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Introduction ‘Horizontal Transfer of Genetic
Elements in the black Aspergilli’.

In the next paragraphs different aspects of the “horizontal transfer of genetic elements
in the black Aspergilli’ are introduced. First, horizontal transfer and its consequences for
populations are discussed. Then the model species in these investigations, the black
Aspergilli which form a complex of asexual filamentous fungi, are iniroduced. Heterokaryon
incompatibility between strains forms a potential barrier to horizontal transfer. Next,
different genetic elements are considered that may be transmitted in a horizontal way.
Finally the outline of this thesis is described.

1.1 Population level consequences of horizontal transfer.

Two modes of transmission of genetic material can be distinguished: the vertical
transmission of parent to {sexual and asexual) offspring and the horizontal (or lateral)
transfer between two, not necessarily related, individuals. Genetic elements with exclusive
vertical inheritance are not expected to become more frequent in a population uniess they
enhance the fitness (survival and/or reproducibility) of their host and are thus selected or
show meiotic drive or biased segregation. Vertically transmitted elements which are neutral
for their hosts will either get lost by genetic drift or get fixed, and those with deleterious
effects would be selected against and almost always removed from the population.

Horizontal transfer of genetic information is of evolutionary importance since it leads
to non-adaptive evolution; DNA or RNA sequences that have both vertical and horizontal
transmission have the potential to increase in the population, even when they decrease the
fitness of their host. Horizontal transfer may also lead to genetic recombination and this may
be particularly important for organisms in which sexual recombination is absent or
negligible. In bacteria, several mechanisms are known to facilitate horizontal transfer of
genetic information: Transduction is bacteriophage mediated transfer, Transformation
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involves the direct uptake of DNA-molecules and Corjugation involves the union of two
bacterial cells.

The role of horizontal transfer in prokaryotes has now been well established, but the
importance and extent of horizontal transmission in natural populations of filamentous fungi
is not yet clear. Filamentous fungi also possess a potential mechanism for horizontal transfer:
the ability to form anastomoses, making direct cytoplasmic contact between different
hyphae. The formation via anastomoses of heteroplasmons (mixed cytoplasms),
heterokaryons (mixed cytoplasms with different nuclei) and a (transient) diploid mycelium
that after haploidisation results in haploids again is called the parasexual cycle. During the
parasexual cycle mitotic recombination can lead to exchange of parts of chromosomes, and
haploidisation of formed diploids can lead to reassortment of the chromosomes. Cytoplasmic
elements may also recombine or be exchanged. Such a ‘parasexual’ recombination could be
an important nuclear and cytoplasmic recombination mechanism for imperfect (asexual)
fungi (Pontecorvo, 1956). It is, however, unknown to what extent the parasexual cycle that
can be induced in the laboratory is a relevant event in nature. The formation of anastomoses
depends on the heterokaryon compatibility between the mycelia involved (see §1.3).
Incompatibility and the inability to produce viable heterokaryons protects the genetic
integrity of the fungal individual and prevents the invasion of foreign genetic material,

This project aimed at elucidating rates of horizontal transfer in populations of the
imperfect black Aspergilli This complex of asexual fungi is introduced in the next
paragraph. The heterokarvon (in)compatibility mechanisms that regulate the formation of
anastomoses between mycelia, are introduced in paragraph 1.3. Paragraph 1.4 gives a list of
possible genetic elements that may be transferred horizontally in a population. The
concluding paragraph gives an outline of this thesis.

1.2 The black Aspergilli.

The name Aspergillus was introduced by Micheli in 1729 for moulds with a characteristic
aspersory-(mop)-like organisation of the conidiophore with spores (c.f. Raper and Fennel,
1965). The first black-spored Aspergillus, ‘Aspergillus niger’, was described by van Tieghem in
1867 as a fungus capable of using the plant polymer tannin as carbon source.

