of progeny strains 
is pooled according to a chosen phenotype (in this case, avirulence or viru- 
lence), creating DNA pools that are homozygous for the chosen locus and 
linked markers but are apparently heterozygous for unlinked loci. Therefore 
RAPD markers that are unlinked to the gene of interest will app;ir in both 
pools, while markers linked to either allele of the chosen gene will appear only 
in one pool. Fine-structure mapping of the targeted region is then accom- 
plished by performing the amplification reaction individually on each member 
of the complete progeny set. 

Shi and Leung used RAPD analysis of bulked DNA pools from segre- 
gants to idcntify RAPD markers linked to con1 and con2, loci involved in M. 
gn’sen conidiation [54]. Two hundred random 10-mer primers were tested. 
Approximately 65% of them actually primed amplification reactions on M. 
griseu DNA, and 30% of 125 primers identified polyrnorphisms between 
parental DNAs. Bulked segregant analysis was performed on pooled DNAs 
(15 DNA samples per pool) according to c o d  phenotype. Out of 125 primers, 
four genetic markers were identified that were linked to the conl locus. 

Prior knowledge of RFLP marker segregation could be employed to 
increase the power of bulked segregant methods. If the pools of DNA are made 
to include progeny that exhibit recombination between the target gene and 
the closest flanking markers, any RAPD markers amplified specifically in one 
pool will be more closely linked than the existing markers. 

Representational difference analysis (RDA) is a PCR-based method 
that enables regions of DNA that are polymorphic between two genomes to 
be specifically amplified [%I. This method works on the same principle as 
genomic subtraction [56], except that the subtraction is not physical but 
effected by rendering “coninion” DNA segments unamplifiable. This method 
can accommodate pooled DNA samples consisting of segregating individuals, 
resulting in specific amplification of polymorphic DNA linked to the gene of 
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interest. Subtraction techniques have already been used successfully in M. 
grisea to clone the mating-type locus [57], suggesting that such approaches may 
be extremely fruitful. 

RFLPs can be converted to amplified fragment length polymorphisms 
(AFLPs) [58] by ligating adaptors to restriction fragments and using primers 
complementary to the adaptors for PCR amplification. The amplification 
products are electrophoresed in a sequencing gel, enabling many markers to 
be analyzed in a single gel. Although this method does not target specific areas 
of the genome for marker identification, the number of loci that can be 
analyzed in a single experiment improves the chance of identifying a marker 
linked to the chosen genetic locus. 

B. Mutational Analysis of Avirulence 

Lau and Ellingboe [13] successfully isolated M. grisea strains that showed 
cultivar-specific mutations to increased virulence. Identification of such mu- 
tant strains is potentially simple since an avirulent strain can be mutagenized 
and mass-inoculated onto resistant cultivars. Mutants affected in genes in- 
volved in avirulence may produce lesions and can be recovered from the 
infected tissues. By mass inoculation, EIlingboe and co-workers have found 
that it is possible to detect a single virulent strain among approximately 1000 
avirulent individuals (A. Ellingboe, pers. comm.). This experimental approach 
is attractive because it may also identify additional genes that are intimately 
involved in the expression of avirulence but that do not usually segregate in 
crosses. For example, the two cloned M. grisea avirulence genes appear to be 
expressed only in planta (B. Valent, pers. comm.). Consequently, there must 
be several genes involved in sensing the plant environment and activating 
avirulence gene expression. Mutation in any one of these genes could lead to 
increased virulence as long as they are not also necessary for the expression of 
other pathogenicity functions. 

Transformation-mediated insertional mutagenesis has been used for 
gene tagging in Neurospora crassu [59]. More recently, Sweigard et al. [60] and 
Leung (pers. comm.) have used this approach to tag M. grisea genes involved 
in pathogenicity and conidiation, respectively. The advantage of transforma- 
tion-mediated mutagenesis is that once a mutant has been identified and a 
genetic analysis confirms that the mutation was caused by plasmid integration, 
the mutated gene may be easily recovered. This is achieved by isolating DNA 
sequences surrounding the plasmid integration site and using it to identify the 
intact gene in a genomic library. In this manner, Sweigard et al. cloned four 
genes required for pathogenicity 1601. 

Genetic analysis has played an important role in the study of M. grisea 
phytopathology. It is essential for full characterization of populations in terms 
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of their avirulence gene complements. This is the principal means by which 
different avirulence genes may be identified in M. griseu populations. Along 
with studies on the genetics of other aspects of M. griseu pathogenicity, such 
as appressorium development, growth, and conidiation, such studies will lay 
the foundations for and complement analysis of the molecular biology of 
pathogenicity and avirulence. By combining these studies with corresponding 
experiments on the genetics of host resistance, we hope to establish an 
integrated concept of how these genes interact and evolve. 
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INTRODUCTION 

Podospora anserina  is  an  ascomycete  belonging  to the family  of the Sor- 
dariaceae. Its natural  habitat is the dung of herbivores. The sexual  cycle  (Fig. 
1) is  controlled by two mating-type  alleles,  termed mat- and mat+. After 
fertilization  four  binucleate  ascospores are formed  which are arranged in a 
linear  order. Usually,  these  spores  contain  both  mating  types  and  give  rise to 
self-fertile  mycelia  (pseudocomputibility). It therefore  appears  as if P. anserina 
would  be  homothallic.  However,  in  about  1-2%  of  all  asci, two smaller 
mononucleate  ascospores are produced  instead of one  binucleate  spore.  These 
spores give  rise to mycelia  which are not  fertile.  Perithecia are only  formed 
when  mycelia  of one  mating  type are crossed  with  mycelia  of the opposite 
mating type (see Fig. 1) demonstrating that P. anserinu  is in fact  heterothallic. 
The behavior  of the binucleate,  heterokaryotic  ascospores  is  described by the 
termsecondary homothallism [1,2].  This  breeding  system  has  also  been  termed 
monoecism  superimposed by incompatibility Irregular asci  with  mononu- 
cleate  spores (e.g.,  five-spored,  six-spored  asci) are well  suited for tetrad 
analysis  (see  Chapter For  genetic  experiments the smaller  mononucleate 
spores, which  can  easily  be  isolated  using  a  dissection  microscope, are of 
particular  interest  since  these  cells  possess  only  one  mating  type  and  give  rise 
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Sexual Propagation Vegetative Propagation 

Figure 1 Sexual and vegetative reproduction of Podosporn anserina. After germi- 
nation of ascospores (1) a highly branched mycelium arises. If niycelia arise from 
mononucleate spores, cultures (2) of two genetical specificities (mat+ and mat-. re- 
spectivcly) are formed. On both types of cultures, ascogonia (3) and spermogonia (4) 
develop. The latter release thc male gametes, the spermatia (6). Spermatia of one 
mating type fuse with the trichogyne of the opposite mating type. After a number of 
conjugativc divisions of the female and the male nucleus, the tip of ;in ascogenous hypha 
recurves and forms a crozier (7). An ascus iiiiiial cell (8) is formed which contains one 
female and one male nucleus. After karyogamy, the two meiotic and one postmitotic 
nuclear divisions (9-12) lead to the formation of an ascus in which, in the majority of 
all cases, four binucleate ascospores (13b) are located in a linear order. However, a few 
asci contain five (13a) or even more spores. Two of the five-spored asci are smaller 
than thc other ascospores and contain only one nucleus. Vegetative propagation of P. 
anserina is restricted to mycelial growth. The hypha develop a highly branched myce- 
lium (2a-2d). After a strain-specific growth time, the growth rate of a mycelium 
decreases, the morphology of a senescent culture changes (e.g., the pigmentation 
increases), and the colonial growth arrests completely. 

to self-incornpatibile mycelia which produce two types of sexual organs: 
ascogonia serving as female garnetangia, and spermogonia in which microconi- 
dia are produced. These latter cells are also termed spermatia and function as 
male gametes. In contrast to the closely related ascomycete Neurospora crassa, 
no macroconidia are produced. Fertilization of ascogonia occurs when sper- 
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matia of one mating  type  fuse with the trichogyne  of an ascogonium  of the 
opposite  mating  type.  Subsequently,  multinucleate  ascogenous  hyphae  de- 
velop. The tip of these  hyphae  recurves  and  forms  a  crozier.  After  nuclear 
movement  and the formation cell  walls, an  ascus  initial  cell  is  formed that 
contains the two nuclei  of the opposite  mating  type.  Subsequently,  after 
karyogamy, the two meiotic  nuclear  divisions  and one postmeiotic  mitosis 
occur.  Usually,  during  spore  formation, two nuclei  become  surrounded by one 
cell  wall.  Depending  on  whether the alleles of a  particular  gene  exhibit  pre- or 
postreduction  (first- or second-division  segregation),  different  types of asci are 
formed  (see  Chapter The frequency of postreduction  depends on the dis- 
tance of the corresponding  genetic  marker  from the centromere,  thus  provid- 
ing  a  basis  for the construction of genetic  maps. In the  case of the mating-type 
locus, the two alleles  undergo  postreduction  in  about 98% of  all  cases  since 
the mating-type  locus  is  located  rather  on the end linkage  group 1. 

Figure 2 Comparison of a juvenile  (left)  and a senescent  (right)  culture of P. an- 
serina grown  on  solid  medium.  The two colonies  were  cultured  for  the  same  time.  The 
senescent  culture,  which  appears  darker,  due  to a reduced  formation aerial  hyphae, 
stopped  growing. 



320 Osiewact 

Vegetative propagation of P. anserina is restricted to mycelial growth. 
No specialized cells (e.g., vegetative spores) are involved. In contrast to most 
other fungi, mycelial growth is restricted to a characteristical period of time. 
At the end of this time, the morphology of the corresponding culture changes 
at the growth front (e.g., increased pigmentation), and niycelial growth stops 
(Fig. 2). This “senescence syndrome” was first described by Rizet in the early 
1950s [4] and has subsequently been thoroughly analyzed by different laboratories. 

2. KEYNOTES 

Podospora anserina and later on a number of related filamentous fungi (e.g., 
Neurospora crassa, N. intermedia) have proved to be ideal model systems to 
unravel the complex mechanisms controlling the onset of senescence. P. 
anserina is now one of the best-analyzed models in experimental gerontology 
[for reviews see 5-91. This is due to a number of characteristics: 1.) Filamentous 
fungi have a simple organization; specialized cells or “organs” are only formed 
during propagation. 2.) P. ansen‘na and other fungi can easily be cultivated in 
simple liquid and on solid medium. 3.) The life span ol nll wild-type strains of 
P. anserina is rather short (e.g., wild-type strain s, 25 days). 4.) The generation 
time is short due to the completion of the sexual cycle in about 10-12 days. 5.) 
P. anserina is accessible to a formal genetic analysis; defined mutants are avail- 
able and ascospores can easily be isolated allowing the analvsis of a large num- 
ber of progeny of well-defined genetic crosses in a rather short time. 6.) P. 
ansen’nn is accessible to molecular genetics; nucleic acids and proteins can be 
isolated and can be analyzed by standard molecular techniques. In addition, 
foreign DNA can be introduced into protoplasts via transformation allowing 
a defined genetic manipulation. 

In this chapter, approaches to unravel the genetic mechanisms involved 
in the control of the life span of this simple eukaryotic microorganism are 
described. In particular, experiments are outlined aimed to isolate mutants in 
which the life span is affected and to characterize these mutants on the 
genetical and the molecular level. 

3. PRINCIPLES 

A formal genetic analysis revealed that the onset of senescence is under the 
control of extrachromosomal genetic traits [10,11]. This became apparent 
from reciprocal crosses using juvenile and senescent cultures as either the male 
or the female parent. As outlined in Figure 3, fertilization of ascogonia of a 
culture by a suspension of spermatia leads to the formation of perithecia. 
Ascospores that are formed after sperrnatjzation of juvenile cultures with 
spermatia of a senescent culture (“senescent spermatia”) give rise to juvenile 
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Figure 3 Reciprocal spermatization experiments demonstrating the genetic control 
of the onset of senescence by extrachromosomal genetic traits. Spermatia isolated from 
a senescent (“senescent spermatia”) and a juvenile P. anserina culture (“juvenile sper- 
matia”) are used to fertilize ascogonia from juvenile and senescent cultures, respec- 
tively. Single ascospores are isolated and germinated, and the life span of the derived 
culture is determined. In this type of experiment reciprocal differences (juvenile cul- 
tures exclusively vs. juvenile and senescent cultures) are observed. 
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cultures. In contrast, ascospores isolated after fertilization of a senescent 
culture with male gametes from a juvenile strain (“juvenile spermatia”) lead 
to both juvenile and senescent cultures, the frequency of which depends on 
the age of the fertilized culture. This type of inheritance, in which reciprocal 
differences are observed, can be explained by maternal inheritance of the 
genetic trait involved in the control of senescence. Because of a very low 
amount of cytoplasm in spermatia, almost all cytoplasm i n  the product of a 
genetic cross is derived from the ascogonia of the culture which is fertilized by 
isolated spermatia. This explains the phenotype of the progeny, which resem- 
bles the phenotype of the female parent. 

The extrachromosomal genetic trait controlling the onset of senescence 
has been identified in the mitochondria of senescent Podospora cultures. It is 
a covalently closed circular DNA species, termed plDNAor asenDNA [ 12,131. 
In juvenile cultures this DNA species is an integral part of the high-molecular- 
weight mitochondria1 DNA (mtDNA) and represents the first intron of the 
gene coding for cytochrome c oxidase subunit I (COI) [14-171. During aging 
the intron becotnes liberated and amplified, and forms the extrachromosomal 
DNA species identified in senescent cultures. In parallel, the high-molecular- 
weight mitochondrial DNA becomes disintegrated. Consequently, senescent 
cultures die due to the lack of certain mitochondrial enzyme activities [18], 
activities that are essential for energy production. 

In addition to the control of senescence by extrachromosomal genetic 
traits, a number of nuclear genes have been identified that affect the life span 
of P. niiseiiiza [for a review see 51. Many of these genes have been identified 
in morphological mutants which exhibit an increased life span. In the two 
possible reciprocal spermatization experiments (compare Fig. 3) between the 
mutant and the wild-type strains there are no differences observed. The 
progeny of both types of crosses leads to two types of strains: strains with a 
wild-type life span, and strains with an increased, mutant life span, indicating 
that the corresponding genetic traits are located in the nucleus. 

Sonie examples of nuclear genes affecting the life span of P. anseiinn are 
indicated in Table 1. It may be seen that in mutants such as incoloris, grisea, or 
vivnx the life span is increased for a few days to about a few weeks. Interestingly, 
double mutations of the corresponding genes appear to have a synergistic effect. 
Some double mutants grow for several years and seem to be immortal [19,20]. 

4. PRACTICE 

A. Experimental Approach 

In the following section, experiments are outlined to isolate novel life-span- 
affected mutants of P. anserina, to characterizc these mutants on the genetic 
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Table 1 
tropic, long-lived mutant. 

Strain (linkage group) Life span Characteristics References 

wild type (s) - 25 d mycelium: green to Esser [22] 

incoloris ( i )  I11 42 d mycelium: colorless Esser [22] 

Characteristics of the wild-type strains of P. anserina and a selected number of pleio- 

Site of mutation 

black 

Prillinger and Esser 
~ 7 1  

black, rhythmic ~ 9 1  
v i v a  (viv) 111 66 d mycelium: green to Esser and Keller 

growth 

black, ascospores: [27] 
gray, aerial 
hyphae reduced 

grisea (gr) IV 39 d mycelium: green to Prillinger and Esser 

lannosa (la) V 33 d mycelium: velvety Esser [22] 
farda (fa) VI 66 d slow growing Esser [22] 
cr isp (cr) VII 44 d aerial hyphae curly Prillinger and Esser 

grisea vivm IV+III > 9 a mycelium: green to Tudzynski et al. [44] 
~ 7 1  

(gr viv) black, ascospores 
gray 

incoloris v i v a  I11 > 12 a mycelium: yellow to Esser and Keller [19] 
(i viv) reddish; aerial Tudzynski et al. [44] 

hyphae reduced 

level, and to clone and characterize the genetic factors that are mutated in the 
corresponding strains. This approach combines experiments of classical and 
molecular genetics. Experiments of this type can be expected to provide novel 
clues about the genetic control of degenerative processes in P. ansenna and 
will provide data to unravel the complex molecular mechanisms that modulate 
the aging process and the life span of this rather simple biological system. 

Figure 4 represents a scheme outlining experiments to select and char- 
acterize novel life span affected mutants of P. ansenna. 

B. Material Needed 

Strains 
Wild-type strains of Podospora ansenna can be easily isolated from dung of 
various herbivores-e.g., horses, sheep, or rabbits. Perithecia of about 0.5 mm 
with a characteric morphology, in particular with a bundle of dark hairs at the 
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gene via complementation of 
the longevity mutant 

Cloning of the mutant copy 
of the conespondlng gene 
from a genomic library of the 
mutant by selection of 
clones hybridizing to the 
d o n 4  wild-type gene copy 

Comparative sequence analysls 

Further analysis (e.g., transcrlpt 
analysis, functional analysls) 

Figure 4 
fected mutants of P. ansentin. 

Outline of experiments to select and to characterize novel life-span-af- 
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ostiolum, appear on dung usually after about 2 weeks' incubation of fresh dung 
in a large Petri dish. Since the ascospores are actively ejaculated from the 
perithecium, they can be isolated by placing the top of an agar plate containing 
medium which allows the germination of ascospores upside-down above the 
ripe perithecia. The ejaculation of spores is enhanced by light, and cultures 
should therefore be incubated in the light. After a few hours' incubation of 
ascospores on germination medium, small colonies arise. Pieces of these 
colonies are transferred to complete medium and incubated at 27°C in the light. 
After about 10-14 days perithecia of the typical morphology are formed. From 
these fruiting bodies mononucleate spores of either mating type can be iso- 
lated, and colonies arisingfrom these sporescan be used in further experiments. 

Wild-type strain s and a large collection of mutant strains are available 
from different laboratories [for references see 211. The site of mutation has 
been mapped (Fig. 5) ,  and the corresponding strains can be used as tester 
strains to localize the site of mutation of a novel mutant by linkage analysis. 

Media 
For a detailed description of the different minimal, complete, and special 
media see Esser [22]. Here only the three media are mentioned that are of 
particular importance for the experiments described below. 

Complete medium. One liter of solid medium contains 1.5 g malt 
extract and 20 g agar in 1 L cornmeal extract. Cornmeal extract is obtained 
from 250 g cornmeal incubated in 10 L of water at 60°C overnight. After this 
time the supernatant is filtered through several layers of cheesecloth, and the 
cornmeal is discarded. 

Spore-germinating medium. Complete medium is supplemented with 
0.44% ammonium acetate. 

Transformation medium. One liter contains 3.7 g NH4CI, 2 g tryptone, 
1 g casamino acids, 1 g yeast extract, 1.5 g KH2P04, 0.5 g KCl, 0.5 g MgS04 x 
7 H20,l  mg CuSO4 x 5 HzO, 1 mg FeCh x 6 H20,l  mg MnS04 x 7 H20, 10 
g glucose, 1 M sucrose, 1.2 g agar. 

Liquid medium. For the cultivation of cultures for different purposes 
liquid medium, generally complete medium without agar, is used. 

C. Experimental Procedures 

Selection of Long-Lioed Mutants 
Many of the different long-lived mutants ofP. ansen'na have been isolated from 
spontaneous outgrowths from the edge of the growth front of a senescent 
culture [23-251. A scheme for the systematic isolation of spontaneous long- 
lived mutants has been reported by Schulte et al. 1988 [26] (Fig. 6). 
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Cross of the desired wild-type strain (e.g., race 8) 

lsoletlon of IndMdual mononuclear ascospores 

Qermlnatlon of spores on eporulatlon medlum 1 

Transfer d mycella fmm gennlnated spores 
to IndMdual race tubes 

Figure 6 Scheme to experimentally select for life-span-affected mutants ofP. ametina. 

In addition, the inducation of mutations may be performed by chemical 
mutagenesis of microconidia. Using ethyl-methane-sulfonate (EMS) and other 
chemical mutagens, a number of mutants were selected that are affected in 
the formation of laccases, a group of enzymes belonging to the phenoloxidases 
[27]. Some of these mutants turned out to represent pleiotropic mutants in which 
mycelium morphology, differentiation of sex organs, and life span are affected. 

Measuring the Life Span 
The determination of the life span is performed in race tubes which contain 
the desired solid medium, usually complete medium. These glass tubes have 
a length of 30-50 cm and a diameter of about 2 cm (Fig. 7). 

From 50 to about 200 independent, freshly germinated ascospores are 
transferred to separate race tubes. The cultures are incubated at the desired 
temperature (e.g., 27°C) and examined every day. The growth rate is recorded 
at the distance of the mycelial growth front extended per day. After a specific 
time of growth, the growth rate declines, the morphology of the colony 
becomes altered (e.g., increased pigmentation), and finally the growth arrests. 
This time is recorded, and the mean life span of a particular strain is calculated 
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Figure Race  tubes P. anserina with a juvenile,  actively  growing  culture  and a 
senescent  culture,  respectively.  The  senescent  culture  (race  tube on the  top),  which  has 
stopped  growing,  shows an increased  pigmentation at the growth front.  The  growth of 
this colony has  arrested,  whereas  the juvenile culture  (bottom)  is  still  growing. 

as the time at which  growth arrest is  observed  in 50% of  all  parallel  cultures. 
In addition, the maximal life span  can  be  determined as the time at which  all 
parallel  cultures  stopped  growing. 

Genetic  Characterization of Life-span Mutants 
After  a  mutant with an  affected  (usually  increased) life span  has  been  identi- 
fied, the site of mutation  needs to be determined.  For  this  reason  reciprocal 
crosses are performed  as  outlined  in  Figure the female  parent  a  culture 
derived  from  a  mononucleate  ascospore of either  mating  type + or - is used. 
Onto the surface of such  a  culture grown for  about 7-10 days on complete 
medium,  spermatia of the complementary  parent are poured.  These  spermatia 
were  isolated  from  agar  cultures of the  strain of interest by pouring  about 5 
mL of sterile  water onto the surface of the culture  and  moving the drop of 
water  thoroughly  until  the  spermatia  were  resuspended. 

After the formation of perithecia,  individual  mononucleate  ascospores 
are isolated  from the different  crosses  and  germinated,  and the mean life span 
is determined. introduced  above,  different  outcomes  can be expected: 

1. The life  span may be maternally  inherited.  In  this  case the two 
reciprocal  crosses  between  a  long-lived  mutant  and the wild-strain  lead to 
different  results  (reciprocal  differences),  indicating  that the genetic  trait 
involved  is  located  in the  cytoplasm. 
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2. There may be no differences in the outcome of reciprocal crosses. 
About 50% of the progeny are characterized by a long-lived phenotype, and 
about 50% by the wild-type phenotype. In this case the genetic factors are 
located in the nucleus of the two parents. 

Molecular Characterization of Extrachromosomal Mutants 

Mitochondrial DNA is prepared from mycelia of both the wild-type strain and 
the long-lived mutant by centrifugation of cleared cell extracts in a CsCl 
gradient. After extraction of the isolated DNA and dialysis overnight, the un- 
digested mtDNA and the mtDNA digested with different restriction endonu- 
cleases are fractionated in agarose gels. Thereafter the gel is stained with ethi- 
diumbromide and analyzed under UVlight. Mitochondrial DNAof the wild- type 
strain may differ from that of the mutant. This may be quite obvious in cases 
where an additional DNA species, such as a linear plasmid, is present in one 
strain but missing in the other [25,28,29]. Alternatively, rearranged mtDNA 
with large deletions, insertions, or inversions may become obvious by a differ- 
ent restriction pattern of the two different DNA preparations [25,26]. A 
detailed molecular characterization, including a restriction analysis, a South- 
em blot analysis, or finally a sequence analysis may be performed to identify 
the exact nature of the mutation in the novel long-lived mutant. 

Analysis of Chromosomal Long-Lived Mutants 
By conventional linkage analysis of crosses between the novel long-lived 
mutant and different tester strains containing a mutation mapped to different 
chromosomes, the novel life-span-affecting gene can be located on one of the 
seven individual linkage groups. The experimental steps of such an analysis 
are: 

1. Crosses between a culture of the long-lived mutant isolated from a 
mononucleate ascospore of one mating type and a culture of a characterized 
nuclear mutant (tester strain) of the opposite mating type. Different crosses 
with different tester strains representing marker strains for the different link- 
age groups (Fig. 5) need to be performed. 

2. After the formation of perithecia a tetrad analysis is performed. 
Spores from individual irregular, five-spored asci are isolated and analyzed. 
In an initial analyses it is sufficient to isolate about 10-20 asci and to analyze 
the progeny for linkage of the long-lived phenotype and the phenotype of the 
tester strain. If linkage becomes apparent, that is, when the number of the 
parental phenotype does not differ significantly from that of the recombinant 
phenotype, a more detailed analyses has to be performed. In this analysis more 
asci (e.g., 100-500) are isolated and the outcome of this cross can be statistically 
evaluated as outlined in Chapter 3. An analysis of this type leads to the 
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localization and to the relative mapping of the novel long-lived gene on one 
of the seven linkage groups of P. anserina. 

Cloning of Lije-Span-Affecting Genes by Complementation 

After mapping the gene of interest on a particular linkage group, cloning of 
the corresponding wild-type copy is possible by complementation of the long- 
lived mutant to wild-type characteristics using a genomic cosmid library of the 
wild-type strain. Since transformation efficiencies of most filamentous fungi, 
including P. ansen’na, are rather low, ranging from a few transformants to about 
80 transformants perpg of transforming DNA, the use of specific gene libraries 
of reduced complexity is desirable. The construction o f  this type of libraries is 
possible because individual chromosomes of P. anseiiita can be resolved on 
pulsed-field gels [30,31] and the DNA from these gels can be reextracted and 
used to construct chromosome-specific libraries. In addition, from previous 
investigations it is clear which of the size-fractionated chromosomes corre- 
sponds to which of the seven linkage groups (see Fig. 5 ) .  Using the reextracted 
DNA derived from the chromosome corresponding to the linkage group on 
which the gene of interest is located, it is possible to construct a genomic library 
which is enriched for cloned sequences derived for this particular chromo- 
some. The use of this type of library has the advantage that the number of 
transformants that have to be obtained and analyzed to isolate a clone con- 
taining the gene of interest is rather low. In fact, using this strategy, we were 
recently able to clone a nuclear gene by complementation of a specificP. artser- 
ina mutant from a genomic library of about 400 cosmid clones (unpublished). 

After a transformant with wild-type characteristics has been identified 
which originated from the transformation with a pool of about 100 individual 
hybrid cosmids, the corresponding hybrid cosmid can be identified by a 
subsequent use of subsets of the cosmid library pool used for transformation. 
This procedure, called “sib selection” (Fig. 8), which was successfully used in 
Neitrospora [32,33], is very time-consuming and cost-intensive, at least in P. 
anserina. However, it may be possible to recover the complementing plasmid 
directly from the wild-type transformant via in vitro packaging of high-molecu- 
lar-weight chromosomal DNA of the corresponding mutant into phage lambda 
and a subsequent E. coli transfection. In a few cases, this strategy led to a 
successful selection of antibiotic resistant E. coli colonies and to the reisolation 
of a hybrid plasmid or cosmid, which contained the gene of interest [34,36] 
(Osiewacz, unpublished). 

Once the wild-type gene has been recovered, the mutant copy can be 
isolated from a genomic library of the mutant via hybridization using the 
cloned wild-type copy as a specific probe. Subsequently, a wide avenue of 
experiments opens in which the cloned gene and its mutated copy can be 
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characterized on the molecular level. This analysis is straightforward and can 
be expected to provide novel clues about the genetic control of senescence in 
Podospora anserina and about the detailed molecular mechanisms involved in 
this complex process. Furthermore, the data obtained may also provide insight 
into the role of conserved genes which may be found in other organisms for 
which, until now, no mutants have been available. In particular, considering 
the efforts to sequence the whole genome of different species including Sac- 
charomyces cerevisiae, Caenorhabditis elegans, and humans, the approach out- 
lined above may be of even a higher significance than expected. 

5. QUESTIONS 

1. Aging is a biological process which occurs in almost all biological 
systems. However, can it be expected that aging of the various, diverse systems 
is due to one basic, unifying mechanism? Or is it not more likely that all groups 
of organisms or even all species have developed different mechanisms? These 
questions can theoretically be approached, e.g., from the view of evolutionary 
biology. However, the final, definitive answer needs a lot more of firm experi- 
mental data. These data should be derived from as many organismsof different 
taxa as possible. 

2. Dealing with fungi, it is of particular interest to ask why most fungi 
are propagatable indefinitely and why other species (e.g., Podospora anserina) 
senesce regularly and reproducibly? 

3. What genetic factors are involved in the control of aging processes? 
4. Are mobile genetic elements, e.g., linear and circular plasmids or 

transposable elements, involved in the control of aging processes in a larger 
number of biological systems, or is their significance restricted to only a few 
species? If there is a more ge.neral importance of this type of elements, how 
do they act? 

5.  Are there many or only a few particular genes that control aging 
processes? What do these genes code for and how did they evolve? 

6. EXTENSIONS 

The data obtained from investigations of the aging process in Podospora an- 
seiina, in particular in the last two decades, when the powerful tools of 
molecular biology have become available, have stimulated investigations to 
identify similar processes and their genetic basis in other related fungi. In fact, 
at least in certain strains of Neurosporu crussa, N. intemedia, Podospora cur- 
vicolla, Aspergillus amstelodami, and Cochliobolus heterostrophus degenerative 
processes have been also described [for review see 371. In Neurospora, as in P. 
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anserina, these processes are caused by instabilities of the mitochondrial 
genome. Also in higher organisms like humans, mtDNA instabilities appear 
to play a major role in different degenerative processes, including certain 
neuromuscular diseases or aging [38-43]. However, the mechanisms leading 
to these instabilities appear to vary in detail, suggesting that in fact the 
mechanisms leading to aging may be rather more variable than conserved. 

Finally, it should be noted that the experimental approaches described 
in this chapter may be used to approach a number of other questions that have 
been investigated in this fungal system in the past. Among these, questions of 
basic genetics, cytology, or developmental biology may be addressed in detail. 
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Fungal Populations 
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Wageningen Agn’cultural University, Wageningen, The Netherlands 

1. INTRODUCTION 

A thorough understanding of many aspects of the biology of fungi should 
include knowledge of their consequences at the population level. This applies 
to the mode of reproduction (sexual or asexual; predominantly selfing or out- 
crossing), to the phenomenon of anastomosis between genetically different 
individuals, and also to many details of the genetic transmission system itself, 
to mention just a few aspects of fungal biology that clearly have relevance at 
the population level. 

Population genetics is the branch of genetics that studies the population 
level consequences of the nature and transmission of genetic information. At 
the descriptive level this involves studying the amount of genetic variability 
present in populations, and of the spatial and temporal distribution of these 
variants. At the causal level the underlying processes responsible for the 
generation, maintenance, and distribution of genetic variation are studied, as 
well as those responsible for changes in the genetic composition of popula- 
tions. Population genetics is therefore important for understanding evolution- 
ary processes, since evolution is basically progressive change in the genetic 
composition of populations. Understanding the selective conditions that favor 
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the spread of a certain genotype in populations will provide an understanding 
of the adaptive significance of the trait affected by this genotype. 

This chapter does not aim to give a broad review of results from fungal 
population genetics. One reason is that the field is relatively young, and 
pioneering studies in the 1970s are only recently being followed up, mainly 
because molecular methodologies offer new possibilities [I]. Instead, a par- 
ticular feature which is quite special for fungi as opposed to plants and animals 
will be singled out and considered from a population genetic point of view. 
This is the inherent potential capacity of fungi for hyphal anastomosis, which 
if occurring between genetically different individuals niay lead to mcalled 
horizontal transmission of genetic information (i.e., between individuals other 
than from parent to offspring). 

2. ANASTOMOSIS AND VEGETATIVE (1N)COMPATIBILITY 

A. Population Genetic Significance 

In filamentous fungi between hyphae of the same individual anastomoses may 
be formed with consequent possibility of movement of cytoplasmic entities and 
nuclei between these hyphae. Anastomosis within an individual remains with- 
out genetic consequences, except when by mutation a nuclear or cytoplasmic 
type would occur which is somehow more effective in replication than the 
resident genotype and therefore increases in frequency within the mycelium. 
Sometimes, however, anastomoses may be formed between hyphae from 
different individuals, leading to the formation of heteroplasmons and/or hetero- 
karyons. Such cases of vegetative compatibility are believed to be rare in most 
species under natural conditions [2], due to the occurrence of genetically 
determined vegetative incompatibility. The significance in natural populations 
of the so-called parasexual cycle in generating recombinant nuclear genotypes 
(in addition to, or-in imperfect species-as a substitute of, sexually produced 
recombinants) is therefore probably limited, contrary to what has been sug- 
gested earlier [3,4]. However, even a low rate of interindividual anastomosis 
resulting in horizontal transmission of (nuclcnr or cytoplasmic) DNAmay have 
important population genetic and evolutionary consequences. 

To understand the possible consequences at the population level of 
horizontal gene transfer, i t  is important to realize the crucial importance of 
the regulation of genetic segregation. Following sexual or somatic fusion, 
genetic information from different lines of descent is brought together in a 
diploid, respectively heterokaryotic or heteroplasmic structure. At some fol- 
lowing stage genetic segregation occurs, either to restore the original ploidy 
level or as a consequence of random assortment during successive mitotic 
divisions. In the vertical route of genetic transmission (from parent(s) to 
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offspring), segregation appears to be strictly regulated, as is apparent from the 
well-known Mendelian segregation laws for nuclear genes and from the 
uniparental transmission mechanism for cytoplasmic genes. The essence of 
both segregation mechanisms is that they are fair, in the sense that on average 
each allele present has an equal chance of ending up in a reproductive cell. 
This fairness of the genetic segregation in vertical transmission prevents the 
spread of mutants that combine a segregation advantage with a negative effect 
on the fitness of their “host” individual. There is, however, no regulated 
segregation mechanism to separate genetic information that has been com- 
bined horizontally. (In cases of horizontal transmission of viruses or plasmids 
following anastomosis between a strain with and a strain without virus or 
plasmids, fair segregation in this context would mean that half the progeny 
should be produced virus- or plasmid-free.) As a consequence, the horizontal 
transmission route allows the spread of sequences that are harmful but supe- 
rior in segregation. 

B. Theoretical and Empirical Population Genetic 

Various authors have suggested defense against the detrimental genetic ele- 
ments referred to above as a functional explanation of vegetative incompati- 
bility [5-81. This explanation (defense against “parasitic” DNA) has been 
explored theoretically in a population genetic model by Hartl et al. [7]. They 
considered a nuclear genetic factor, comparable to a gene in Neurosporu crussu 
described by Pittenger and Brawner [9], with a segregation advantage in a 
heterokaryon but a selective disadvantage in a homokaryon. Hartl et al. [7] 
concluded that such parasitic genes could well be responsible for the selective 
pressure causing the evolution of vegetative incompatibility. However, they 
made some rather restrictive assumptions and considered only populations 
consisting of two vegetative incompatibility groups (VCGs). Recently the 
problem has been analyzed in a more general model, allowing many VCGs 
[lo]. This is a realistic feature since numbers of VCGs found in samples of 
strains from various ascomycete species appear to be very high, varying 
between 10% and 80% of the number of strains tested in samples from natural 
populations (overview in Nauta and Hoekstra [lo]). The model assumes a 
homogeneous large population where encounters between individual mycelia 
belonging to different VCGs occur proportional to the product of the relative 
frequencies of these VCG types in the population.This is equivalent to random 
dispersal of conidia, which germinate and grow out to new mycelia. These 
mycelia meet in pairs, forming a heterokaryon (or heteroplasmon) in case they 
belong to the same VCG and growing along side by side as homokaryons if 
they are in different VCGs. 

Studies on Vegetative Incompatibility 



340 Hoekstra 

The main conclusion from this theoretical analysis is that populations 
should contain large numbers of VCGs only under very restricted conditions. 
The mean number of encounters between different mycelia must be high, the 
selective disadvantage of the parasitic genes must be small, and the frequencies 
of the existing VCGs must be distributed in a special way. Once a limited 
number of VCGs has been established, selection pressure for additional VCGs 
becomes very weak and eventually vanishes due to the very small probability 
for a mycelium containing a parasitic gene to meet (and fuse with) a compatible 
individual. This study therefore casts some doubts on the idea that vegetative 
incompatibility has evolved primarily as a defense against “parasitic” geiics. 
However, more work is needed, both theoretical and empirical, to decide this 
issue. In particular, a population structure with strong spatial differentiation 
(which violates the model assumption of random encounters between mycelia) 
might be conducive to the maintenance of higher numbers of VCGs. 

There is another reason to doubt whether “genetic defense” is the sole 
selective force driving the evolution of vegetative incompatibility. Evidence is 
accumulating that it is not very effective in prohibiting the exchange of 
cytoplasmic DNA, such as mitochondria1 genes [ 11,121, plasmids 113,141, and 
viruses [15,16]. An interesting question in this connection is how much effec- 
tive horizontal transfer of deleterious genetic elements could be tolerated in 
a fungal population. 

3. POPULATION GENETICS OF FUNGAL SENESCENCE 

A good example of the potential relevance of the rate of horizontal transfer is 
the phenomenon of fungal senescence. As has been described in Chapter 7, 
senescence is known to occur in a number of fungal species and is particularly 
well investigated in Podosporu and Neurospora. Typically the senescence is 
associated with an increasing concentration of particular mitochondria1 plas- 
mids, and the latter are thought to be the causative agents of the phenomenon. 
Usually senescence starts after sporulation and results in progressive slowing 
down of mycelial growth accompanied with typical changes in mycelial mor- 
phology, eventually leading to death. 

In this section we will take a closer look at the population genetical 
aspectsof senescence. It may serve as a good example of the population genetic 
approach, and it nicely illustrates what has been said above about horizontal 
transmission. 

The first question to ask is what is known about the frequency of 
occurrence of senescence in natural populations of fungi. For the two species 
referred to above, this answer turns out to be different. In Podosporu unserina, 
so far no strains have been isolated from nature that do not senesce, which 
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seems to suggest that the frequency of mitochondria containing the particular 
plasmid insert is very high in natural populations. In Neurospora infermedia 
about 30% of the strains in a sample from Hawaii appeared to contain the 
kalilo plasmid which is associated with senescence in this species. In a sample 
from the same area taken 4 years later about the same frequency was found 
(Debets, pers. comm.). How can we explain that the senescence factor in 
Podospora has spread to such an extent through the whole species? If anything, 
one would imagine senescence to be disadvantageous, since nonsenescent 
strains could go on growing (provided sufficient substrate is available) and still 
produce spores when senescent strains would already be dead. But how could 
a disadvantageous trait increase in frequency in natural populations? In the 
case of Neurospora senescence may have originated recently in this population 
and may still be spreading, eventually approaching a similar situation as in 
Podospora, or the population may perhaps have reached a stable state with 
selective forces favoring the spread of the kalilo plasmid balancing selection 
acting against the plasmid. 

The next thing to do is to try and get some more precise and quantita- 
tive insights in what may be the relevant processes in determining the fre- 
quency of occurrence of senescence in fungal populations. This we do by 
constructing and analyzing a simple mathematical model. 

In order to formulate a simple population genetic model, let us make the 
following simplifying assumptions (see Fig. 1). Different genotypes are classi- 
fied into groups depending on whether or not they carry the senescence 
plasmid with respective relative frequencies in the population of x and y = 1 
- x. We suppose there is a fixed order of events in the life cycle of the fungal 
colonies. Upon germinating they will grow, then possibly encounter conspeci- 
fics, and finally sporulate. When growing close to each other two individuals 
may come into contact, and perhaps some anastomosis between them takes 
place. We assume that the population is well mixed so that the probability that 
two senescent strains meet is equal to x2, for a meeting between a senescent 
and a nonsenescent strain this is 2uy, and for two nonsenescent strainsy’. As 
a consequence of these meetings we assume that horizontal transfer from a 
senescent strain to a nonsenescent strain may occur with probability h. Fur- 
thermore, suppose that senescent strains produce on average a fraction s fewer 
spores than nonsenescent strains, and that a fractionp of the spores produced 
by a senescent strain may have lost the plasmid. 