Over the years, several Aspergilli tumed out to show the characteristic black pigmentation
of conidial heads, see Figure 1.1. On the basis of morphological data three main groups can be
distinguished; an A. carbonarius group, an A. japonicus/A. aculeatus group and a group
centered around the most prevalent member, 4. niger (the ‘4. niger aggregate’) (Raper and
Fennel, 1965), On the basis of molecular analyses using (ribosomal/mitochondrial) Restriction
Fragment Length Polymorphisms (RFLPs), isozymes and Random Amplification of

10




Introduction

black Aspergiiii
morphology : A. carbonarius A. niger aggregate A. japonicus Saito
(Bain.)Thom around /

A. niger Van Tieghem A. aculeatus lizuka
sterigmata® biseriate biseriate single
conidia®: large, relatively smatl echinulate

multinucleate
RFLP: A A A.
niger tubingensis | brasiliensis
RFLP: Cl-C2* 1-r® 111°° Jbe
mitRFLP: Clab&C2° la-le? 2a-2f¢ 3¢ J1-17¢

Figure 1.1 Schematic view of recognisable types within the group of the black Aspergilli on basis of morphological
and ribosomal and mitochondrial RFLP data. ® Raper and Fennel, 1965. ®) Kusters-van Someren et af, 1991;
Mégnégneau et al , 1993. %) Kevei et al, 1996. %) Varga et al, 1993; 1994a. ©) Hamari et al., 1997.

conidiospore hyphae - mycelium

'
-
[ ]
Asexual Homokaryons
Parasexual L
conidiospores
sterigmata
conidiophore

@ footcell

Heterokaryon / Heteroplasmon

Figure 1.2 The asexual and parasexual life cycles of a black Aspergiflus.
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Polymorphic DNA (RAPDs) this A. niger aggregate can be further divided into two main
groups A. niger and A. tubingensis and a smaller group 4. brasiliensis (Kusters-van Someren et
al. 1991, Mégnégneau et al., 1993, Varga et al. 1993, 1994a).

The black Aspergiili are asexual, but under laboratory conditions vegetatively compatible
strains can form heterozygous somatic diploids. Mitotic recombinants can be obtained via the
so-called parasexual cycle (Pontecorvo et al, 1953} (Figure 1.2). However, vegetative
compatibility between natural isolates appears to be rare and it is unknown whether and to what
extent parasexual recombination occurs in natural populations. For A. niger a mitotic map has
been constructed by exploiting the parasexual cycle and an electrophoretic karyotype have been
determined, recognising eight linkage groups (Debets ef of., 1990b; 1993; Verdoes et al., 1994)

The black Aspergilli occur world-wide with a slight preference for tropical and subtropical
areas (Rippel 1939, Raper & Fennel 1965, Domsch er a/. 1980).The spores are distributed by
air and the fungi - sometimes called soilborne - can be isolated from a large variety of
substrates. The black Aspergilii are very versatile in their metabolism and are widely used in
industry for the production of organic acids, enzymes and food fermentations (Lockwood,
1975; Underkofler, 1976; Wood, 1977). The widely used 4. niger has a GRAS-status
(Generally Recognised as Safe; US Food and Drug Administration), but occasionally plant and
animal pathogenic strains are found. Some of the animalhuman pathogenic Aspergifli are
suggested to be infectiously transmitted (Polkey er af., 1993).

1.3 Heterokaryon incompatibility, a potential barrier to horizontal transfer.

The first step in the parasexual cycle is the formation of a heteroplasmon-heterokaryon
after anastomosis between hyphae of different strains. In many ascomycete fungi (see e.g.
Glass and Kuldau, 1992; Leslie, 1993) this is controiled by heterokaryon (somatic or
vegetative} incompatibility reactions. Prevention of the formation of s stable heteroplasmon
may preclude horizontal transfer of genetic elements. Heterokaryon incompatibility in fungi
can be studied in several ways (for examples see Fincham et al. 1979; Jennings and Rayner
1984; Perkins 1988; Glass and Kuldau 1992). The two most common phenotypes of
heterokaryon incompatibility are the formation of a barrage, a zone of dying hyphae
between mycelia (e.g. Rizet, 1952; Perkins, 1988) and the inability to form a prototrophic
heterokaryon under forcing conditions. Often, complementation between different nitrate
non-utilizing mutants is used to test for such prototrophic heterokaryon formation (Cove
1976, Correl et al. 1987; Joaquim and Rowe 1990; Brooker ef al. 1991).

Leslie and Zeller (1996) have proposed a simple model distinguishing four different
steps in a heterokaryon (in)compatibility reaction (see Figure 1.3). The initial pre-fusion step
is under the control of genes like those involved in pheromone production and receptors and
genes that can be involved in heterokaryon self-incompatibility (Asi). The actual fusion step
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is controlled by self/non-self recognition genes like some Aeferokaryon incompatibility genes
(het). After fusion the cascade of reactions from non-self recognition to cell death may be
influenced by several genes among which suppressor-genes, modifying the signal. Finally
apoptotic genes lead to cell death.