Actually we have no information on the occurrence and extent of the 
latter two postulated phenomena, but they seem at least conceivable and if 
true could have important population genetic consequences. In this simple 
model we disregard the occurrence of sexual reproduction since sex would not 
affect the population frequency of the senescence plasmids, if 1.) transmission 
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XI+ 1 
0 

Yt+l 
0 

Figure 1 Schematic representation of assumptions and notation of population 
genetic model of senescence caused by mitochondria1 plasmids. Asterisk indicates 
presence of plasmids. (a) Spores forming generation f ;  (b) germination; (c) encounters 
between different mycelia; (d) horizontal transfer of plamids; (e) production of spores 
forming generation t + 1. For further explanation, see text. 

of mitochondria is strictly uniparental (maternal), and 2.) senescent individu- 
als have the same probabilities as nonsenescent individuals of acting as a male 
or female parent. Of course, if either or both of these two assumptions are not 
true, the model should be adapted to accommodate this. 

We now deduce from these assumptions a formal model as follows. As 
a consequence of horizontal transfer the relative frequencies of colonies with 
and without senescence plasmids will have changed from resp. x and y to x '  
andy' (see Fig. l), such that in generation 1 

x: = xf + (I + h)x,J j  

y :  = y :  + (1 - h ) 4  Y f  

and 

Then the relative frequencies of the two types among the newly produced 
spores that will form generation t + 1 will be 
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and 

YI+1 + 1 - &+l 

These equations describe how the relative frequencies of senescent and non- 
senescent strains in a population will change over successive generations under 
the assumptions specified by the model. From an analysis of these equations 
we may thus predict under what conditions (in terms of the values of the 
parameters h, s, andp) senescence plasmids will spread through a population 
or will tend to disappear. Such an analysis uses standard mathematical tech- 
niques which are explained for example in population genetic textbooks. The 
complete analysis will not be presented here, but the results are summarized 
below. 

1. I fp  > 0 (“spontaneous” loss of plasmids or occasional production of 
plasmid-free spores by a senescent strain is possible) and s > 0 (senescent 
strains have a lower growth rate and/or spore production than nonsenescent 
strains), then two different outcomes are possible: 

(a) if (1-p)(l-s)(l+h) > 1 (that is, if the rate of horizontal transfer h is 
sufficiently high), then a stable coexistence of senescent and nonsenescent 
strains in the population is expected. In any case, however, a stable coexistence 
of uninfected and infected strains requires the horizontal transfer rate h to be 
greater than the fitness reductions. 

(b) If (1-p)(l-s)(l+h) -= 1 (the rate of horizontal transfer is too low), 
then senescence plasmids are not expected to spread through a population, 
and-if initially present-will disappear. 

2. If p = 0 (senescence plasmids have a 100% transmission in spores), 
then a stable coexistence of senescent and nonsenescent strains does not 
appear to be possible. Eventually a population will consist exclusively of 
senescent strains or exclusively of nonsenescent strains. 

To what extent may this simple model be helpful in better understanding 
the occurrence of senescence? One important point is that it may serve as a 
quantitatively precise hypothesis about the selective forces acting upon senes- 
cence in natural populations. Thus the model suggests the importance of 
measuring the rate of horizontal transfer of senescence plasmids between 
strains, since this appears to be a crucial parameter in the model. In this respect 
the finding of Debets et al. [14] that in Neurosporu even between strains that 
were vegetatively incompatible some horizontal transfer of the senescence 
plasmid could be detected, is relevant. Other very important parameters to 
measure are the loss ratep, on which so far very little experimental information 
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is available and the selective disadvantage of senescent strains relative to 
nonselescent strains. 

Summing up, a population genetic model may be useful in hinting at the 
most important factors responsible for the selection for or against (or for the 
stable maintenance) of traits and may suggest useful experiments for gaining 
a better understanding of the adaptive and selective aspects of traits. 

4. EXPERIMENT ON HORIZONTAL TRANSFER 

A. General Discussion 

In Neurospora, like most other ascomycetes, vegetative incompatibility results 
from allelic differences at one or more of several vegetative incompatibility 
loci (so-called het-loci). Strains are compatible only if they carly identical 
alleles for all these het-loci. In N. crussa vegetative incompatibility has been 
studied using heterokaryon tests and by using chromosome duplications. In 
this experiment we will study the effect of hef-loci on the lateral spread of 
senescence from one colony to the other (see also Debets et al. [14]). Senes- 
cence in the donor strain is due to the mitochondrial Kalilo plasmid (kalDNA) 
that integrates into the mitochondrial DNA thus causing cell death. 

B. Demonstrating the Effect of Vegetative Incompatibility 
in Neurospora on Horizontal Transfer of Senescence 

Strains 
The N. crussa het-tester strains can be obtained from the Fungal Genetics 
Stock Center (F.G.S.C., Department of Microbiology, University of Kansas 
Medical School, Kansas City, Kansas). These strains require either inositol or 
pantothenic acid for growth. The KalDNAcontainingstrain 3.7 is prototrophic 
and al-2 (albino conidiospores). 

Media and Growth Conditions 
Standard Neurospora growth protocols can be used as described by Davis and 
DeSerres [ 171. For general hints and precautions for working with Neurosporn 
see Perkins [ 181. Cultures are grown in small test tubes containing 1 mLVogel’s 
minimal medium at 25°C. The subculture of the kalDNA containing strain is 
given as the extension of the strain number: 3.7-3 is the third subculture. The 
lifespan of strain a strain or the mixture of strains is expressed as the number 
of subcultures till death occurs. 

Experiment 
At first the lifespan of the kalDNA carrying strain 3.7 is determined. Conidia 
from the available culture of 3.7 are transferred to fresh media, grown for 2-3 
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days at 25°C and further subcultured till the culture dies, and no longer 
produces conidia. Conidia of a late subculture of 3.7 (a few subcultures before 
death, still well sporulating) of genotype hetCd3, a (i.e., mating type a )  are 
mixed with conidia of each 16 het-testers (see Table), including all combina- 
tions of the her-loci her-c, her-d, het-e and the two mating-type idiomorphs (the 
mating type (alleles a and A )  also acts as a her-gene). The mixtures are 
subcultured to test for senescence on nonselective media (i.e. Vogel’s supple- 
mented with inositol and pantothenic acid). As a control 3.7 is subcultured too. 
Continue subculturing until the culture dies, or until 15 subcultures after the 
death of the control culture 3.7. Test the culture for the presence of 3.7 
genotype by inoculating conidia from the 10th subculture on Vogel’s minimal 
medium (3.7 is prototrophic, whereas the het-testers are awotrophic). 

Three possible outcomes of the experiment can be distinguished: 
1. Transfer of the senescent state: the mixture of the senescent strain 

3.7 and the non-senescent het-tester dies at the same time as does the senescent 
strain by itself. 

2. Transfer of the senescence causing plasmid without the senescent 
stage: the mixture has a longer lifespan than 3.7 alone, after several subcul- 
tures, 3.7 is no longer detectable but eventually the infected her-tester strain 
dies.* 

3. No transfer of the senescent state and/or the senescence plasmid: 
after several subcultures strain 3.7 is no longer detectable. Further subcultur- 
ing does not result in senescence.* 

~~ ~ 

het-tester Dead at 
Growth on MM Genotype subculture 

1427 
1439 
1428 
1438 
1429 
1437 
1430 
1436 
1423 
1454 
1424 
1453 

pan-l,al-2, her-CDE, a 
inl, het-CDe, a 
pan-l,al-2, het-CdE, a 
inl, het-Cde, a 
pan-l,al-2, het-cDE, a 
in4 her-cDe, a 
pan-l,al-2, het-cdE, a 
inl, het-cde, a 
pan-l,al-2, her-CDE, A 
inl, het-CDe, A 
pan-l,al-2, het-CdE, A 
inl, her-Cde, A, 

*Detection of the plasmid in the het-tester can also be done by Southern hybridization. 
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-~ ~ ~ 

het-tester Dead at 
Growth on M M  Genotype subculture 

1425 pan-l,aI-2, her-cDE, A 
1455 inl, het-cDe, A 
1426 panl,al-2, het-cdE, A 
1422 in(, het-cde, A 

C. Questions 

ferred? 

transfer of the kalilo plasmid? 

1 .  To what her-tester is the senescent state of the kalDNA strain trans- 

2. What is the effect of allelic differences at her-loci on horizontal 

D. Appendix of Media 

Vogel’s vegetative medium (minimal medium) is made as follows: 

20 mL of 5Ox Vogel’s solution (see below) 
20gglucose 
20gagar 
940 mL HzO (bidest) 
add required supplements (250 mg/L for amino acids and nucleotides; 
50 mg/L for vitamins), adjust to pH 5.5-6.0 and sterilize by autoclaving. 

Vogel’s solution 50x is made as follows: 

650 mL H20 
125 g Na3citrate.2H20 
250 g KHzP04 
100gNH1NO3 
5 g CaCI.2H20 (previously dissolved in 50 mL Hz0) 
10 g mgS04.7HzO (previously dissolved in 50 mL H20) 
5 mL trace element solution (see below) 
0.5 mg biotin 
Sterilize filter and store in the refrigerator. 

Vogel’s trace element solution: 

95 mL H20 
5 g citric acid.H20 
5 g ZnS04.7H20 
1 g Fe(NH4)2(S04).6HzO 
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0.25 g CuS04.5HzO 
0 0.05 g MnSOd.Hz0 

0.05gH3BO3 
0 0.05 g Na2Mo04.2H20 
0 Sterilize filter and store in the refrigerator. 
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Genetic Analysis in the Imperfect 
Fungus Cladosporium filoum 
The Development of a Map-Based 
Strategy for the Cloning of Genes 
Involved in Pathogenicity 

JosC Arnau* and Richard P. Oliver 
University of East Anglia, Nonvich, England 

1. INTRODUCTION 

Cfadosporiumfulvurn is a biotrophic imperfect fungal pathogen of tomato that 
colonizes the intercellular spaces between mesophyll cells and is confined to 
the apoplast for most of its life cycle. The fungus does not differentiate any 
specialized infection structure and causes no damage to the mesophyll cells 
[l]. This plant-pathogen interaction has been assumed to be a gene-for-gene 
relationship, whereby a dominant fungal avirulence gene is recognized by a 
resistance plant gene. The absence of a functional avirulence (avr) gene leads 
to successful infection, resulting in mold leaf. Alternatively, the presence of a 
functional avr gene is recognized by the plant carrying the corresponding 
resistance gene and fungal growth is arrested as a result of a hypersensitive 
response (HR) which involves localized cell death and accumulation of plant 
defence proteins. 

Genes for resistance to C. filvurn, termed Cf, have been identified in 
tomato and a number of them are available in near isogenic lines. The 

'Cutrent affiliation: Biotechnological Institute, Lyngby, Denmark. 
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genotypes of different fungal isolates can he unequivocally assigned by infec- 
tion of the different tomato cultivars. As an example, a C. fiilvum isolate able 
to successfully infect tomato plants carrying the resistance gene Cf4 is consid- 
ered race 4, and its genotype is assumed to be avr4 (recessive allele). This is 
also called a compatible interaction. An isolate failing to infect such a tomato 
line (in an incompatible interaction) is considered to carry the dominant allele 
(Avr4). In many gene-for-gene systems which include obligate pathogens, the 
inheritance of resistance genes in plants and w r  genes in the fungus is well 
documented. The C. fulvurn-tomato interaction presents several advantages 
to be chosen as a model system. The communication between plant and 
pathogen is limited to the apoplast, since C. fulvum does not penetrate host 
cells. The study of the protein composition of the apoplasiic fluids (also called 
intercellular fluids, IF) has permitted the identification of genes thought to be 
responsible for the establishment of basic compatibility (i.e., pathogenicity 
genes) and race-specific elicitors (i.e., avirulence genes) directly involved in 
the induction of the HR. 

One of these genes, avr9, has been recently shown to be directly respon- 
sible for the HR on plants carrying the corresponding resistance gene Cf9. 
Molecular analysis of this gene, by gene disruption of a resident functional 
allele, resulted in a race 9 isolate [2]. Additionally, a race 9 isolate transformed 
with the cloned gene is recognized by Cf9 plants [3]. The study of the avr9-Cf9 
system has shown fully agreement with the gene-for-gene hypothesis. 

It is clear that the analysis of the proteins present in IF from different 
plant-pathogen combinations will allow the isolation of genes involved in this 
interaction. In fact, another of these genes, avr4, has recently been isolated 
and characterized using this strategy (de Wit, personal communication). 

However, the use of this approach for the isolation of basic compatibility 
genes has proven more difficult. A fungal extracellular protein (Ecp2) present 
only in IF obtained from compatible interactions, therefore a good candidate 
for a role in pathogenicity, have been shown to be non-essential upon gene 
disruption and subsequent infection (de Wit, personal communication). It is 
possihlc that pathogenicity genes do not code directly for the proteins present 
in the I F ,  and this may represent a limitation to the above described approach 
for the cloning of those genes. 

We are following a complementary approach for the study of this 
plant-pathogen interaction. It is based on the establishment of a genetic map 
as a tool for the cloning of genes involved in the interaction. An important step 
towards this goal is the isolation of mutations that affect the infection process, 
resulting on non-pathogenic isolates. Such mutants, with no altered phenotype 
on axenic culture, have been obtained and characterized in C. fulvum. They 
have been assigned into two groups, depending on the degree of completion 
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of the vegetative cycle on plants. “Pathogenicity” mutants which stop growth 
at different stages after stomata1 penetration and failed to sporulate; “Aggres- 
sion” mutants which exhibited reduced sporulation [4]. 

C. firfvum is an imperfect fungus, and therefore classical genetic analysis 
based on meiotic recombination, involving sexual crosses of different isolates, 
is not possible. Additionally, no other natural means of genetic exchange, 
otherwise widespread in other fungi, like fungal anastomosis or a parasexual 
cycle has been observed in C. firlvum, despite early reports of heterokaryon 
formation [5,6]. This problem has been overcome by utilizing somatic hybridi- 
zation in what is called an induced parasexual cycle, where only chromosome 
reassortment and, at a lower frequency, mitotic recombination is feasible. 
Protoplasts of genetically marked strains of C. firlvum are fused and selection 
against the parental strains is imposed. The ploidy of the fusion products 
obtained has been studied using DAPI-stained nuclei [7]. Vegetative, non-se- 
lective growth typically leads to haploidy, although heterokaryosis cannot be 
ruled out using this method. 

Mutants and transformed strains, suitable for use in the induced 
parasexual cycle, can be readily generated in C. fulvum, using positive selection 
systems [8,9]. More recently, molecular evidence has been obtained for a high 
level of recombination associated with this induced parasexual cycle in an 
interracial (race 4 x race 5 )  fusion, by studying the inheritance in the progeny 
of vector sequences, present in one of the parental strains [lo]. Phenotypic, 
RFLP and RAPD markers are being used to generate a genetic map, using 
one hundred haploid progeny from this interracial fusion. Additionally, the 
molecular karyotype of C. fulvum has been studied, and therefore the assign- 
ment of established linkage groups to individual chromosomes is now possible 
[11,12]. When genes involved in the pathogenic process are shown linked to a 
molecular marker, cloning of the gene of interest can be achieved by chromo- 
some walking. 

2. KEYNOTES 

C. firlvum is poorly characterized genetically, a feature common to most plant 
pathogenic fungi [l]. C. fulvum can easily be grown in axenic culture and a 
number of molecular tools have been developed in recent years [8,9,11,13,14]. 
A small-scale pathogenicity test has also been developed, allowing the screen- 
ing of large numbers of isolates [4]. The infection process can be studied using 
strains transformed with the GUS gene and staining infected tissues to develop 
a color reaction directly related to fungal biomass [15]. 

Somatic hybridization has been used in a number of imperfect fungi and 
permitted the establishment of a genetic map of eight linkage groups in 
Aspergillus niger [ 161. Genetic analysis based on mitotic recombination has also 
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been used as a complementary approach in organisms which exhibit meiosis, 
either by means of a natural or induced parasexual cycle [17,18]. In these 
examples, consistency between the genetic organization derived from meiotic 
and mitotic recombination has been demonstrated. 

The use of an induced parasexual cycle in C. fulvum can be regarded as 
an alternative approach to establish a genetic map if marker reassortment and 
haploidization of the fusion products is demonstrated. 

2. PRINCIPLES 

Several lines of research have been followed to characterize the parasexual 
cycle in C. fulvum and to establish a genetic map. Firstly, i t  is necessary to 
demonstrate that the progeny to be studied are haploid. Although no infor- 
mation can be obtained about the number of protoplasts involved in each 
fusion event or the number of nuclei present in each intervening protoplast, 
the study of marker segregation using a large number of haploid progeny may 
ensure the detection of mitotic recombination between linked markers as 
distinct from the random reassortment of unlinked markers, allowing the 
establishment of linkage groups. In C. fulvum, the haploidy of fusion products 
can be established using phenotypic and RAPD markers, A recessive color 
mutation, which results in red mycelium, has been shown to yield red sectoring 
colonies from originally dark green (wild type) fusion products (Fig. 1A). This 
observation indicated that haploidization occurred, leading to mycelial sectors 
containing only the mutant allele. An alternative strategy to study ploidy at a 
molecular level is provided by the use of RAPD markers [19]. RAPDs are 
dominant markers obtained through the use of single short oligonucleotides 
in a PCR reaction. Differences in amplified products from the parental strains 
can be used as markers, and their segregation can be studied in the progeny. 
Diploid or polyploid progeny will always exhibit all RAPD markers identified 
in the parental strain, since they may contain both parental genetic comple- 
ments. In C. fulvum, the study of the segregation of 49 RAPD markers in the 
progeny obtained from an interracial fusion has provided additional evidence 
of haploidy (Fig. 2) [20]. 

C. fulvum has been shown to possess a gypsy-class retrotransposon [21], 
and such elements have been suggested to play a role in pathogenic fungi to 
permit the observed rapid appearance of new races which can overcome 
recently bred resistance [22]. The molecular characterization of the C. fulvum 
retrotransposon, named Cff-1, has allowed the mapping of different copies 
of Cff-1 in the C. fufuum genome by Southern analysis, using parasexual 
progeny. These different loci show a degree of clustering (unpublished results) 
and the widespread presence of the element in at least six of the eleven 
chromosomes resolved by PFGE [ 111. 
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B 

Ploidy  analysis  in the NOM2453 x NOM2512 parasexual progeny. Panel 
shows  colonies  obtained after transfer  to  non-selective  medium of individual  dark 

green  colonies  from the fusion  plates. Red sectors of different  size are indicated in 
some of the progeny (arrowed).  Panel B shows the growth  subsequently transferred 
red  and  dark  green  sectors  and the absence of sectoring in this  stage. 

Recently,  a  telomeric  clone  has  been  characterized  in our laboratory 
[12]. This  clone  has  been  shown to detect  polymorphisms  between  different 
C. fulvum races.  Thus,  telomere-derived RFLP markers can be used to test the 
consistency this  genetic  analysis.  Telomere RFLP should  map  exclusively 
to  the  end linkage  groups,  since  they  define  chromosomal  ends. 
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R10.2 

RIO. 1 

2 Segregation  and  ploidy  analysis of the  NOM2457 x NOM2512parasexual 
progeny  using W D  markers.  Amplification  profile  obtained  using  primer RC09 (5’- 

GATAACGCAC-3’) from parental  strains  NOM2457 (lane 1) and  NOM2512  (lane 
2), and  from parasexual  progeny (lanes 3 to 13). lko W D s  are  obtained (R1O.l 
and R10.2, indicated to the left) and  all  possible  presence/absence  combinations  can 
be seen among  the  progeny 

The study of the  segregation all  available  (phenotypic,  RFLP  and 
RAPD) markers  in  a progeny  obtained  from  an  interracial  fusion is  being 
carried  out. date 11 linkage  groups  comprising markers  have  been 
established  (Amau  and  Oliver,  manuscript  in  preparation). 

If the  genetic  map  is  aimed at the  cloning genes,  then a saturated  map 
must  be  generated to allow  a  new marker to show  linkage to any of the pre- 
existing  markers.  When  close  linkage  is  found  between  a  gene of interest  and 
a  molecular  marker,  chromosome  walking  towards  the  gene  can  be  used to 
clone  it. The molecular  marker is used  as a probe to identify  clones  from a 
gene  bank  which  contained  that  DNA  region.  Restriction  analysis of positive 
clones  provides  flanking  DNA  which  can  then  be  used  as  a  probe  in  a  new 
round of hybridization  permitting the walking  towards the target  gene.  A 
problem  arises  when  the  molecular  marker  (i.e.,  RFLP or RAPD) contains 

. .  
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repetitive DNA. In this case, a large number of clones from the gene bank will 
hybridize to the probe, precluding its use to walk to the gene. 

The C. fulvurn genetic map shows the widespread presence of RAPD 
markers in all 11 linkage groups identified [20]. It was necessary to characterize 
these markers to ensure they can be used to initiate chromosome walking. 
Moreover, single copy RAPD markers are useful in the assignment of linkage 
groups to separated chromosomes. The strategy followed consisted of the 
isolation of RAPD bands from agarose gels, and their use for reamplification 
and as probes in Southern analysis of total C. fulvum genomic DNA. Single 
copy RAPDs should show a simple hybridization pattern (one or a few bands) 
while niulticopy RAPDs yield a complex pattern of hybridization (a large 
number of bands). 

3. PRACTICE 

A. Experiments 

Ploidy Studies in the Parasexual Progeny Using a Phenotypic Marker 

Two C. filvum strains were used in this experiment: Strain NOM2453 is a race 
4, hygR (pAN7-1 transformant), red colored isolate and strain NOM2433 is a 
race 5, met- isolate [8]. Protoplast formation and fusion, selecting for both 
prototrophy and resistance to hygromycin B, was carried out as described [ 101 
between the two strains described above. Two types of colonies can be ex- 
pected to grow in the fusion plates: red colonies, resulted from non- or self- 
fusing NOM2453 protoplasts and true fusion products. Non- or self-fusing 
protoplasts of strain NOM2433 cannot grow due to hygromycin selection and 
the methionine auxotrophy it carries. Dark green (wild type) colonies appeared 
in the fusion plates and were considered true fusion products. Transfer of these 
colonies to non-selective medium (rich medium with no hygromycin) to allow for 
the recovery of haploid progeny resulted in 18-25% of the colonies showing red 
sectors (Fig. 1). These red sectors are observed where the red allele has segregated 
as a consequence of haploidization. The size of the red sector is inversely 
correlated to the timing of the haploidization (i.e., large red sectors are produced 
by rapidly haploidizing fusion products) (Fig. 1A). Additional evidence for the 
recessiveness of the red allele is provided by the fact that original red colonies 
obtained in the fusion plates do not exhibit dark green sectors and neither do red 
sectors when transferred to fresh non-selective medium (Fig. 1B). 

Ploidy Studies in the Parasexual Progeny Using RAPD Markers 
As mentioned above, RAPD markers are suitable for ploidy studies of 
parasexual progeny obtained from genetically uncharacterized fungi due to 
their dominant nature [20,23]. 
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Polyploid progeny will exhibit all RAPD markers amplified from the two 
parental strains, while recombinant haploid progeny will only contain a set of 
RAPDs which should be different in each progeny. 

We studied the inheritance of 49 RAPD markers in the parasexual 
progeny derived from an interracial fusion involving the following C. Jithwn 
strains: strain NOM2457 (a race 5 isolate, cnx-, morl-) and strain NOM2512 
(a race 4 isolate, nia-, nii- (nir-), hygR) [10,20]. A different phenotypic test, 
based on a two way selection method for either mutant or wild type genotype 
for the nitrate assimilatory pathway, was originally used to ensure haploid 
progeny [lo]. Random 10-mer primers were screened in a PCR reaction for 
the amplification of polymorphic bands from NOM2457 and NOM2512. The 
number of polymorphic bands produced by each useful primer varied between 
1-10 [20]. The inheritance of these markers was studied in the progeny and 
showed additional evidence of haploidy, since no progeny exhibited a full set 
of RAPDs and that any given RAPD was present and/or absent in at least 10% 
of the progeny [20]. 

B. Flow Chart 

Pherzogpic analysis of the ploidy in the (NOM2453 x NOM2433) parnseruaf progeny: 

NOM2453 X NOM2433 
race 4, hyg', red 

Protoplasts (lo6) -1 ,-. ~ ~ Protoplasts (lo6) 

race 5, met- 

.1 

J 

.1 

Mix in 30% PEG, 10 rnM CaCI,, 
10 rnM Tris pH 7.5, 15 rnin at 30°C 

Plate on MM 
(add lOOpg/rnl Hygromycin B after 18 hours) 

Red and dark green (wt) colonies 

5. 5. 
Discard 
(derived from NOM2453 
non- or self-fusing) 

Transfer to V8 plates 
(non-selective rich medium) 

Red and green sectors 

Transfer separately to V8 

No sectoring red or dark 
green colonies 

-1 

J 

.1 
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C. Materials Needed and Experimental Procedure 

Profoplasts Formation and Fusion 

A list of the materials needed for the fusion experiments discussed above is as 
follows: 

Culture conditions and media. C. fulvum is grown in V8 juice agar at 
23°C and conidia harvested after 12-14 days by washing the surface of the plate 
with 2-3 ml sterile 10% glycerol. Conidia stocks can be kept at -80°C for long 
term storage. Mycelium for protoplasts production is obtained by inoculation 
of freshly harvested conidia in 50 ml liquid Potato Dextrose Broth (Difco) in 
250-ml Erlenmeyer flasks and incubation at 23°C for 46 hours in the dark. My- 
celium is collected onto sterile cellulose nitrate membranes (5 mm, Whatman). 
All media are adjusted to pH 6.0 with HCl or NaOH. Protoplast regeneration 
media were supplemented with 0.8 M sucrose as osmotic stabilizer. Agar (Bitek) 
was added (2%) for solid media. 

Protoplast formation and fusion. Protoplasts were prepared by treat- 
ment of filtered mycelia (see above) with either Novozym 234 (7.5 mg/ml) or 
Glucanex (150 mg/ml) in 1 M MgS04; 20 mM MES pH 5.8 for 3-4 hours at 
28"C, with gentle shaking. Protoplasts were filtered through sterile scintered 
glass and the filtrate was centrifuged at l000rpm. The pelleted mycelial debris 
is discarded, and two volumes of 1 M NaC1; 20 mM MES pH 5.8 is added to 
the supernatant containing the protoplasts to allow pelleting. Approxi- mately 
lo6 protoplasts of parental each strain are mixed and centrifuged as above. 
The pellet is resuspended in 1 ml of prewarmed (30°C) 30% PEG 4 o 0 0 , l O  mM 
CaCI2; 10 mM Tris pH 7.5, and incubated at 30°C for 15 min. 5 ml of the 
appropriate overlay (OMMN03, used for the NOM2457 x NOM2512 fusion, 
is a minimal medium with sodium nitrate as sole nitrogen source, osmotically 
stabilized as described above; OCM, used for the NOM2453 x NOM2433 
fusion is osmotically stabilized complete medium [S]). Hygromycin B (100 
pdml final concentration) was added as a 5 ml overlay (1% agar OCM; 48°C). 
The appropriate pre- and post-fusion regeneration controls are carried out by 
plating aliquots of protoplasts from the strains onto non-selective OCM 
medium. Plates are incubated at 23°C and colonies are visible after two weeks. 
Well separated colonies are transferred to an eppendorf tube containing 250 
p1 10% glycerol, vortexed and an aliquot is plated on V8 juice agar. The re- 
maining volume is kept at -80°C. 

Amplification Conditions, Primer Screening and 
Characterization of RAPD Markers 

Amplification reactions were performed in volumes of 5 0 4  containing 10 mM 
Tris-C1, pH 8.3,50 mM KC1,4 mM M g Q ,  0.2 mM primer, 20-100 ng genomic 
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DNA (see below), 0.2 mM each of dATP, dCTP, dGTP and d"TP (Pharma- 
cia), 100 mg/ml BSA (Sigma), and 1.2 Units of Taq DNA polymerase (Perkin 
Elmer Cetus or Boehringer). Amplifications were carried out, in either a 
Perkin Elmer Cetus DNA Thermal Cycler or in a PREM I11 Thermocycler 
(LEP Scientific), for 45 cycles of 1 min at 94"C, 1 min at 35"C, 2 min at 72"C, 
followed by 5 min final step at 72°C. Amplification prodricts (25-45 pl of the 
reaction mix) were analysed by electrophoresis in 1-1.5% agarose gels (Fig. 
2). Fungal DNA was obtained using a Qiagen tip-20 column, as described [lo]. 

Twenty-six 10-mer primers, out of approximately 100 tested, detected a 
total of 49 polymorphisms between strains NOM2457 and NOM2512. To 
obtain probes for Southern analysis, chosen RAPDs were purified using 
GeneClean (BIO 101), and 1-5 ng DNA was reamplified using the original 
conditions (see above). Probe DNA (10-100 ng) was 32P-labelled using the 
random hexanucleotide labelling procedure [lo]. All blots were washed to high 
stringency (0.1 x SCC; 0.1% SDS, final wash at 65°C). RAPD markers which 
showed one or a few hybridizing bands, using at least two different restriction 
enzymes for the digestion of C. fulvum genomic DNA, were considered single 
copy. RAPDs yielding a complex hybridization pattern were considered mul- 
ticopy [20]. 

D. Questions 

We have shown conclusive evidence of the haploidy of fusion products derived 
from two different experiments. Recombination and reassortment of markers 
is also observed in a 100 progeny derived from the NOM2457 X NOM2512 
fusion [10,20], allowing the establishment of 11 linkage groups and suggesting 
that the C. fulvum parasexual cycle can be used for the genetic analysis of this 
imperfect fungus. However, several problems derive from the observation that 
48 of the studied 49 RAPD markers include repetitive DNA [20]. These 
markers cannot be used to initiate a chromosome walk to a gene of interest as 
discussed above. Moreover, multicopy molecular markers cannot be used to 
test the consistency of the genetic map by hybridization of linked markers to 
PFGE blots, since their sequence is present in a number-if not all-of the C. 
fulvum chromosomes. RAPDs have been shown to be a quick and powerful 
source of genetic markers [19]. Thus, the genetic analysis of relatively unchar- 
acterized organisms can be carried out using a set of random primers, without 
any additional genetic knowledge. This can lead to the establishment of a 
genetic map in which most (or all) the markers include repetitive DNAin these 
organisms. Like C. firlvurn, most phytopathogenic fungi studied show evidence 
for a complex genome with a high level of repetitive DNA [24]. This situation 
must be taken into account when RAPD markers are used, because amplifi- 
cation results from the presence of inverted repeated sequences [19]. There- 



Map-Based Strategy 359 

fore, the molecular characterization of the markers used in the generation of 
a map should be carried out to ensure their usefulness for map-based strate- 
gies. In lettuce, a gene (Dm) conferring resistance to downy mildew (Bremiu 
luctucae) was shown to be linked to a number of RAPD markers, the majority 
of which represented repetitive DNA [25]. 

The consistency of a parasexual genetic map must be tested using linked 
single copy markers as probes to demonstrate their presence in the same 
electrophoretically separated chromosome. 

E. Extensions 

Further experiments can be devised to test the usefulness of parasexuality in 
genetic analysis. First, at least for C. fulvum, it is necessary to include single 
copy RFLP markers in the genetic analysis. A cDNA library is currently being 
screened and a two positive clones have been mapped (Amau and Oliver, 
unpublished). This approach may be required if, like in C. fulvum, alternative 
molecular markers (cosmid clones, RAPDs) are shown to include repetitive 
DNA. 

Second, the use of teolomere RFLP analysis may become a powerful tool 
since, at least for ascomycetous fungi, telomeric sequences are highly con- 
served [12]. It is then possible to use a cloned heterologous telomere to 
demonstrate that the derived RFLP markers do map to the ends of linkage 
groups obtained in the analysis of the parasexual progeny. 

Obviously, the validity of this approach can only be fully tested when a 
linked gene is cloned by walking from the corresponding marker, and this has 
not yet been reported. In C. fulvum, a recessive morphological mutation 
(rnorl) appeared to be linked to a Cft-1 element. The analysis of clones 
containing Cft-1 flanking regions resulted in the characterization of a RFLP 
marker, Tfs-1, which maps less than four map units from the morl gene (Amau 
and Oliver, unpublished). The use of Tfs-1-containing cosmid clones in trans- 
formation of the morl- mutant strain should allow the cloning of the wild type 
gene. Genetic studies based on parasexual cycles are being used in many 
economically important fungi [16,26] and may represent a powerful tool for 
cloning genes for strain improvement. 
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Production and Analysis of Meiotic 
Mutants in Coprinus cinereus 
Patricia J. Pukkila 
The University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 

1. INTRODUCTION 

Coprinus cinereus is a small hymenomycete that is very easy to culture in the 
laboratory. Its rapid life cycle makes it particularly suitable material for a wide 
variety of genetic investigations. This case study will focus on genetic analyses 
of meiosis. The details of meiotic chromosome behavior are remarkably similar 
among eukaryotes (see [l] for review). However, very little is understood 
concerning the mechanisms that underlie homologue recognition, synapsis, 
crossing over, and segregation. Genetic tools provide an extremely powerful 
approach to understanding the detailed steps in such a complex process. 
Recessive mutants are the easiest to characterize. With a large collection of 
mutants, the investigator can concentrate on the most interesting complemen- 
tation groups and utilize the most informative alleles. The goals of this case 
study are to recover a representative sample of sporeless mutants of C. cin- 
ereus, and to determine the proportion that exhibit abnormalities in meiotic 
chromosome behavior. The AmufBmut background will be used, since mutagen- 
ized variants with defects in spore production can be recognized inAmutBmut 
strains without further genetic manipulation, as described below. 

AmufBmuf strains have several properties that facilitate the recovery and 
analysis of developmental mutants. First, they continue to make asexual spores 
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(oidia). Upon germination, a single oidium (containing a single haploid nu- 
cleus) will undergo all the morphological changes associated with dikaryon 
formation. The resulting homokaryotic colony (which contains two identical 
nuclei in each cell) forms fruit bodies that exhibit normal chromosome behav- 
ior during meiosis [2]. Thus, an oidium harboring a recessive meiotic mutant 
may give rise to a fruit body with defects in basidiospore formation. There is 
one further property of AmutBrnut strains that is essential for this analysis. As 
mentioned above, each cell contains two haploid i i i i c k i  that are genetically 
identical. The fact that nuclear fusion is delayed until the onset of meiosis 
means that meiosis is not essential for the recovery of a haploid nucleus. 
Consequently, subsequent genetic analyses need not depend on the recovery 
of a small number of surviving spores. Instead, any ArnutBntut isolate with an 
interesting phenotype can be mated to a conventional haploid strain. If the 
mutation is recessive, the cross will result in normal fruit bodies. The new 
mutation can be recovered in a conventional genetic background for comple- 
mentation analysis. 

2. PRINCIPLES 

In C. cinereus, meiosis occurs during development of the fruit body in cells 
called basidia. Buller [3,4] drew attention to the synchronous development of 
basidia in this species, and Lu [5]  was the first to exploit the synchrony for 
analysis of chromosome behavior during meiosis. It is known that the two 
haploid nuclei fuse immediately prior to meiotic prophase. Chromosomes 
remain anchored in the nuclear envelope, but also move within the nucleus so 
that homologues become aligned. Synapsis occurs, and the prominent tripar- 
tite synaptonemal complexes (SCs) can be observed. Typically, genetic cross- 
ing over results in the formation of 28 chiasmata per meiocyte. These are 
sufficient to ensure regular disjunction of the 13 homologous chromosome 
pairs during metaphase I. Following the second meiotic division, the four 
haploid nuclei in each basidium are drawn to the cell surface, through four 
projections (sterigmata), and into the developing spores. 

There are two approaches that have been utilized to assemble a repre- 
sentative collection of meiotic mutants. Zolan et al. [6 ]  and Valentine et al. [7] 
took advantage of the fact that haploid strains can be recognized that have 
recessive defects in the repair of DNA damage induced by ionizing radiation. 
They found four complementation groups that are also required for the 
completion of meiotic prophase. A broader approach would be to identify all 
the genes that, when defective, confer meiotic anomalies but allow normal 
growth and fruit body formation. These can be recognized easily when ho- 
mozygous, because viable spores are not formed. However, such mutants 
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would exhibit no obvious phenotype in haploid vegetative cultures. The brute 
force approach (mutagenizing the haploid, crossing to a compatible strain, 
back-crossing the progeny to reveal any meiotic anomalies) is particularly 
labor-intensive in this organism, due to the mating system. The difficulties 
involved in recognizing recessive mutants whose traits are only expressed in 
the dikaryotic or diploid state was largely overcome with the development of 
AmufBmut strains [8]. 

The principles that underlie the generation and recovery of mutations 
are common to many systems (see [9] for review). A mutagen that generates 
a broad spectrum of mutations should be chosen. UV exhibits these properties 
[lo], and it is the safest and most convenient mutagen to use in the laboratory. 
The dose should be chosen so as to result in a convenient proportion of mutant 
cells while minimizing the number of multiple mutants. The optimal dose is a 
balance between the yield of mutants and the amount of damage that can be 
accepted. We use a dose resulting in 1% survival, and we do back-crosses in 
order to detect if the mutant is monogenic or not. The effective dose can be 
kept reasonably constant from experiment to experiment by monitoring the 
percent of cells that die as a consequence of the irradiation, and recovering 
mutants from cultures with a similar percentage kill. Detailed analysis of the 
mutants should be deferred until the strain is back-crossed and the segregation 
pattern is that predicted from a single Mendelian factor. 

The number of mutations represented in the collection should be deter- 
mined by complementation analysis. Any variation in phenotype among alleles 
of one locus should be noted, especially since some may be more informative 
than others. The distribution of mutants among their complementation groups 
can allow estimates of the number of genes that the screen could uncover. If 
the initial estimates are very large, it can be useful to carry out a rapid 
secondary screen to allow the most effort to be concentrated on the desired 
class. Finally, two classes of mutants should result from abnormal meiosis. In 
theory, spore formation might proceed despite abnormal chromosome behav- 
ior, although the resulting aneuploidy would be expected to block germination 
and/or subsequent growth of the mycelium. Alternatively, spores might fail to 
form at all. Both types of mutants have been recovered in C. cinereus. These 
principles are illustrated in the following experiments. 

3. PRACTICE 

A. The Experimental Approach 

The goal is to recover a representative sample of sporeless mutants of C. cin- 
ereus and determine the proportion of these that exhibit abnormalities in 
meiotic chromosome behavior. Oidia from strain 326 (AmufBmut) will be 
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collected and mutagenized to 99% kill. The survivors will be examined, and 
any that produce sporeless (white) fruit bodies will be retested. Those that 
repeatedly produce white fruit bodies will be crossed to strain 301 (A3BZ). 
Complementation tests will be performed. Representatives from each com- 
p\ementatiOn group will be examined by propidium iodide staining to examine 
nuclear divisions, and chromosomes will be spread and stained with silver 
nitrate to examine SC formation. Strains exhibiting meiotic anomalies will be 
further crossed to strain 301 (A43B43), and tetrad analysis will confirm that a 
single Mendelian factor is segregating. Interesting mutants will be candidates 
for rescue by DNA-mediated transformation. 

B. Materials 

For mutagenesis: 

1. YMG media (4 g/L yeast extract [Difco], 10 g/L malt extract [Difco], 4 glL 
dextrose, 15 g/L agar [Difco]). Note that fruiting is inhibited by some types 
of agar. Pour plates and fruiting tubes. Disposable 16 x 150 m m  tubes with 
reusable Kaput (Bellco) closures work well. I t  is critical that the closures be 
allowed to rest loosely on the top of the tube, not pressed down to seal. If 
the CO2 tension builds up in the tube, fruiting will be inhibited. 

2. Sterile water 
3. Sterile syringe plugged with glass wool 
4. Gcrmicidal UV lamp 
5.  Tungsten needle 

For propidium iodide staining: 

1. NS buffer (20 mM Tris-HC1 pH 7.5,0.25 M mannitol, 1 mM EDTA, 1 mM 

2. 500 mg/mL ribonuclease A (Worthington) in TE (10 mM Tris-HCI pH 7.5, 

3. Ethanol 
4. Fluorescence microscope equipped with rhodamine filter set (e.g., Zeiss 

487715) 

MgCI2, 0.1 mM CaC12) 

1 mM EDTA) 3.10 mg/mL propidium iodide (Sigma) in NS buffer 

C. Experimental Procedure 

1. Grow theArnurBrnutstrain for5-7 days at 37°C on YMG plates. Oidia 
production is reduced relative to wild type, so use three to five plates per 
experiment. 

2. Flood each plate with 5 mL sterile water, and scrape the surface with 
the 5 mL-pipette tip to release the oidia into suspension. 
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3. Filter through a glass wool plug in a sterile syringe to remove hyphal 
debris. Count the oidia using a hemocytometer. Expect about 5 x 107/plate 
(10-100 x less than usually found in wild-type strains). 