SelffNon-Self Maintenance/
Initiation Recognition Signalling Rejection
[ Pre-Fusion | = | Fusion | = [ Post-Fusion | - [ Apoptosis |
hsi-genes het-genes sup-genes Apoptotic genes

Figure 1.3 A simplified model identifying different steps in the heterokaryon incompatibility interaction process
and genes that may be associated with these steps according to Leslie and Zeller (1996).

Absence of pre-fusion self-recognition or heterokaryon self-incompatibility has been
found in several fungal species. In Rhizoctonia solani, non-self-anastomosing strains are a
common phenomenon and are assumed to play a role in the decline of the disease caused by
the fungus in monoculture (Hyakumachi & Ui, 1987). In several Fusarium species
heterokaryon self-incompatible strains are regularly found and make wp 1-2% of natural
populations. These strains lack the ability to form heterokaryons with themselves and usvally
also with other strains (Correll et al., 1989; Jacobson and Gordon, 1990; Campbell et ai.,
1992; Hawthorne & Rees-George, 1996). In these strains hyphal branching per se does not
appear to be affected but the number of hyphal fusions is drastically reduced.

Most genetic analysis has been done on the Aef-genes in several sexual ascomycetes.
Here, both allelic and non-allelic Aet-gene systems have been found to be involved. In allelic
systems an allelic difference between two strains at one her-locus is sufficient to cause an
incompatibility reaction. In non-allelic interactions differences at two separate loci result in
incompatibility (for a scheme see Bégueret et al, 1994). The number of Aer genes in a
population determines the number of vegetative compatibility groups (VCGs), within which
heterokaryons can be readily formed. In a population with 10 bi-allelic ser genes, in theory
at least 2'° VCGs are possible. VCGs can serve as a natural means to subdivide populations
of fungi that spend a large fraction of their life cycle reproducing asexually (Leslie and
Klein, 1996). If selection acts to maintain a large number of VCGs within a population,
either to reduce the spread of infectious elements (Caten, 1972; Hartl ef al., 1975; Nauta and
Hoekstra, 1995) or due to values of individualism (Rayner, 1991), the frequency dependent
selection may play an important role in maintaining many VCGs and heterozygous Aet loci
in the population (Glass ef al., 1998; Wu ef al., 1998).

Some genes influencing the post fusion reactions have been identified. In N. crassa a
number of ‘post fusion gene’ mutations can override heteroallelic incompatibility reactions
at one or more het loci (Newmeyer, 1970; Arganoza ef al., 1994). In P. anserina mod genes
were found that can inhibit allelic and/or non-allelic incompatibility genes (Boucherie and
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Bemet, 1974; Durrens and Bernet, 1982; Bernet, 1992). Other mutations result in broader
vegetative compatibility (Podospora: Bourges ef al., 1996; Neurospora: Jacobson et al.,
1995; Fusarium: Kuhn et al., 1996; Zeller and Leslie, 1996). The final cell death is probably
caused by proteases and cellulytic enzymes and their regulators in a characteristic manner
that is conserved across plant and animal kingdoms (Wang et al., 1996).

Many genes and processes are involved in the heterokaryon incompatibility reactions
and also the strength of the reaction may vary (and thus also transfer possibilities could
vary). Partial het-genes were identified in A. nidulans strains showing a weak heterokaryon
by Coenen and co-workers (1994). Heterokaryons that result from proteplast fusions of
otherwise vegetatively incompatible strains are often quite different from similar
heterokaryons formed following hyphal anastomoses (Adams er al., 1987; Stasz ef al., 1989,
Molndr et af, 1990). This indicates that some of these heterokaryon incompatibility
reactions are based on cell wall or cell membrane components. Other reactions involve
cytoplasmic components because in some instances mixing of cytoplasms leads to cell death
(Wilson et al., 1961; Williams and Wilson, 1966; Typas, 1983).