4. Adjust concentration to 5 x 106/mL. Dilute the starting suspension 
1:lOO and plate 0.1 mL to determine the initial viability (expect about 500 
colonies). Irradiate 10-mL aliquots of the undiluted suspension to determine 
the dose that gives 0.5-1% survival (typically 20-40 sec with a 15-watt G E  
Germicidal UV lamp G15T8 at 35 cm from the dish). Be certain to remove 
the lids, and agitate throughout the irradiation period. 

5 .  Incubate in the dark (to prevent photoreactivation) for 24 h at 37"C, 
and for 12-24 h at 25°C or until the colonies are a convenient size. It is not 
necessary to keep the plates in the dark after the initial 24-h period. 

6. Rescue colonies onto a master plate (20/plate). Inoculate fruiting 
tubes, and incubate 2 days at 37°C and 1-2 weeks at 25°C under a 16-h light- 
8-h dark regimen. 

7. Expect 0.1-1% of the fruit bodies to be sporeless. Retest any putative 
mutants defective in basidiospore development (bad mutants). Note that other 
developmental anomalies, such as stalks that fail to elongate and caps that fail to 
open, are often observed. Many tubes may arrest prior to fruit body formation. 

8. Return to the master plate and prepare a stock plate of any con- 
firmed bad mutants. It is convenient to freeze chunks of freshly grown myce- 
lium plus underlying agar in 15% glycerol at -70°C for long-term storage. 

9. Cross each mutant to strain 301 (A3BI). TheArnutBmut mycelium 
will donate nuclei to the monokaryon, which will become dikaryotic. Inoculate 
a portion of this mated mycelium into a fruiting tube. 

10. Rescue 50 spores from each cross. Recover aA3Blbad isolate from 
each mutant for complementation tests (these will produce white fruit bodies 
again when mated to the original AmutBmutbad isolate). 

11. Cross eachA3Blbud isolate with each of theAmutBmutbad isolates 
to test if any mutations fail to complement (produce white fruit bodies). 

12. Choose a representative from each complementation group. Cross 
theA3Blbad strain to strain 306 (A43B43). Dissect 10 tetrads and confirm that 
the Bad phenotype segregates 2:2. Recover anA43B43 bad strain for cytologi- 
cal analysis. 

13. Cross compatible strains that are homozygous for the bad mutation. 
When primordia form (1 day before spores are released), monitor nuclear 
behavior using propidium iodide staining. Remove gill samples, and fix in 70% 
ethanol/30% NS buffer. If desired, samples can be held at -20°C before 
analysis. It is convenient to sample after at the start of the 16-h light period, 
and then at 3-h intervals thereafter. Rinse through three changes of NS buffer, 
and then treat with RNase A in TE at 37°C for 30 min. Rinse through an 
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additional three changes of NS buffer. Tear into single basidial layers, and 
transfer the cell sheet into a small drop of propidium iodide in NS buffer. 
Remove into fresh drop of propidium iodide on a coverslip, lower a microscope 
slide onto the drop, and examine by fluorescence microscopy. Initially, basidia 
with two nuclei (prekaryogamy) and a single nucleus (postkaryogamy) should 
be apparent. In wild type, basidia that have progressed through prophase (two 
and four nuclei per basidium) are apparent 9-10 h after the start of the 16-h 
light period. In several mutants, it is apparent that the basidia arrest with a 
single nucleus. 

14. Monitor chromosome behavior using silver staining. The methods 
are detailed in [ 111 (see also [l], this volume, Figure 6). 

D. Questions 

1. The screen will recognize only those meiotic mutants that exhibit 
cell-cycle arrest (and thus fail to make spores). Some meiotic mutants might 
excape cell-cycle arrest and produce dead spores. It is likely that at least some 
mutant alleles of all potentially interesting genes will exhibit cell-cycle arrest, 
or is it likely that important genes will be missed by this method? 

2. Estimate the minimum number of genes essential for spore formation 
from the number of complementation groups represented in the mutant 
collection [12]. Calculate the standard error of your estimate [13]. 

3. Explain how the above procedures would need to be altered to permit 
an analysis of bad genes that are linked to either theA or the B gene. 

E. Extensions 

It is particularlyvaluable to obtain multiple alleles, because these often exhibit 
different phenotypes. For example, marked differences in sensitivity to ioniz- 
ing radiation, intergenic recombination, and spore viability were observed 
between the rad3-1 and rad3-2 alleles [6]. 

Having identified genes that are required to complete normal meiosis, 
it is then of considerable interest to learn about the products they encode. 
There is a well-developed DNA-mediated transformation system in C. cinereus 
[ 141. To date, many genes have been cloned by sib selection from genomic or 
chromosome-specific cosmid libraries. Future studies will focus on the subset 
of genes required for homology recognition, since both meiotic and premeiotic 
homology searches can be analyzed in this system (reviewed in [15]). 
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1. INTRODUCTION 

The filamentous, wood-rotting basidiomycete, Schizophyllum commune, ex- 
emplifies genetic control of the life cycle common among Basidiomycetes [l]. 
This extensively studied fungus provides a classic example of complex devel- 
opment culminating in sexual reproduction. The fungus is heterothallic (i.e., 
genetically obligated to outbreed) and tetrapolar (i.e., four predominant 
mating types among the progeny). Haploid strains (i.e., homokaryons) that 
grow in proximity of one another form fusion cells (plasmogamy). Sexual 
development ensues provided the genetic constitution at the mating-type loci 
of the potential mates is correct. Full sexual development establishes a fertile 
dikaryon by converting the uninucleate haploid cells of each mate into binu- 
cleate cells, containing one haploid nucleus from each of the two mates. The 
dikaryon may grow vegetatively for an extended period, but is subject to 
environmental cues that provoke fruiting body formation, karyogamy, meiosis, 
and sporulation. Figure 1 portrays the features of this life cycle. 

The A- and the B-developmental pathways in concert comprise sexual 
development. Two complex genetic loci, Aa and AP, regulate the A pathway. 
These loci are polymorphic, with 9 Aa and 32 AP polymorphs estimated in the 
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wind dissemination 

Figure 1 Life cycle of Schizophylium commune. Fusion occurs within each haploid 
homokaryon, but full sexual development follows fusion of two haploid mates with 
genetic differences at mating-type loci. Nuclei represented as circles with genetic 
differences indicated by solid versus open circles. 

worldwide population of 5. commune [2,3]. The mates activate the A pathway 
provided they differ in polymorphs for either Aa or AP [4]. The alternative 
polymorphs are functionally equivalent (i.e., each fully activates the A pathway 
provided it is present in a fusion cell with a different polymorph). Ba and BP 
regulate the B pathway in a manner analogous to Aa and AD regulation of the 
A pathway [5]. The B loci are also thought to be genetically complex and have 
nine polymorphs each [5] .  

The study of heterokaryons, each differing for polymorphs at a single 
mating-type locus, permitted assignment of developmental events to the loci 
(Le., A or B) that regulate them, The A loci promote pairing of the two nuclei 
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of each heterokaryotic cell, formation of a lateral hyphal appendage called the 
hook cell, synchronous division of the two nuclei of the heterokaryotic cell, 
and septation of the hook cell and the hyphal cell. The presence of a hook cell 
is readily discerned by compound microscopy and serves as an indicator that 
the A pathway is active. 

The B loci regulate enzymatic dissolution of hyphal septa followed by 
migration of nuclei from the fusion cell throughout the hyphae of the mate. 
This process is reciprocal, with the haploid cells of each mate becoming 
converted into a heterokaryotic mycelium. The B loci also regulate an event 
that takes place during the vegetative growth of the dikaryon; fusion of the 
hook cell with the penultimate hyphal cell permits the hook cell nucleus to pair 
with a nucleus derived from the mate, maintaining a 1:l nuclear ratio in each 
hyphal cell. Figure 2 details specificevents controlled by the A and B regulatory 
loci. 

Event Locus 

Hook cell formation 

Conjugate division 

I I 

1 7*.-, I Hook cell fusion 

Figure 2 Recognized events of the A and B developmental pathways and the 
regulatory mating-type locus for each. A, activated by either Aa or AP; B, activated by 
either Ba or BB. 
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When differences in the polymorphs of the A and B loci activate both 
the A and B pathways, the developmental result is the dikaryon with potential 
to complete sexual development under proper environmental conditions. 

Key concepts in fungal development and genetics are these: 
1. S. commune is an ideal organism for the study of genetics and 

biochemistry. Features that make S. commune particularly amenable to study 
include a short life cycle with straightforward Mendelian genetics, the produc- 
tion of large numbers of viable spores, rapid growth of homokaryotic and di- 
karyotic cultures on defined minimal liquid and semisolid media, the ability to 
store frozen stock cultures, and well-developed molecular genetic and bio- 
chemical techniques. 

2. These advantages have fostered research on sexual development that 
emphasizes the following areas: the genetic and biochemical basis of mating type 
regulation [6,7], cell wall biochemistry [8], the process of fruiting, and the gen- 
etics and biochemistry of fruiting [9]. S. commune is also well iuited for study- 
ing proteolysis [ lo], enzymatic degradation of complex polysaccharides and 
lignin [ll-141, and the nature and activity of excreted polysaccharides [ 15-19]. 

2. PRINCIPLES 

The experiments in this exercise illustrate the genetic, cytological, and molecu- 
lar bases of the selflnonselfrecognition phenomenon originally termed incom- 
patibility and today known as mating type. The Mendelian approach illustrates 
the classical genetic identification of the controlling genetic elements and the 
morphogenic events visualized during activation of the developmental path- 
ways. The molecular approach involves activation of A-regulated development 
by transformation with an A a  gene. The methodology in the molecular 
approach follows the strategy used to elucidate the physical structure of the 
A a  locus and the biochemical basis for Aa-activated development [6,7]. 

The classical genetic experiment illustrates the combinatorial action of 
the independent A and B loci in activating development. Four combinations 
of A and B activity are possible: 1.) A off, B off, the two mates have identical 
mating-type genotypes (e.g., A=B=); 2.) A on, B off, the mates differ in A a  
and/or AP only (e.g., A#B=); 3.) A off, B on, the mates differ in Ba andlor BP 
only (e.g., A=Bz); A on, B on, the mates differ in A and B loci (e.g., A#B#). 

The morphological characteristics of these interactions will be distin- 
guished by macro- and microscopic examination (see Practice). These cyto- 
logical distinctions permit segregation analysis of the four principal mating 
types among the progeny. Because the A a  and AP loci are linked on one 
chromosome and B a  and Bp on another, recombinants with new mating types 
appear as only a few percent of the progeny. Therefore, the classical genetic 
experiment examines mating of homokaryons, the establishment of the di- 
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karyon, distinguishing the dikaryon from homokaryons and other het- 
erokaryons, fruiting-body formation, sporulation, the collection of meiotic 
progeny, and the analysis of mating-type segregants and recombinants. 

The molecular genetic experiment relies on our understanding of the 
detailed structure of the Aa locus. The Aa locus consists of two divergently 
transcribed genes, Y and 2. Each of the Aa polymorphs has its own Y and 2 
alleles (e.g., Aa4 has Y4 and 24), except for Aal, which has only YI. Your 
experiment will show that the A pathway is activated when a Y allele of one 
mating type and a 2 allele of a different mating type occur in the same cell. 
The experimental approach transforms the 24 allele into an Aal  homokaryon 
(containing only the YI Aa gene) and monitors the results by mating the 
transformants with various tester strains in order to assay the developmental 
phenotype and hence determine the Aa genotype of the transformants. 

3. PRACTICE 

A. Mendelian Genetics 

The Experimental Approach 
The general approach of this experiment is for you to examine the interactions 
of A and B in all four possible combinations: A=B=, A=B#, A#B=, and A#B#. 
The dikaryon will be allowed to undergo fruiting-body formation, meiosis, and 
sporulation. You will then collect progeny and analyze the segregation pat- 
terns of A and B. 

The Scheme (Fig. 3) 

their macro- and microscopic characteristics. 
1. Set up matings illustrating the four possible interactions and observe 

2. Allow the dikaryon to fruit. 
3. Collect progeny and perform mating tests to determine the segrega- 

tion patterns of A and B. 

Materials 
S. commune strains (Table 1) 

30°C Incubator (If not available, use room temperature.) 
Compound and dissecting microscopes 
Transfer lance 
Petri dishes 

S. commune growth media (for semisolid media add 15 g agarb) 
CYM: MgS04-7H20, 0.5 g/L; m2Po4,  0.46 @; KzHP04, 1.0 g/L; 

peptone, 2.0 g L ,  dextrose, 20.0 gL; yeast extract, 2.0 g/L, 
CYMT: CYM + 4 mM tryptophan 
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Mate S. commune snains 
~ U V M 1 9 - 1 , W M ~ ~  1 
in the following combinations. 

WM19-3 and WM19-4 

WM19-1 WM19-1 WM19-1 WM19-1 
and and and and 

UVM 19-1 W M  19-2 W M  19-3 UVM 19-4 

Incubate the above matings 
for 3 days at 30%. Characterize 

the micro- and macroscopic 
mycelial phenotype that results 

Transfer mycelium of the mating that produces a dikaryon (WM19-1 X uvM19-4) 
to fresh CYM agar petri dishes and allow to fruit. 

Isolate 20 single spore progeny and determine the mating type of the progeny by 
mating with the parental and nonparental ditypes as illustrated in Table 2. 

Figure 3 The experimental protocol for the Mendelian genetic experiment. Details 
of the procedures involved can be found in the Protocols section. 

Protocols 
Maintenance ofS. commune strains. Maintain S. conimiine for up to 6 

months by culturing on semisolid growth medium in Petri dishes (CYMT for 
t lp l  strains, CY M for all others). Following growth at 30°C (or room tempera- 
ture), store the cultures at 4°C [20]. Wrap the edges of the Petri dish with 
parafilm to store for several months. Frozen stocks nf S. commune can be 
maintained for years at -70°C without cryoprotectant ulture on slants of an 
appropriate semisolid media in 1-dram, screw-cap glass vials and freeze at 
-70°C (R. C. Ullrich, unpublished results). 

Mating. Set up matings for observation by pairing small pieces (3 mm3) 
of mycelial inoculum, from the haploid strains to be examined, in proximity 
(1-2 mm apart) on appropriate semisolid media. Observe the macro- and 
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Table 1 S. commune strains utilized in the Mendelian and 
molecular genetic experiments, including their mating types and 
relevant auxotrophic markers. 

S. commune strain Mating type Auxotrophic marker 

UVM19-1 AalP1, Ba2P2 tryptophan (trpl) 
UVM19-2 AalPl, BalPl 
UVM19-3 Aa4P6, Ba2P2 
UVM19-4 Aa4P6, BalPl  uracil (urul) 

microscopic developmental morphologies of these interactions after the 
cultures have grown at 30°C for 3 days [20]. 

Fruiting. Following the establishment and identification of a dikaryon 
(see Mating above and Progeny Analysis below), transfer small amounts of 
dikaryotic mycelium to fresh semisolid media and incubate the inverted Petri 
dish at room temperature in incidental light. Fruit bodies should appear at the 
edge of the colonies in 1-2 weeks, and masses of spores will become obvious 
to the unaided eye inside the lid of the inverted Petri dish. 

Isolation of monosporous progeny. Convenient isolation of single-spore 
progeny can be accomplished by inverting the Petri dish containing the fruiting 
culture over a Petri dish of fresh medium for varying lengths of time (try 10 
sec initially). Examine the Petri dish with the dropped spores under a com- 
pound microscope (r200x magnification) to determine an appropriate den- 
sity for the isolation of single-spore progeny. The basidiospores will appear as 
cylindrical, obliquely apiculate objects (4-7.5 x 1.5-2 pm) on the surface of 
the agar. Incubate at room temperature (24-48 h). Transfer the germlings to 
fresh media by observing the culture plate under a dissecting microscope and 
transferring small pieces of agar containing single germinated spores with a 
transfer lance. Use care to avoid transferring more than one germling at a time. 

Microscopic examination of hyphal morphology and spore density. 
Examine the microscopic morphology of the hyphae (or the density of dropped 
spores) by inverting the culture plate on a microscope stage and focusing on 
the hyphae (looking through the agar) at 200x magnification. 

Progeny analysis. The mating type of single-spore isolates can be de- 
termined by mating each unknown isolate with four haploid strains carrying 
the two parental ditypes and the two nonparental ditypes that would result 
from the independent segregation of the parental A and B mating type loci. 
The four possible interactions can be distinguished by micro- and macroscopic 
examination as follows: 
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A=B= exhibits the phenotype of a monokaryon, good growth of aerial 
mycelium with no clamp connections present in the hyphae. This type of 
interaction is designated minus. 

A=B# exhibits theflut morphology. The macroscopic appearance of flat 
consists of slow-growing mycelium with little or no aerial hyphae. Microscopic 
examination reveals gnarled, irregular hyphae with bumps and many short 
hyphal branches forming at right angles to the main hypha. This type of 
interaction is designated flat. 

A#B= exhibits varying morphologies that cannot reliably be distin- 
guished from the phenotype of the A=B= interaction (see above). This inter- 
action is also designated minus. 

A+B;t exhibits the full dikaryotic interaction including slightly appressed 
aerial growth and the unique hyphal appendage callcd a clamp connection that 
forms a cell septa. The clamp connection appears as a semicircular bulgevisible 
at the junction of hyphal cells. This interaction is designated plus. 

Professor John R. Raper’s book Genetics of Sexuality in Higher Fungi 
includes photographs of the mycelial phenotypes described above [ 11. 

The results of the mating tests will reveal a unique pattern identifying 
each combination of A and B among progeny resulting from a specific mating. 
See Table 2 for a specific example. 

B. Molecular Genetics 

Experimental Approach 

The objective of this experiment is to demonstrate activation of A-regulated 
development by transforming an Aal  homokaryon (Y1 is its only Aa mating- 

Table 2 Detailsof the mating reactionsof progeny from a UVM19-I x UVM19-4 cross when 
progenyare mated with the parental and nonparental ditypes thatwould result from such a cross. 

UVM 19-4 

Mating type 

progeny AalP1, Ba2P2 Aalpl, BalPl Aa4P6, Ba2P2 Aa4P6, BalPl 

PDs and NPDs 
AalP1, Ba202 Minus Flat Minus Plus 
AalPI, BalPl Flat Minus Plus Minus 
Aa4P6, Ba2P2 Minus Plus Minus Flat 
Aa4P6, BalPl Plus Minus Flat Minus 

UVM19-1 X 
S. commune tester strainhating type 

of principle UVM 19-1/ UVM19-2/ UVM19-31 UVM19-41 

Mating test reaction (flat, plus, or minus) 
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type gene) with plasmid DNA encoding the 24 allele of Aa4 strains. Exami- 
nation of the mating reactions (as done in the Mendelian experiment) of the 
transformants will reveal altered reactions when compared to the untrans- 
formed A a l  homokaryon. These alterations indicate the activation of A-regu- 
lated development. 

Transformants are recovered by cotransformation with a selectable mark- 
er. Utilizing a tpl mutant of appropriate mating type as the transformation 
recipient, we introduce two plasmid DNAs, one containing TRPI and a second 
containing 24. When the amount of 2 DNA is much greater than TRPI DNA 
(e.g., 4:l molar ratio), the rate of cotransformation may be as high as 80% in 
S. commune. Following selection of TRPl transformants on selective media, 
mating tests will identify cotransformants for 24. These transformants will 
demonstrate alteration of mating type and activation of A-regulated development. 

The mating test is the best way to demonstrate the mating type of the 
transformant and demonstrate its active A-regulated development. The geno- 
type of the transformation recipient is A a l  APl Ba2 BP2 tpl (YI is at the A a  
locus). The objective is the conversion of the recipient to Aa#l  (i.e., Yl 24) 
by transformation. The untransformed recipient mated against the UVM19-2 
tester strain (Aal  AP1 B a l  BP1) should give a flat mating reaction (A=B#). 
However, up to 80% of the TRP' transformants recovered should contain an 
ectopic integration of24 within their genomes, becoming A w l  (i.e., A a l  AP1 
Ba2 BP2 24). The matings of these transformants with the UVM19-2 tester 
would be A#B+ and produce a dikaryon. 

The Scheme (Fig. 4) 

1. Generate protoplasts from strain UVM19-1. 
2. Cotransform the UVM19-1 protoplasts with two plasmids, pZ4 and 

3. Select TRPl transformants and screen them for the presence of 24 
pTRP1. 

by mating tests with UVM19-2. 

Materials (in addition to those from the Mendelian genetic experiment) 

Plasmid DNAs pZ4 and pTRPl (prepared from E. coli strains UVMD91 

Clinical centrifuge 
42°C waterbath or heat block 
Waring Blendor and semimicro blender cups 

(pZ4) and UVMCS (pTRP1) by alkaline lysis) [21]. 

The following sterile solutions and materials: 

1 M MgOsm: 1 M MgSO,, 20 mM MES, pH 6.3 
0.5 M MgOsm: 0.5 M MgS04, 10 mM MES, pH 6.3 
1 M SorbOsm: 1 M Sorbitol, 10 mM MES, pH 6.3 
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Isolate plasmid DNA &om 
E. coli strains WMD91 (24) 

and W M C S  (TRPI). 

Generate protoplasts from 
S.commune strain WM19-1. 

- 
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2 pg TRPI and 

~~ 

Isolate TRPI transformants. 
Screen for the presence of 
altered A mating type by 

mating with strain UVM19-2 
and observing the 

developmental consequences 

Figure 4 The experimental protocol for the molecular genetic experiment. Details 
of the procedures involved can be found in the Protocols section. 

Novozyme Stock: 25 mg Novozyme 234/mL 0.5 M MgOsm (filter-steril- 

SorbOsm/CaC12: 0.5 M sorbitol, 50 mM CaC12, 10 mM MES, pH 6.3 
50% PEG: 50% polyethylene glycol 4000 in 10 mM MES, pH 6.3 

Regeneration media: 1 X CYM (liquid), 0.5 M sucrose 
1% agar in 2x CYM 
50-mL disposable centrifuge tubes w/caps (e.g., VWR 21008-146) 
15-mL Falcon 2095 conical centrifuge tubes w/caps (e.g., VWR 21008-930) 
Sterile transfer pipettes: 7 mL volume, disposable 

ize and store at -70°C in 0.5-mL aliquots) 

(filter-sterilize and store at -20°C in 0.5-mL aliquots) 

Protocols 
Protoplast generation 

1. Inoculate 100 mL of liquid CYMT with the aerial mycelium (scraped 
from the agar with a spatula or transfer lance) from four semisolid agar 
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colonies. The colonies should be approximately 1.5 cm in diameter and freshly 
grown. Blend the inoculated CYMT 1 min in a Waring blendor. Incubate the 
culture for 30-40 hours at 30"C, with shaking (200 rpm). If the culture becomes 
viscous, you are growing too dense a culture (i.e., either too much inoculum 
or too long an incubation). 

2. Decant the liquid culture to two 50-mL centrifuge tubes and centri- 
fuge 5 min at 600g. 

4. Decant the supernatant and estimate the volume of the loose my- 
celial pellet. 

5.  Wash each pellet with 40 mL of 0.5 M MgOsm; centrifuge 10 min, 
600g. 

6. Decant the supernatant and wash each pellet with 40 mL of 1 M 
MgOsm; centrifuge 10 min, 600g. (Hint: if the mycelium floats instead of 
pelleting, simply let the cells sit in the MgOsm for 10 min and centrifuge again.) 

7. Decant the supernatant and suspend the pellet in 1 volume 1 M 
MgOsm (i.e., 10 mL mycelium + 10 mL 1 M MgOsm). 

8. Add 0.125 mL Novozyme stock per 10 mL mycelial suspension from 
step 7 (final concentration = 0.3125 mg Novozyme 234/mL mycelial suspen- 
sion). (Hint: different lots of Novozyme vary in effectiveness; concentration 
may have to be altered. Some lots contain deleterious compounds, and a 
reduced concentration of Novozyme yields a greater numbers of protoplasts.) 

9. Incubate at 30°C for 3.5-4 hours with gentle inversion every 30 min. 
10. Add an equal volume of sterile dHzO and centrifuge 5 min, 600 g. 
11. Transfer the supernatant containing the protoplasts by pipette to 

fresh centrifuge tubes (20 mL/tube); add an equal volume of 1 M SorbOsm. 
12. Suspend the pellet remaining from step 10 in 20 mL in 0.5 M 

MgOsm; shake rapidly four or five times and centrifuge 5 min, 600g. This 
recovers additional protoplasts. 

13. Repeat Steps 11 and 12 two times. 
14. Centrifuge all the protoplasts suspended in 0.5 MgOsm/SorbOsm 

from Step 1 1 , l O  min, 600g. Carefully remove all but 1 mL of the supernatant 
from each tube; suspend the protoplasts by gentle trituration of the protoplasts 
and the remaining 1 mL of supernatant. 

15. Combine the suspended protoplasts and determine the total number 
with the aid of a hemocytometer. (Hint: a small aliquot of the protoplast 
suspension may have to be diluted 10-100~ in 0.5 M MgOsm to obtain an 
accurate count.) 

16. Centrifuge the protoplast suspension, 10 min, 600 g; pipette off the 
supernatant and suspend the protoplast pellet in SorbOsm/CaCl, at a concen- 
tration of 10' protoplasts/mL. Protoplasts may be used fresh or after storage 
on ice at 4°C for up to a month or more. 
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Schizophyllurn transformation 
1. Prepare the DNA solution as per Fig. 4 and place on ice in a Falcon 

2095 tube. DNA (suspended in 114 p L  TE or dH20)  plus 6 pL 1 M CaC12. 
2. Add 200pLof protoplasts (2 x 10’) to the DNA solution, mix gently, 

and incubate on ice 30 min. 
4. Slowly add 320pL 50% PEG. (Hint: let the PEG slide down the side 

of the tube and collect at the bottom underneath the DNNprotoplast mix.) 
5. Incubate on ice 1 min, then mix the two solutions by tapping the tube 

gently. 
7. Add 5 mL regeneration medium, mix gently, and incubate the tube 

overnight at room temperature. 
8. Melt the 2x CYM 1% agar and combine with an equal volume of 1 

M MgOsm. Distribute this soft agar overlay to five sterile test tubes prewarmed 
to 42°C (3 mL/tube) and store in a 42°C waterbath or heat block. 

9. Add 1 mL of the regenerated protoplasts to each of the overlay 
tubes; mix the overlay and regenerated protoplasts thoroughly, and pour each 
overlay onto a Petri dish containing 25 mL of CYM semisolid medium. 

10. Incubate the cultures for 2-3 days at 30°C. 
11. As transformed colonies appear, transfer them to CYM semisolid 

medium. Four transformants may be inoculated equidistantly at the periphery 
of a 10-cm Petri dish. Allow the transferred inoculum togrow until the colonies 
are approximately 0.5 cm in diameter. Use this mycelium as the source of 
inoculum for mating tests and observations of developmental morphology. 
Schizophyllum cultures may be stored at 4°C to retard (but not stop) growth. 

Questions 

1. Explain the significance of the term “tetrapolar mating type” using 
your results as an example. 

2. Predict the phenotypes of mycelia resulting from mating tests be- 
tween all pairwise combinations of UVM19-1, -2, -3, and -4. 

3. How would you recognize recombinants between A a  and AD (or Ba 
and BP) among the progeny of the UVM19-1 x UVM19-2 mating? Did you 
find any? 

4. What would be the pattern of reactions of A or B recombinants when 
mated with the four tester strains listed in Table 2? 

5. How would you prove that the recombinants are in fact recombi- 
nants? 

6. Why are only a fraction of the TRPl transformants isolated in the 
molecular genetic experiment transformed for A mating type. 

7. Does the molecular genetic experiment prove that the minimum 
requirements for activation of the A-developmental pathway are the presence 
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of Y and Z protein from different Aa mating types? If not, what experimental 
approach would you pursue in order to do so? 

Extensions 

1. Design an experiment to measure the map distance between Aa and 
AP (or Ba and BP). 

2. Would an Aa null strain (i.e., lacking Y and 2 genes) be useful for ana- 
lyzing the role of Y and Z proteins? How could an Aa null strain be produced? 

3. Consider the molecular nature of Aa mating type. How is the speci- 
ficity of each polymorph encoded? How could you identify which portion of 
Y or Z protein encodes the region determining self or nonself recognition? 
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1. INTRODUCTION 

The genus Phycomyces belongs to the class Zygomycetes, characterized by 
fusing gametangia which form thick-walled zygospores, by nonflagellated, 
nonmotile vegetative spores and by a mycelium that is almost completely 
nonseptate (coenocytic). Phycomyces belongs to the order Mucorales, charac- 
terized by the development of  spores endogenously inside the sporangia. 
Among the 20 genera of the family Mucoraceae [l], Phycumyces is charac- 
terized by the enormous size of  the sporangiophore and the large, multispored 
sporangia with a well-defined columella. The large size of the zygospore, the 
characteristics of the zygophores on both sides of the zygospores (suspensors) 
and the black appendages surrounding the zygospores are also characteristic 
features of Phycomyces. Examples of some genera belonging to the family 
Mucoraceae used in research include Mucor, Rhizopus, and Absidia. 

A. Life Cycle 

Asexual Cycle 
The asexual life cycle ofPhycomyces is shown in Figure 1. The vegetative spores 
of P. blakesleeanus are nonmotile, ellipsoid, multinucleate cells. In the stand- 
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;C____v__- 

PROGAMETANGIAL STAGES 

Figure 1 Asexual and sexual life cycles and the principal structures of Phycomyces 
bla kesleeanus. 

ard wild-type strain NRRL1555, the spore size is about 9 ym long and 6 ym 
wide on average [2-4]. Only 0.3% of the spores are uninucleate, and about 
85% contain three or four nuclei [5] .  The Phycomyces genome comprises 6.6 
x lo7 base pairs [6]. Another study [7] estimates about half that number. 

Under suitable conditions the spore germinates. The spore swells and 
germ tubes (one or two) emerge from the spore to form the first hyphae, which 
grow and branch rapidly, forming the mycelium. Growth occurs only at the 
hyphal tips. In minimal medium very few spores germinate. The transition 
from a dormant to a germinating spore requires an activation, heat shock (15 
min at 48°C) being the most commonly used method [8]. No cross walls 
separate various parts of the mycelium (with some rare exceptions), and the 
hyphae never anastomose. The mycelia are large coenocytes containing mil- 
lions of nuclei. 

After the mycelium has grown on solid medium for 2 to 3 days, formation 
of asexual reproductive structures, the sporangiophores, is initiated. They are 
large, unbranched hyphae which grow upward into the air and form an apical 
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sporangium. The size of the sporangiophores varies depending on environ- 
mental conditions. The macrophores are the sporangiophores used in most 
physiological research. They can reach a length of more than 100 mm, and the 
diameter is of about 100 pm. The mature sporangia are about 500pm in dia- 
meter and contain some lo5 spores. The asexual spores are formed by the divi- 
sion of a large mass of cytoplasm into multinucleate portions that develop cell 
walls. This packaging of nuclei into spores is random [5,9]. The microphores are 
about 1 mm long, and the corresponding sporangia are about lOOpm in diameter 
and contain about 1000 spores. They are produced under special environmental 
conditions. Under the usual laboratory conditions, macrophores are predomi- 
nantly formed; the term sporangiophores usually refers exclusively to them. 

Sexual Cycle 

Phycomyces is a heterothallic fungus with two mating types, called (+) and (-) 
[lo], that are indistinguishable except that, when placed near each other in 
suitable conditions, they form special structures called zygospores [reviewed 
in 111, which are large, black spheres about 0.5 mm in diameter, surrounded 
by thorns. The zygospores remain dormant for about 2 months or more 
depending on the strain and the environmental conditions. The zygospore 
eventually germinates forming a germsporangiophore whose germsporangium 
contains about 10,000 germspores. The prefix “germ” is used to designate the 
products of zygospore germination. The morphology of these structures is 
similar to that of the asexual cycle (see Fig. 1). 

Nearly all nuclei of both mating types that enter the zygospore degener- 
ate, either after fusion or in the initial haploid state. In general, only one diploid 
nucleus undergoes meiosis and the four meiotic products later undergo suc- 
cessive mitotic divisions [ 12-14]. The germspores are mainly homokaryotic 
and are formed, unlike in the asexual cycle, from protospores containing a 
single nucleus. This nucleus undergoes one or more mitotic divisions. Under 
appropriate conditions the germspore germinates into a vegetative mycelium 
and thus enters the asexual cycle. Since a very small proportion of germspores 
are heterokaryotic, it is assumed that some germspore primordia contain more 
than one nucleus [3]. When these nuclei are of different mating types, the 
germspore will give rise to a heterosexual heterokaryotic mycelium which 
shows a particular deep yellow color and a morphology clearly distinguishable 
from homokaryotic mycelia [4]. 

B. Key Notes 

Sensory Physiology 

The sporangiophores of Phycomyces show growth response to several stimuli 
including light, gravity, wind, chemicals, and the presence of objects in the 
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proximity of the growing zone (avoidance response). The growing zone is 
about 2 mm long and is located about 0.1 nim below the sporangium. When 
the stimuli are symmetrically distributed around the sporangiophores, the 
responses are called mecisms-i.e., changes in growth velocity; asymmetrically 
distributed stimuli give rise to tropisms-i.e., changes in the direction of 
growth. Among the different stimulus-response bystems of Phyconzyces the 
most attractive and studied is the phototropic response. Light is a convenient 
stimulus because it is quantitative, easy to apply and remove, and available 
over a long range of wavelengths. 

The mycelium of Phycomyces also shows responses to light such as 
initiation of sporangiophores (photophorogenesis) and induction of p-caro- 
tene synthesis (photocarotenogenesis). All these properties make Phycomyces 
a good system for the study of intracellular sensory transduction processes. 

The developmental steps that have been investigated in this fungus most 
extensively are the germination of the spores [15], the formation of the 
sporangiophores (phorogenesis) [ 161, and the initial stages of sexual develop- 
ment [17]. The study of carotene biosynthesis and its regulation is another 
main aspect of research in Phycomyces. This last line of research is facilitated 
by the availability of mutants, the use of quantitative complementation tech- 
niques, and the development of an in vitro system [181. 

Behauioral Genetics 
The existence of mutants has facilitated the study of sensory transduction 
processes, as well as carotenogenesis, differentiation, and sexual development. 
Mutants with defective phototropism are designated mad. The mad mutants 
define nine unlinked genes, niadA through madl. The m a d ,  madB, madC, 
and mad1 gene products act early in the phototropism signal transduction 
pathway. The products of genes madD to ntadC are thought to regulate cell 
wall growth. This last point may have to be modified in view of the recent 
findings of Campuzano et al. (in preparation) which suggest that, by measuring 
the phototropic action spectrum of a nzadF mutant, these later genes are also 
involved in photoreception. Mutants in these genes show altered tropisms to 
several unrelated stimuli (light, gravity, presence of objects in the proximity of 
the growing zone). 

Mutants altered in the synthesis of p-carotene are designated mr. They 
can result from a block in the pathway or from an alteration in the regulation 
of the pathway. Some mutants produce no p-carotene (those altered in the 
genes carB, carR, carRA), others accumulate small amounts (carA, carC), and 
still others produce much greater amounts of p-carotene than the wild-type 
(carD, carp, cars). The pic mutants are defective in the photoinduction of 
carotenogenesis [ 191. 
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Figure 2 Scheme of sensory pathways of Phycornyces. The external stimuli appear 
on the left, and the responses on the right. Arrows indicate the flow of information. 
Mutations in the genes listed in boxes hinder the information flow at the place in the 
pathway. [Adapted from 4 and 21.1 

Physiological and genetic studies indicate that stimuli and responses are 
connected by sensory pathways as shown in Figure 2. The fungus detects the 
stimuli listed at the left and exhibits the responses at the right. The elements 
of the sensory pathway, sensors, effectors, and transducers, are named after 
the genes that control them. By studying mutants with altered behavior, one 
can identify the genes affecting the operation of each step on the sensory 
pathway (boxes in Fig. 2). The pathway represents the flow of information, and 
it is plausible that some genes intervening in the process have not yet been 
found. A tentative conclusion for the above sequence is that relatively few 
genes govern the behavior in this organism, and a given gene may govern 
different processes in different structures of the organism. 

2. PRINCIPLES 

A. Mutagenesis 

The isolation of mutants that carry recessive mutations has relied so far on the 
killing of most of the nuclei by chemical or physical agents, generally the same 
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agents used to induce a high frequency of mutations. Survivors that become 
functionally uninucleate can express recessive mutations. About one-third of 
the survivors of the usual exposure to nitrosoguanidine are functionally uninu- 
cleate. A procedure to estimate the uninucleate fraction after treatment with 
any mutagen was developed by CerdA-Olmedo and Reau [20]. Recycling the 
original mutagenized spore stock is an advisable practice because, after mu- 
tagenesis, the pool of spores is rather sick and has low life expectancy. There- 
fore, it is advantageous to germinate the survivors as soon as possible to obtain 
a stock of healthy spores with the same percentage of mutants as in the original 
mutagenized stock. Moreover, the nuclei carrying the recessive mutation may 
be present in heterokatyosis so that, after the recycling procedure, nuclei carry- 
ing the mutation may be in homokaryosis in some spores. The main obstacle 
of the recycling procedure is the high number of plates that need to be handled. 

B. Mutant Isolation 

The majority of the available mud mutants have been isolated because of the 
inability of their sporangiophores to turn downward when grown in a glass- 
bottom box, where all light comes from below [21]. Different screening 
procedures have recently been used resulting in the selection of novel mutant 
types [22-251. 

The isolation of mutants with abnormal carotenoid content (genotype 
cur) is carried out by direct inspection of the color shown by mutagenized 
colonies. There are other types such as auxotrophic, drug-resistant, and devel- 
opmental mutants [reviewed in 111 which have been studied to a lesser extent. 

C. Heterokaryons and Complementation 

Because no stable diploids are known in Phycomyces, the presence of two 
genomes in the same cell for complementation tests is brought about by 
heterokaryosis-that is, the presence of two genetically different types of 
nuclei in the same cytoplasm. In nature all large Phycomyces mycelia are likely 
to be heterokaryotic to a small extent as a result of spontaneous mutations. 

The hyphae of Phycomyces do not anastomose spontaneously upon 
contact; however, this fungus has great capacity for regeneration. The Ootaki 
method for heterokaryon formation is based on regeneration of grafted 
sporangiophores [26]; the method of Gauger et al. [27] is based on regenera- 
tion of sexual structures into mycelia, and the method of SuArez et al. [28,29] 
is based on regeneration of fused protoplasts. 

The heterokaryons formed by nuclei of the same mating type are mor- 
phologically similar to homokaryotic cultures. Heterokaryons formed by nu- 
clei of opposite mating types produce more carotenoids and fewer sporangio- 
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phores, and form characteristic structures called pseudophores, which give a 
grainy aspect to the mycelial surface. 

The calculation of nuclear proportions in Phycomyces heterokaryons is 
based on the nuclear behavior which has the following characteristics: 1.) no 
nuclear divisions while the spores are formed; 2.) the spores are formed by 
random packaging of the nuclei from the nuclear population of the sporan- 
gium; 3.) all parts of the mycelium, including the sporangia, have the same 
nuclear proportion. This proportion may be calculated [ S ]  from the proportion 
of the three kinds of spores (heterokaryotic, homokaryotic of one type, and 
homokaryotic of the other type) that make up the heterokaryon. 

The values of biochemical variables or behavioral traits in heterokaryons 
containing a known proportion of nuclei presenting differences for these 
variables are obtained as a function of the nuclear proportion. This function, 
called genophenotypic function by Medina [30,31], describes the dependence 
of the phenotype on gene dosage. The interest of these functions is that they 
impose stringent conditions to any hypothesis aimed at explaining the phe- 
nomena under study at the molecular level. These conditions may be so 
stringent as to constitute a very strong argument for a certain hypothesis, as 
was the case with the study of (3-carotene biosynthesis and its regulation in 
Phycomyces [32,33]. The study of behavioral traits such as phototropism has 
also benefited from this technique [34]. 

D. Recombination 

Phycomyces genetics began early this century [ 10,35,36], but it has only been 
in the last 20 years that standard conditions for the germination of the zygo- 
spores have been established and clear evidence has been found for the ex- 
istence of a standard meiotic process in the generation of recombinants [12-141. 

The behavior of the nuclei in the zygospore may be deduced from genetic 
experiments. Hundreds or thousands of haploid nuclei of both sexes enter and 
form part of the zygospores, which, after a dormancy of 2-3 months, germinate 
and give rise to a germsporangium containing some 10,000 multinucleate 
germspores. Though the mechanisms are not known in detail, nearly all nuclei 
of both mating types that enter the zygospore degenerate, either after fusion 
or in the initial haploid state. In general, only one diploid nucleus undergoes 
meiosis; the four meiotic products later undergo successive mitotic division 
[12-141. The germspores are, in general, multinucleate and homokaryotic, and 
a very small proportion may be heterokaryotic (see Sexual Cycle, p. 387). 