In Aspergilli, often no clear phenotypic heterokaryon incompatibility reactions can be
observed, perhaps due to a low frequency of anastomoses. Nothing is known about the
genetics of heterokaryon incompatibility in the black Aspergilli, because genetic analysis is
difficult in this asexual species complex. The incompatibility is generally assumed to be
similar to that in related sexual ascomycetes (mediated by het-genes etc.). In the Aspergilli
complementation of different nitrate non-utilising mutants can be used as test for
heterokaryon compatibility (Cove, 1976; Debets er al., 1990). In species like 4. nidulans,
heterokaryon incompatibility can (partly) be overcome through the use of intraspecies
protoplast fusion (Dales and Croft, 1977; Ferenczy et al, 1977, Peberdy and Ferenczy,
1985). Coenen (1997) selected some het-gene suppressors in A nidulans. Interspecies
protoplast fusions between different Aspergillus species have also been successful in some
cases (e.g. Bradshaw et af., 1983; Kevei and Peberdy, 1984; Liang and Chen, 1987). Horn
and Greene (1995} found heterokaryon self-incompatibility in two imperfect Aspergillus
species: Aspergillus flavus and Aspergillus parasiticus.

1.4 Genetic elements that may be transmitted horizontally.

In this paragraph four different classes of genetic elements that may show horizontal
transmission are discussed. The first class is the mitochondria. The second consists of the
plasmids that in filamentous fungi are located in the mitochondria, although some nuclear
and cytoplasmic plasmids have been found in yeasts. Some of the plasmids resemble mobile
introns. The third type of elements discussed are nuclear transposable genetic elements.
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Finally mycoviruses are discussed that are normally found in the cytoplasm, though some are
associated with the mitochondria as well.

1.4.1 Mitochondria.

In eukaryotes the mitochondria are the site of ATP synthesis and the citric acid cycle.
They contain circular double-stranded DNA genomes (mtDNA). The evolutionary origin of
the mitochondrion is probably as an endosymbiontic prokaryote (Margulis, 1970; 1981;
Gray et al., 1984; Yang et al., 1984; Cedergen et al,, 1988). In the course of evolution most
of the genes of the mitochondrial genome have been transferred to the nucleus. Although the
coding capacity of the mtDNA is rather conservative, remarkable size differences in mtDNA
are observed in fungi ranging from a minimal size of about 17 kb in the yeast
Schizosaccharomyces pombe (Zimmer et al., 1984) to about 176 kb in Agaricus bisporus
(Hintz et al., 1985).

MtDNAs generally do not recombine because of their strictly uniparental inheritance
(Birky 1978, 1983, 1994). In most sexual eukaryotes the mitochondria are inherited
maternally, in asexuals transfer is clonal. However, low levels of paternal transmission
(paternal leakage) have been described in Armiliaria species (Smith et al, 1990). Various
mechanisms have been proposed to explain the predominantly uniparental transmission of
mitochondria in sexunal crosses: (1) an active digestion or methylation-restriction model,
involving a post-fusion killing effect; (2) selective silencing of mitochondria of one of the
parents; (3) a multicopy model with unequal numbers of mitochondria of the parents and (4)
a special kind of anisogamy (Birky, 1994).

Recombination of mtDNA during the parasexual cycle was described for heterokaryon
compatible Aspergilius nidulans strains (Rowlands and Turner, 1974, 1975). Also in other
laboratory studies on fungi and in natural populations of Armillaria gallica recombination in
miDNA has been observed (Saville et al, 1998). Mitochondrial transmission and
recombination can also occur after protoplast fusion between heterokaryon incompatible A.
nidulans strains and closely related species belonging to the section Nidulantes { Croft et al.,
1980; Earl et al., 1981; Turner et al., 1982; Croft and Dales, 1983, 1984; Gams ef al., 1985).
The mixed mitochondrial population in heterokaryotic cells rapidly stabilised as
homoplasmons (Croft et al., 1980; Earl ef af, 1981). In (natural) isolates of A. nidulans no
mtDNA (RFLP) polymorphisms were detected (Croft, 1987; Coenen et al., 1996).

In the black Aspergilli the mtDNA restriction patterns show considerable variation. The
mitochondrial genomes of both A. carbonarius and A. japonicus (~50 kb) are larger than
those of the other black Aspergilli (~30-35 kb) (Varga et al,, 1994a). With mitochondrial
RFLPs at least 3 distinct A. carbonarius types, 5 A. niger types, 6 A. tubingensis types, a A.
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brasiliensis type and 7 types A. japonicus/A. aculeatus can be recognised (see Figure 1.1)
(Varga et al., 1993; 1994a; Kevei et al., 1996, Hamari et al., 1997).