E. Linkage Analysis 

Once the zygospores have germinated, the progeny may be analyzed by two 
methods (see part c of Fig. 3). In the first method, about 80 colonies from 
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germspores from each germsporangium are characterized phenotypically. 
This is an example of unordered and amplified tetrad analysis. The second 
method, called random spore analysis, consists of mixing the germspores from 
about 100 germsporangia and analyzing a large sample of about 500 
germspores. The first method is much the more laborious, but provides more 
information about the meiotic process. Both methods give the linkage rela- 
tionships among markers, but where linkage is very loose, tetrad analysis may 
give information unobtainable from random spore analysis. When one is 
dealing with auxotrophic markers, and particularly when the recombinant 
classes are rather infrequent, random spore analysis has a very marked advan- 
tage [37]. 

When a pair of markers is studied, tetrads are classified as monotypes 
(1T) if all the germspores of the sample taken from a germsporangium have 
the same genotype. If the germsporandium contains two different genotypes, 
the tetrad is called a ditype (2T). The two genotypes may be reciprocal (2Trec) 
or not (2Tmix). Similarly, the tetrads are classified as tritypes (3T) or tetratypes 
(4T) when three or four different genotypes are found in the sample of germ- 
spores analyzed [14]. This classification takes into account only the presence 
or absence of genotypes in the germspore samples and ignores the occurrence 
of intersexual heterokaryons. With this procedure of scoring, the effects of 
secondary mechanisms causing disproportion (i.e., sterility of some germ- 
spores) are largely eliminated. 

A regular meiosis gives rise only to reciprocal ditypes-either a parental 
ditype (PD) or a nonparental ditype (NPD)-or  to a tetratype (lT). When 
PD and NPD occur with the same frequency, the markers are said to be 
unlinked; if the PD is significantly more frequent than the NPD, the markers 
are said to be linked. For linked genes, the distance between the two is 
calculated from the formula: 

Percentage recombination = (NPD+'IT/2) / (PD+NPD+TT) x 100 

Quite often, the expected genotypes do not appear in the sample of 
germspores taken from each germsporangium. The incomplete tetrads are 
derived from the complete ones by loss of some of the genotypes, either 
through an error in the sampling or through some fault in meiosis or in the 
postmeiotic divisions [ 13,141. The parental monotypes are considered as PD, 
the recombinant monotypes may be counted as NPD, and the tritypes and 

Figure 3 Flow chart for the isolation of blind mutants in Phycomyces and genetic 
characterization by complementation and recombination. Phototropism is tested with 
uniIateral blue light at a fluence rate of 10-6 W mJ and exposure lasting8 h in darkness. 
For colonial growth the complete medium (CM) is acidified to pH 3.2. 
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mixed ditypes may be considered to be TT.One should consider that, in a single 
meiosis, each allele cannot appear in more than two genetic combinations 
(unles. gene conversion is occurring). Germsporangia are classified as result- 
ing from one meiosis if they are compatible with thus rule; otherwise, the 
existence of two or more meiosis has to be assumed. 

The different arrangement of the genetic material in the wild types may 
be responsible for the meiotic irregularities. Isogenic strains differing only in 
mating types show increased viability of the germspores and a regular pattern 
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Figure 4 Localization of 29 Phycomyces markers into 11 linkage groups. The order- 
ing of the genes within parentheses has not been determined relative to outside markers. 
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of meiotic segregation [38]. However, the dormancy of the zygospores in- 
creases slightly with isogenicity. 

Unordered tetrad analysis allows calculation of gene-centromere dis- 
tances by using an indirect method of estimation of second division segregation 
frequencies first developed by Whitehouse [39]. By using this method, the 
distances of several markers from their respective centromeres have been 
calculated in Phycomyces [40,41]. 

With the random spore analysis method, one should check that the two 
alleles of each marker appear in the progeny with equal frequencies in order 
to show the absence of allele-specific selection. The frequency of recombina- 
tion between two markers is calculated by dividing the number of recombinants 
by the total. 

The number of chromosomes and the number of linkage groups in 
Phycomyces are unknown. The existence of 11 linkage groups (Fig. 4), among 
a total of 29 markers used, has been established in the initial genetic map of 
Phycomyces [40,42]. This number of linkage groups is a lower limit, since the 
number of markers analyzed is rather small. 

3. PRACTICE 

The experiment involves the isolation of mutants ofPhycomyces with abnormal 
phototrophism, phenotypic characterization, testing for genetic complemen- 
tation and mapping. The scheme of the experiment is shown in Figure 3. 

A. Materials Needed 

Strains 
The wild-type NRRL1555 (-), from Northern Regional Research Laborato- 
ries, USDA, Peoria, Illinois, is taken as the standard with which other strains 
are compared. Several other wild types of (+) mating type are also used for 
crosses, mainly UBC21 (+), from R. J. Baldoni, Botany Department, Univer- 
sity of British Columbia, Vancouver, Canada, and A56(+), a strain largely 
isogenic with NRRL1555 [38]. All strains are named according to the genetic 
nomenclature proposed for bacteria by Demerec et al. [43]. Prefixes refer to 
strains isolated at the University of Salamanca (A), the Max Planck Institute 
for Molecular Genetics in Berlin (B), California Institute of Technology (C), 
and University of SevilIa (S). mad indicates a mutant with abnormal photot- 
ropism, and cur indicates a mutant with abnormal carotene production. 

Media 
The minimal medium (SIV) contains, per liter, 20 g of D(+)-glucose, 2 g of 
L-asparagine-H,O, 0.5 g of KH2P04, 0.5 g of MgS04.7H20, 28 mg of CaCl,, 1 
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mg of thiamine*HC1,2 mg of citric acid-H,O, 1.5 mg of Fe(N03),.9H,0, 1 mg 
of ZnSO4.7H,O, 300 pg of MnSO,.H,O, 50 pg of CuSO4.5H,O, and 50 pg of 
Na2MoO,.2H,O. This medium is based on modifications by Sutter [44] to the 
minimal medium proposed by 0degard [45]. Glucose should be autoclaved 
separately. The minor ingredients, including CaCI,, may be prepared as 50-fold 
concentrate. Solid minimal medium is obtained by the addition of agar at 20 
s/t. The pH of the medium is about 4.2. A complete medium (SIVYC) 
contains minimal medium supplemented with 0.1% yeast extract and 0.1% 
Bacto-Casitone. For colonial growth, the medium is acidified to pH 3.2 by the 
addition of 1 N HCl after autoclaving (SIWCA). For phototropism tests, a 
complcte medium (PDA) contain 4% potato dextrose agar (Difco) plus 5 
pg/mL thiamine-HCI. For crosses, PDA medium plus 0.1 g/L hypoxanthine is 
used. 

Mutagen 

N-Methyl-N’-nitro-N-nitrosoguanidine (NG) is the commonly used mutagen 
in Plzycomyces. Several other agents have also been used to a lesser extent. The 
main mutagenesis procedures used in Phycumyces have been described else- 
where [46]. 

Miscellaneous 
A dark room and a light source are needed for the phototrophic response. A 
tungsten-halogen lamp, cooled by a small fan, may be placed outside the dark 
room in such a way that the light reaches the dark room through an aperture 
in the wall which can be covered with a heat filter and a blue filter. A box about 
100 cm long, 25-50 cm wide, and 20 cm high may be used instead of a dark 
room. 

The formation of heterokaryons by the method of grafting [26] requires 
a stereoniicroscope, fine tweezers, and iris scissors. This is the method we are 
following in the experiment. The method of protoplast fusion requires a 
mixture of commercial lytic enzymes preparation (Novozym 234) rich in 
chitinase, and a Strepturnyces preparation, “streptozyme,” rich in chitosanase 
[28,29]. 

For crosses, a temperature-controlled chamber is needed for keeping 
the temperature first at 17°C and then at 22°C. 

B. Description of the Experimental Procedure 

Mutagenesis and Mutant Isolation 

Heat-activated spores (15 min at 48°C) of the wild-type strain NRRL1555 at 
a concentration of 106/mL are treated with 100pg/mL nitrosoguanidine (NG) 
in 0.1 M citrate-phosphate buffer, pH 7.0, for 30 min at room temperature. 
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The suspension is shaken occasionally. After three washes in water, aliquots 
are placed on rich acid medium (SIWCA) to learn the viability. Under these 
conditions, the survival ranged from 5% to 15%. The spores are inoculated 
immediately after mutagenesis on PDA medium (about 200-300 viable spores 
per plate) or S IWCA medium (about 50 viable spores per plate). In some 
cases the mutagenized spores are allowed to complete a full vegetative growth 
cycle on rich medium (recycling). 

After 2 to 3 days of growing under overhead light, the plates are 
uncovered and placed in the dark room or in the box where they are exposed 
overnight to unilateral blue light at agiven intensity ( lod W m-2, for instance). 
Wild-type sporangiophores bend toward the light source while mutant spo- 
rangiophores grow more or less straight up. Sporangia from the mutant 
candidates are picked up with wet forceps for retesting by the same procedure. 
If the sporangiosphores on retesting plates again show the same mutant 
phenotype, permanent stocks are prepared for further studies. 

Complementation 
The complementation tests are carried out between the mad mutants isolated 
above and representative strains altered in each of the known genes (ma&- 
mado governing the phototropic response. As can be seen in Figure 3, hetero- 
karyons between two strains are made according to Ootaki [26]. Young spor- 
angiophores (1-2 cm long) from each strain are removed from mycelia and 
placed on agar blocks, tips facing each other, and grafted by inserting a 
decapitated tip of one sporangiophore into another. About 24 h after grafting, 
the grafts are tested for success by observing the formation of new cell wall 
connecting the two sporangiophore portions. Spores are collected only from 
the grafts showing a single sporangiophore regenerated at the graft union of 
a successful graft. Such a sporangiophore is almost always heterokaryotic [26, 
47-49]. 

The spores resulting from the regenerated sporangium (homokaryotic 
and/or heterokaryotic) are resuspended in a shell vial containing 1 mL sterile 
distilled water (one sporangium per vial), and after heat activation the spores 
are plated on rich acid medium at about 50 spores per plate. After 2-3 days, 
when the sporangiophores appear, the Petri dishes are uncovered, fuzzy 
first-crop sporangiophores are removed, and only straight, mature sporangio- 
phores about 3-4 cm long are tested. 

The plates are placed in a dark room or a test box for 6-9 h to test the 
phototropic response. The testing light is such that the wild-type clearly bend 
and the mutants do not. Whenever some of the heterokaryotic sporangio- 
phores bend toward the light, the mutants forming the heterokaryon are scored 
as a complementary pair. If all the sporangiophores grow straight, the muta- 
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tions do not complement each other. In this way the blind mutants isolated as 
above can be said to be affected in one of the known mad genes (ma&-mado 
or else they define a new gene or genes. 

Crosses 

The procedures for setting up the crosses and analyzing the genotypes of the 
descendants are shown in Figure 3. As an example throughout the section we 
are going to analyze the crossfurA (+) x muD (-) by mass spore analysis, and 
the cross mudl (+) x nic.4 carA (-) by tetrad analysis, wherefur indicates 
resistance to 5-fluorouracil, mud indicates ahnormal phototropism, (+) and 
(-) are the two mating types, nic indicates requirement of nicotinic acid, and 
car indicates abnormal p-carotene synthesis. 

The crosses are performed by inoculating a piece of mycelium of the 
strains of opposite sex at the margins of PDA plates and incubating for 10 days 
in the dark at 17°C and then for 15 days at 22°C also in the dark (the moment 
of inoculation is taken as time zero). Then 200-400 zygospores from each cross 
are harvested individually with tweezers and transferred to Petri dishes con- 
taining a moist filter paper at 22°C in continuous light [13,14,40]. The zygo- 
spores begin to germinate around 50-60 days or later. 

For tetrad analysis, the germspores are collected by picking up ripe 
germsporangium, from germinated zygospores, in a drop of water between the 
tips of tweezers and putting them into 1 mL of sterile water. Samples of various 
si7es from such a suspension are plated on rich acid medium (SIVYCA). Of 
tlic colonies formed after 2 or 3 days, a sample of 20-40 are picked at random 
and transferred to rich medium (SIWC) plates. The genotype of each isolate 
is then determined, and the germsporangia are classified as PD, NPD, and IT. 
In the cross madl (+) X nicA carA (-) (see Table l), madl and car.4 are linked 
while the pairs madl and nicsl, and nic.4 and car.4 are unlinked. This is a case 
of loose linkage between the madl and curA markers that would be very 
difficult to show by random mass spore analysis. 

Random mass spore analysis was used in the crossfurA (+) X madD (-) 
(see Table 2). Ripe germsporangia from 100 or more germinated zygospores 
are pooled in 1-2 mL of water. The germspores from the pool are counted 

Table 1 Tetrad analysis of the crossmadl (+) x nicA carA (-) 

Markers PD NPD Tr % Recombination 
~ ~- ~-~ ~ 

madl and nicA 7 9 13 53 
madl and carA 16 3 10 27 
nicA and carA 10 8 11 47 
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Table 2 Analysis of the cross B71 x C149. GenotypesfurA (+) x madD (-) 

Shortest dormancy (days) 53 

Average germspores per germsporangium 1.4 x lo4 
Number of pooled germsporangia 174 

Germspores viability (%) 30 

(a) Genotypes of the progeny 

wild type (+) 4 wild type (-) 3 
firA (+ I  81 firA (-1 99 
madD (+) 98 madD (-) 109 
furA madD (+) 2 furA madD (-) 4 

(b) Occurrence of the two alleles of each gene 

Gene (+) or wild-type (-) or mutant 
Allele 

Mating type 

madD 
furA 

185 
214 
187 

215 
186 
213 

Genes 
(c) Linkage relationships 

Parental Recombinant % Recombination 

furA and madD 187 13 
furA and mating type 195 205 
madD and mating type 198 202 

3.2 
51 
50 

under the light microscope, and the average number of germspores per germ- 
sporangium is calculated. The viability of the pooled germsporangia is calcu- 
lated by plating on SIVYCA. When the viability is low, say 5% or less, the cross 
should not be analyzed. The shortest dormancy, defined as the time elapsed 
from the day on which mating plates were inoculated to the germination of the 
first zygospore, is recorded in each cross. 

A sample of the germspores from the pool is plated on SIVYCA medium 
at about 50viable spores per plate. After 2-3 days about 500 individual colonies 
are transferred to SIVYC plates and the genotype of each isolate is determined. 
As can be seen from Table 2, the markersfurA and madD are linked, with a 
3% recombination, but they are unlinked to the third marker, the mating type. 

C. Problems and Questions 

1. The products of a regular meiosis with two unlinked markers may be 
either tetrads with two types of reciprocal genotypes (2T,e,) or tetrads with four 
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different types of genotypes (4T), as long as there is crossing over between at 
least one of the markers and its centromere. In Phycomyces, the germsporangia 
are classified as monotype (IT), ditype (2T), tritype (3T), and tetratype (4T), 
depending on whether one, two, three, or four different genotypes, respec- 
tively, are found in the sample of germspores analyzed on each germspo- 
rangium. Among the ditypes, the two genotypes may be reciprocal pairs, 
parental or recombinant (2Trec), or they may not (2Tmixc(,). Table 3 shows the 
results of the crosses from which samples of germspores from individual 
germsporangia were analyzed. What can be concluded about the use of 
isogenic strains? 

2. The wild type of Phycomyces is yellow because it accumulates the 
yellow pigment p-carotene. Color mutants have been isolated that are unable 
to synthesize @-carotene. Among the mutants, some are red, because they 
accumulate lycopene, a precursor of @-carotene; they are altered in the gene 
carR. Another type of color mutants are white, and are defective in the gene 
car- .  They do not accumulate carotenoids, except for traces of p-carotene. 
Torres-Martinez et a]. [50] proposed that theA and R functions are determined 
by contiguous DNA segmentscotranscribed to a single mRNA. They designate 
the bifunctional gene as carRA. What kind of experiments would you suggest 
to test this hypothesis? 

3. What is the advantage of counting in the sample the presence or 
absence of genotypes instead of counting the total numbers of the respective 
genotypes? 

4. Phycomyces spores are multinucleate. Do you think that this charac- 
teristic will influence the mutagenesis procedure? 

Table 3 Tetrad analysis of the back-crosses 

UBC2l x HI 
UBC21 x S102 
C247 x NRRL1555 
C260 x S102 
C264 x NRRL1555 
C268 x S102 
C268 x H1 
A l l  x S102 

Typet 

P 
P 
1 
2 
3 
4 
4 
8 

Class of germsporangium* 

1T 2Trec 2Tmix 3T 4T + 4T 

7 (50) 0 (0) 2 (14.3) 3 (21.4) 2 (14.3) 2 (14.3) 
24 (61.5) 5 (13) 5 (13) 4 (10) l(2.5) 6 (15.5) 
14 (27.5) 11 (21.5) 7 (13.7) 11 (21.5) 8 (15.7) 19 (37.2) 
18(34) lO(19) lO(19) 8(15) 7(13) 17(32) 
9(14) 18(28) 4(6) 12(19) 21 (33) 39(61) 
5 (17) 13 (43) 3 (10) l (3 )  8 (27) 21 (70) 
6(10) 18(31) 8(14) lO(17) 16(28) 34(59) 
4 (5.2) 26 (34.2) 2 (2.6) 2 (2.6) 42 (55.3) 68 (89.5) 

2T,C 

*The percentage of the total is shown in parentheses. 
'P represents parental crosses, and the numbers correspond to back-crosses. 
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5. What experiments should be performed to learn the number of 
chromosomes in Phycomyces? 

6. The number of known genes involved in the phototropic response of 
Phycomyces is rather low. Do you have an explanation for this small number? 

D. Extensions 

The possibility of making heterokayons and studying complementation, the 
availability of mutants, and the existence of an' initial genetic map made 
Phycomyces, despite some limitations, an organism to which genetic analysis 
can be applied to solve questions related with the main lines of research in this 
fungus: the study of intracellular transduction processes, the biosynthesis of 
carotenoids and its regulation, morphogenesis, and sexual differentiation. 

Basic biological facts such as the moment of meiosis and the chromo- 
some number are still unknown. The reduction of the dormancy period of the 
zygospores would be an important technical advance in Phycomyces genetics. 
More genetic markers to expand the studies on the genetic map and electro- 
phoretic karyotyping studies by pulsed field gel electrophoresis are needed to 
allow a reasonably correct estimate of linkage groups in Phycomyces. In the 
related fungus Absidiu gluuca these kinds of studies have been reported [51]. 

The transformation systems developed in Phycomyces are inefficient at 
present or have not been well characterized [52-561. An important goal would 
be the development of simple, efficient, and repetitive methods of transfor- 
mation with exogenous DNA in order to allow gene cloning by direct comple- 
mentation. In the related fungus Mucor circinelloides, the transformation 
system is very efficient [57], and gene cloning by direct complementation has 
been achieved [58,59]. Recently, integrative transformation by homologous 
recombination, resulting in either additions or else gene replacement and 
ectopic insertion, has been reported [60]. In another related fungus, Absidiu 
gluucu, transformation by autonomous replication seems to be the preferential 
mode of DNA propagation [61,62]. In this organism integrated transformation 
has also been achieved [63]. The transformation of another member of the 
Mucorales, Rhizopus niveus, has also been reported [64]. 

There are several areas of research in which Phycomyces and/or several 
other related Mucorales are used to some extent; the initial physiological 
events of sexual development in Mucorales have been studied in Phycomyces, 
Blukesleu, and Mucor [17]. Through the mutational analysis of sexual develop- 
ment and the study of the biological, chemical, and metabolic properties of 
trisporic acids and related compounds, it should be possible to learn more 
about the molecular basis of sexuality in the Mucorales. 

Members of the genus Mucor produce a number of extracellular enzymes 
of industrial application such as acid proteases, amylases, lypases, and cellu- 
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lases, and display the property of undergoing morphogenetic changes from 
hyphal to budding yeastlike growth in response to various environmental 
stimuli [65]. In spite of the advantages of the transformation system in Mucor 
circinelloides, formal genetic analysis in this fungus has not been developed 
due to the difficulties in utilizing the sexual cycle [66]. However, in Phycomyces, 
the genetics is the most developed among the Mucorales but the 1 1  ;insforma- 
tion system is not efficient. Recently the expression of Phycomyces genes in 
Mucor circinelloides has been reported 107,681, and it may be possible to use a 
heterologous transformation shuttle system between Mucor and Phycomyces 
to take advantage of the particular characteristics of both organisms. 

Phycomyces and many other organisms exhibit a variety of blue-light 
responses including photostimulation of p-carotene synthesis, photomove- 
nient (phototropism, light-growth response, phototaxis), photocontrol of the 
intermediary metabolism, and photomorphogenesis. However, the blue-light 
receptor(s) has not been isolated, and the molecular basis of the light responses 
is unknown. The only well-characterized blue-light photoreceptors to date are 
the DNA photolyases involved in DNA repair. Recently, Ahmad and Cash- 
more [69] reported molecular and genetic evidence that a protein with strong 
structural homology to DNA lyase may be a photoreceptor in Arabidopsis. 
Probes with the HY4 gene ofArabipdosis may be useful to isolate the corre- 
sponding gene in Phycomyces. 

For a review of all aspects of Phyconiyces research, see the book edited 
by Cerda-Olmedo and Lipson (1987). The book edited by Senger (1987) 
reviews the blue-light responses field in different organisms. Two recent books, 
by Elliot (1994) and Griffin (1994), cover some aspects of the topics described 
in this review. An excellent book about the molecular bases of development 
has been published by Russo et al. (1992). In Volume 214 of AI~thods in 
Enzymology there are several contributions about photocarotenogcnesis in 
fungi, including Phycomyces. Complete publishing information on these books 
follows. 

Cerda-Olmedo, E., E. D. Lipson (eds.). Phycomyces. Cold Spring Harbor 

Elliott, C. G. Reproduction in Fungi. Chapman and Hall, London (1994). 
Griffin, D. H. Fungal Physiologv (2nd edition). Wiley-Liss, London (1994). 
Packer, L. (ed.). Methods in Enzymology. Vol. 214. Carotenoids. Part B. Meta- 

bolism, Genetics, and Biosynthesis. Academic Press, London (1993). 
Russo, V. E. A., S. Brody, D. Cove, S .  Ottolenghi (eds.). Development: The 

Molecular Genetic Approach. Springer-Verlag, Berlin (1992). 
Senger, H. (ed.). Blue Light Responses: Phenomena and Occurrence in Plants 

and Microorganisms. CRC Press, Boca Raton, Fla (1987). 

Laboratory, Cold Spring Harbor, NY (1987). 
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1. INTRODUCTION 

Early systematists included the oomycetes in the group Phycomycetes-the 
algal-like fungi. Their grouping with the brown and golden algae, in the 
kingdom Chromista (confirmed by rDNA sequencing [7]) rather than with the 
true fungi, indicates that they evolved from algal ancestors by loss of the 
chloroplast. These pseudofungi [5] or straminipilous fungi [6] range from 
reduced forms with nonfilamentous thalli to those with extensively branched 
but basically coenocytic hyphae. The asexual sporangia of most genera release 
heterokont zoospores; sexual oospores result from the interaction of male and 
female gametangia (oogamy). Many pseudofungi are saprophytes living on 
decaying animal and vegetable tissue, e.g., water molds; others are pathogens 
of animals, plants, algae, fungi, or pseudofungi. Plant pathogens range from 
necrotrophs with a broad host range, through hemibiotrophs, to biotrophs 
showing high host specificity. The group includes some of the world’s most 
destructive crop pathogens-Pythium spp. and Phytophthora cinnamomi (root 
rots); Phytophthora infestans (foliage blight); Plasmopara spp. and Bremia 
lactucae (downy mildews). 

Chromosomal cytology [26,34] and genetic analysis in P. infestans [29] 
and in other Phytophthora spp. [28] have shown that nuclei in the vegetative 
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hyphae are diploid and that the female gametangia (oogonia) and male 
gametangia (antheridia) are the sites of meiosis. A single male gametic nucleus 
is thought to fuse with one of the many gametic nuclei of the oogonium. The 
other gametic nuclei degenerate and the oogonium differentiates as a persist- 
ent oospore with abundant food reserves. Germination of the oospore gives 
rise to a sporangium with zoospores or to a mycelium developing directly from 
one or more germ tubes. Most pseudofungi are homothallic; antheridia and 
oogonia are formed on a single thallus which can be derived from a uninucleate 
spore. Others are heterothallic, the thallus being self-sterile and bisexual; a 
few are dioecious, having oogonia and antheridia on separate thalli. 

2. KEYNOTES 

P. infestuns has few of the traits that make ascomycetes and basidiomycetes 
attractive models for basic studies in genetics. However, several properties 
recommend it as a model for studies within the oomycetes. It is a highly 
destructive and economically important pathogen of both potato and tomato; 
it evolved in Mexico on wild species of Sulanum. It is an excellent example of 
a “fungus” which migrated with its host around the world, in this case in at 
least two waves, one of which was recent [ l l ]. The study of its evolving 
populations following migration is an intriguing challenge. 

P. injiestuns is easily cultured on a variety of natural and synthetic media, 
in contrast to the downy mildew fungi, which are obligate biotrophs. The 
fungus can be efficiently cloned by isolating single germinating uninucleate 
zoospores. In contrast, the spores (conidia) of many of the downy mildew fungi 
are multinucleate (e.g., Bremiu, Peronuspara). P. infestuns is heterothallic with 
two mating types (A1 and A2). This means that compatible parents can be 
mated to yield hybrid progeny. Theoretically, reciprocal crosses (female X 

male and male x female) could be conducted by manipulation of sexual 
expression. Single parents can be made to self-fertilize when compatible thalli 
are placed in chemical contact but are physically separated with a porous 
polycarbonate membrane [19]. A gene-for-gene system seems to control the 
interaction of single resistance genes (available in a nonisogenic differential 
series of potato clones) with single complementary avirulence genes in the 
pathogen [I]. Attempts are being made to map and clone these fungal genes. 
P. infestuns, like many phytopathogenic fungi (see Chapter 16), has a large 
genome and large amounts of repetitive DNA. Crude estimates suggest a size 
of 2.5 x loR bp [29], at least 90% of which is repetitive DNA [3]. All other 
phytophthora spp. examined have smaller genomes [13,21]. B. luctucae has a 
relatively small genome (5 x lo7 bp, accurately estimated); even here, 65% is 
repetitive with a short period pattern of intraspersion with single-copy DNA, 
a pattern not found in the true fungi [9]. One advantage of a large genome is 



Genetic Analysis in P. infestans 409 

that meiotic chromosomes can be observed by light [26] and UV [34] micros- 
copy; a disadvantage is that intact, chromosome-size DNA molecules may be 
too long to resolve using pulsed field gel electrophoresis [2,31]. Useful elec- 
trophoretic karyotypes are available for pseudofungi with smaller genomes, 
e.g.,Pythium spp. [22], several Phytophthoru spp. 1311, and B. luctucue in which 
there is evidence for B-type chromosomes [8]. Hyphal or zoospore nuclei from 
isolates of P. infesruns from Mexico have a basic diploid amount of DNA 
whereas those of isolates from some other countries show a range of DNA 
content, suggesting the presence of triploids, tetraploids, and intermediate 
aneuploids [32,34]. Isolates with twice the diploid amount of DNA have a 
chromosome number indicating tetraploidy [34]. The extent of ploidy vari- 
ations in other species and genera is unknown; however, there is evidence of 
hyperploidy in field isolates of B. lucrucue from California [ 141. 

In fungal populations where a single mating type of a heterothallic 
species predominates, variation may be generated by somatic hybridization. 
Work with RFLP markers indicates that a polyploid pathotype in asexual 
populations of B. lactitcue in California is a somatic hybrid of two diploid 
pathotypes [14]. Somatic “matings” between drug-resistant isolates of P. 
infestuns [25,29] and P. sojue (syn. P. megaspennu f. sp. glycineu) [20] have 
yielded unstable recombinants which have yet to be analyzed with well-char- 
acterized nuclear and mitochondrial markers. 

As recessive mutations are not expressed in diploids, conventional mark- 
ers for P. infestuns are few [29]. The mating-type locus is chromosomal but 
shows non-Mendelian inheritance [ 181. Resistance to the systemic fungicide 
metalaxyl is presumed to be chromosomal [17,27], whereas resistance to 
streptomycin cosegregates with mitochondria1 DNA (mtDNA) [35]. There is 
evidence that avirulence (virulence) to single resistance genes of potato is 
determined by single dominant (recessive) genes [l]. Of the many enzymes 
investigated, glucosephosphate isomerase, peptidase [30], and malic enzyme 
[24] are polymorphic with many alleles at a single locus; inheritance is usually 
Mendelian. These have been extremely useful and robust markers for popu- 
lation studies of P. infesruns [ 111. 

DNA Polymorphism 

The mtDNA of P. infestans has been sequenced; it is a compact genophore of 
38 kb, with few noncoding sequences and no large repeated segments (B. F. 
Lang, unpublished). A major polymorphism found in many isolates is an insert 
of approx. 2 kb associated with flanking rearrangements [4]. This type I1 morph 
can be further differentiated into IIa and IIb on the basis of a single restriction 
site; type I, without the insert, can be similarly subdivided into Ia and Ib. 
Although these four main morphs can be detected on agarose gels following 
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restriction of genomic DNA with certain enzymes [3], primers have now been 
selected to allow amplification of sequences that include the polymorphisms; 
diagnostic bands are present after restriction and electrophoresis(G. W. Grif- 
fith and D. S. Shaw, unpublished). 

As expected in a large genome, most probes derived from a genoinic 
library include repetitive sequences. One of these, RG57 is a multilocus probe, 
detecting up to 13 independently segregating Mendelian loci [12], which has 
allowed variation within and between population of P. infestuns to be defined 
[ 101. Single-copy probes from a genomic library have detected RFLPs which 
have been used as single-locus markers in mapping studies. Recently, the value 
of fragments amplified by randomly chosen 10-mer primers (RAPD) have 
been assessed as genetic markers. The mating-type locus has been located 
using RAPD markers and a bulked progeny DNA technique [HI. Similar 
methods are being used to map avirulence loci (R. Maufrand, unpublished). 
A reliable and stable transformation method has been developed for P. in- 
festnns using vectors bearing regulatory elements from B. hcfucae and bacte- 
rial selective markers [ 161. Cotransformations with mixtures of two plasmids 
showed linked integration; GUS transformants were pathogenic [15]. 

3. PRINCIPLES 

A detailed genetic analysis in P. infestuns has only been possible since molecu- 
lar markers became available. One of the first such studies [2] shows that 
inheritance is not always Mendelian. The extent of anomolous inheritance 
needs to be determined. Genetic analysis of single-oospore progeny of a 
mating of field isolates of P. infestuns (Ca65 from California and 550 from 
Mexico) using an isozyme marker, glucosephosphate isomerase, indicated that 
some of the progeny could be “selfs” of one or the other parent. Subsequent 
analysis with 19 single-gene RFLP markers confirmed that some “selfs” were 
actually parental in genotype, indicating a failure of meiosis and fertilization. 
True selfs, products of automyxis, were also detected. Hybridity in the majority 
of progeny was confirmed by using a probe homozygous in each parent and 
heterozygous in hybrid progeny; however, some progeny were partial hybrids 
that inherited some but not other markers from each parent. Using RFLP 
markers heterozygous in one parent and homozygous in the other, 48 of the 
progeny appeared to be diploids inheriting one allele from each parent; a 
linkage analysis of these detected five small linkage groups. 

However, 28 progeny showed a more intense Southern hybridization of 
one fragment (allele) to a probe than of the other fragment (allele), suggesting 
three copies of that gene and three copies of the relevant chromosome. 
Confirmation that some of the progeny carried three alleles of a locus comes 
from the use of probes identifying two alleles in one parent, a unique allele in 
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the other parent, and all three in some of these progeny. In addition to pre- 
sumptive trisomics, triploid progeny, inheriting an extra allele at all loci at 
which this could be detected, were identified. As expected, progeny inherited 
their mtDNA from either Ca65 (type 11) or 550 (type I). Most of the presump- 
tive trisomics inherited mtDNA from Ca65 and also derived their extra allele 
from that parent. All trisomics inheriting their extra allele from 550 also inher- 
ited their mtDNA from 550. If mtDNA is transmitted through the oogonium 
to each zygote, then the oogonial gametic nucleus was disomic. This suggests 
that nondisjunctional events tend to occur during oogonial meiosis. Whether 
these anomalies are a common feature of sexual crosses ofP. infesfuns requires 
clarification. There is obviously a need to choose parents for future genetic 
work which yield a high proportion of diploid hybrids among the progeny. 

4. PRACTICE 

A. Experimental Approach 

The experiment will investigate the inheritance of mitochondria1 and RAPD 
markers in single-oospore progeny of a mating of diploid parents. Parental, 
selfed, hybrid, and partially hybrid progeny will be identified. Suitable parents 
are established as single-zoospore isolates. Hyphal inocula of both parents are 
placed on streptomycin agar to select for resistant sectors. A stable streptomycin- 
resistant mutant is mated to the compatible wild-type on nutrient agar. Oospores 
are harvested and plated to allow germination. Single germinated oospores 
are isolated, and a progeny of around 100 individuals is established; their 
streptomycin resistance/sensitivity is assessed. DNA from each parent is am- 
plified with one of a number of 10-mer primers to identify polymorphisms. 
Inheritance of polymorphic bands in progeny should indicate if they are 
parental, selfs, hybrids or partial hybrids (see Figure 1). 

B. SchemeFlow Chart 

Isolation 

Selection of streptomycin resistance 

Single-zoospore isolation 

Mating and harvest of oospores 

Germination of oospores 
L 

Establishment of F, progeny 

3- 

L 

J 

L 



Figure DNA amplified  from parents (lanes and 3) and  progeny (lanes 
using primer OPG14. The two smallest  fragments are clearly  polymorphic  and are each 
heterozygous in one parent. Progeny lanes 4 and 13 are obviously  hybrid.  Some  of 
the larger  fragments  also show  less  obvious RAF'D in parents and  progeny.  Several 
primers  detecting  heterozygous loci are usually required to distinguish  all  hybrids from 
nonhybrids.  Photograph  kindly  supplied by R. Maufrand. 

C. Materials Needed 

Isolates .b 

Compatible  field  isolates  from  Mexico  should  make  useful  diploid  parents; 
other isolates  should  have the DNA contents of their  zoospore  nuclei  checked 

microdensitometry or fluorimetry. 

Culture 
Rye agar is  used for routine  cultivation. Sixty grams of whole  rye  grains are 
soaked  in  0.5 Lwater for 36 h. The liquid is retained  and the grains are macer- 
ated and  incubated at 50"Cfor 3 h. The malted  mash  is  squeezed  through  nylon 
mesh or cheesecloth  (discard solids); add the retained  liquid, 20 g  glucose,  and 
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12 g agar. The volume is made up to 1 L before autoclaving. V8-agar is used 
for mating. One liter contains 200 mL V8 juice (Campbell’s), 2 g CaC03, and 
12 g agar. 

Incubation 
The optimal temperature for growth is 18°C. 

D. Experimental Procedure 

1. Selection of streptomycin resistance in parental isolates. Having 
established the minimum concentration that inhibits growth of hyphal inocula 
on rye agar (probably around 100 puglmL), inoculate plates of streptomycin 
agar with plugs of hyphal inocula (four per plate). Incubate and inspect plates 
at weekly intervals for fast-growing sectors arising from plugs. Isolate single- 
zoospore germlings from sectors and check that they are stably resistant to 
streptomycin after growth without the antibiotic. Choose a highly resistant 
mutant from one or the other parent to act as a mitochondria1 marker. 

2. Establishment of progeny. Mate resistant x sensitive parents on V8- 
agar by inoculating a hyphal plug of one parent onto each half of a plate; seal 
plate with parafilm. Oospores will develop along the midline of contact of the 
parents within 2 days of meeting. Allow oospores to mature for 3 weeks, Cut 
out a slab of agar bearing most of the oospores, slice it roughly, and blend in 
a laboratory homogenizer or hand-held tissue grinder until oospores are freed 
from agar and subtending hyphae. Wash spores in sterile distilled water 
(SDW), treat the spore suspension overnight with NovoZym 234 (5 mg/mL), 
and wash again in SDW. Spores in suspension, uncontaminated with viable 
hyphae, are plated on 0.8% soft-water agar (approx. 1000 spores per plate) 
and incubated under continuous fluorescent light. Inspect spores for the 
formation of germ tubes (with or without terminal gemsporangia) each day, 
cut out single germlings on a blocWdisc of agar, and transfer each to a plate or 
Repli-dish of rye agar. 

3. Test progeny for inheritance of streptomycin resistance by comparing 
the growth of each with that of the parents on rye agar, with and without 
streptomycin. 

4. DNA extraction from parents and progeny. Cut out a patch of my- 
celium (approx. 1 cm’) and boil for 5 min in 300 p L  extraction buffer (0.2 M 
Tris, 0.25 M NaCI, 25 mM EDTA [pH8], 2% SDS). Add 300pLphenol,vortex 
20 sec, then spin down. Add 5 p L  of RNAase (10 pg/mL) to supernatant and 
incubate for 30 min at 37°C. Add 1 vol ch1oroform:isoamyl alcohol and spin. 
Spin aqueous layer again. Precipitate the DNA with 0.5 vol isopropanol and 
spin down. Wash the pellet with 300pL ethanol, vacuum dry, and dissolve in 
50 p L  TE. 
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5. Characterization of RAPDs markers [23a]. Amplification is per- 
formed in volumes of 25 pL overlaid with 25 pL  of light mineral oil. The 
reaction contained 10 mM Tns-HCI (pH 9), 50 mM KCI, 2 mM MgCI2, 1% 
Triton X-100,0.5% Tween 20,100 ~ L M  of each dNTP, 0.75 units Taq polym- 
erase (Promega), 5 picamols of 10-mer primer (Operon) and 25-50 nggenomic 
DNA. Consistent PCR amplifications are produced with a Hybaid Omni-cy- 
cler using 35 cycles of 15 sec at 94"C, 30 sec at 35"C, 1 min at 72°C; the first 
denaturation is for 30 sec and the last extension at 72°C foi J min. Amplifica- 
tion products (2-3 FL reaction mix) are separated by electrophoresis in 1.6% 
agarose gels. 

5. QUESTIONS AND EXTENSIONS 

Initial analysis should allow characterization of the progeny as parental, as 
selfs (automixis of one parent), or as hybrids, having RAPD bands from both 
parents. If parents show a polymorphism of mtDNA, the uniparental, mito- 
chondrial inheritance of the streptomycin marker should be verified by testing 
its cosegregation with the mitochondria1 marker [35]. This is most efficiently 
carried out by amplifying and restricting the polymorphic segments of mtDNA 
using specific 20-mer primers (G. W. Griffith and D. S. Shaw, unpublished). 
Further analysis of hybrids for anomalies in chromosomal transmission is best 
done with RFLP probes. Single-copy probes selected from genomic libraries 
are available from Bangor or Wageningen (Dr. F. Govers) or can be selected 
from single-copy RAPD bands (see Chapter 16). Probes identifying two 
unique alleles of one locus in one or both parents are particularly useful for 
identifying triploid or aneuploid progeny. Cotransmission of mtDNA and an 
extra allele from one parent can then be assessed to determine if meiosis in 
oogonia is particularly prone to aberration. A range of diploid parents from 
different sources should be analyzed to find out if anomalies are confined to 
certain crosses (e.g., Californian x Mexican parents) or may be a product of 
the multinucleate nature of oomycetous gametangia and/or the high plasticity 
of karyotype as revealed by variations in DNA contents of field isolates. 

Inheritance should be analyzed in matings of A1 and A2 isolates from 
the same geographic area outside Mexico, where isolates are often hyperploid. 
Are their progeny more anomolous than progeny from Mexican matings? Are 
hyperploid progeny pathogenic and would they survive in the field? 

Matings of the dioecious Pyfhium sylvuticum also show large amounts of 
unexpected variation [23]. RAPD and RFLP markers show anomalous inheri- 
tance, and electrophoretic kalyotypes of parents and particularly of progeny 
are variable, suggesting that nondisjunction and/or translocation at meiosis is 
common. This genome also seems flexible enough to tolerate aneuploidy. 
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Phyfophfhoru sojae also has a well-defined gene-for-gene interaction of 
avirulence loci in the pathogen and resistance loci in the soya bean host. In this 
homothallic species, “mating” of two parents has produced an F, that included 
about 3% hybrid progeny (identified by RAPD markers). Markers linked to 
avirulence are being identified in the segregating F2 progeny [33]. An advan- 
tage of homothallic species is that they are unlikely to suffer from the inbreed- 
ing noted in second-generation progenies of heterothallic species [29]. 
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