To enable the study of mitochondrial recombination and transfer a mitochondrial
oligomycin resistance has been selected in an 4. niger culture collection strain N402 (mt-
type la). Via protoplast fusions resistant mitochondrial recombinants and rare transfer of an
unchanged parental mtRFLP profile from haplotype la to different black Aspergillus ( 1, 2
and 3) types could be selected (Kevei ef al. 1997). Some of these strains could be used for
anastomoses with nuclear isogenic oligomycin-sensitive strains. Spontaneous mitochondrial
recombination was found in compatible combinations of strains. The mixed mitochondrial
populations seemed to influence the compatibility reactions negatively: heterokaryon
compatible strains with different mitochondria resulted less frequently in heterokaryons,
which also showed poor growth in comparison to the control (Téth et al. 1998).

1.4.2 Plasmids

Plasmids are (autonomously replicating) extrachromosomal DNA molecules, They
replicate separately from the genome, but some can integrate covalently into the genome and
replicate as part of genomic DNA. In 1967 the first plasmids were discovered in yeast; since
the 80s they have been found in filamentous fungi as well. Since then plasmids are known to
be relatively common in bacteria and fungi, whereas they occur rarely in plants and not at all
in animals (Hardy, 1981; Esser ef af., 1986).

In fungi two types of plasmids are found: circular (covalently closed) and linear
double-stranded DNA plasmids. Nearly all discovered plasmids, especially those in
filamentous fungi, are located in the mitochondria (for reviews see Griffiths, 1995;
Kempken, 1995b; Meinhardt et al., 1990). So far the only natural nuclear plasmids found
were the 2 pm plasmid of Saccharomyces cerevisiae and similar plasmids in related yeasts
and the Ddp1 plasmid of the slime mould Dictyostelium discoideum (Esser et al., 1986). The
killer-plasmids in Khuyveromyces lactis are cytoplasmic,

The linear plasmids share several features: They code for both a DNA-polymerase and
a RNA polymerase and contain terminal inverted repeats (TIRs), and are protected at their 5°
ends by proteins. The DNA-polymerase is most similar to viral DNA polymerases. The
RNA-polymerase in the mitochondrial plasmids resembles a bacteriophage RNA polymerase
(possibly a remnant from the endosymbiotic origin of mitochondria). Also the TIRs are
reminiscent of the genomes of some DNA viruses (Griffiths, 1995, Kempken, 1995b,
Meinhardt et al., 1990). The replication of the circular plasmids may involve a rolling circle
mechanism, which would use a DNA polymerase, However, the circular Mauriceville
plasmid in Neurospora was found to code for a reverse transcriptase (Michel and Lang,
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1985) and could be a mobile intron, capable of insertion by reverse transcription, a property
shared by retrotransposons (Lambowitz, 1989; Griffiths, 1995).

Little is known about the effects of plasmids on their host’s phenotype. Exceptions are
the linear and circular plasmids that by integrating into the mitochondrial genome cause
senescence (or are associated with longevity) in Neurospora sp. and Podospora anserina and
the killer-plasmids in K. Jactis. However, for most plasmids no measurable effects have been
observed yet, neither a negative effect caused by the genetic or metabolic burden placed on
the host’s mycelium, nor any selective advantage (Griffiths, 1995).

Transfer of the mitochondrial plasmids is generally together with the mitochondria and
mitochondrial genome to the (sexual) offspring. Some paternal leakage of mitochondria and
plasmids can occur and plasmids can also enter via the cytoplasmic ‘back door’ after
anastomoses between mycelia (Van der Gaag et al., 1998; Debets and Griffiths, 1998). In
Neurospora plasmid-specific suppression mechanisms have been found in sexual crosses
(Griffiths er af., 1992). Between heterokaryon compatible Newrospora strains horizontal
intermycelial transmission of plasmids occurs readily, but incompatibility slows this transfer
(Griffiths et al., 1990, Debets et al., 1994). At asexual spore formation occasionally plasmids
may fail to get included into a spore.

Some of the plasmids are widely distributed both within and between species. This
could be due to vertical descent, but paternal transmission and herizontal transfer may also
contribute. In some of the possible cases of horizontal transfer, the considerable amount of
variation in related plasmids indicates that these transfers did not occur recently (Griffiths er
al., 1990; Collins and Saville, 1990; Kempken, 1995b). Most of the different plasmids were
found to be distributed in pattemns that were statistically independent, suggesting that the
plasmids are freely mobile and can take up any association and coexist (Griffiths, 1995). An
exception to the free distribution is the circular (satellite or defective) Neuwrospora plasmid
VS that depends on the Varkud plasmid for its replication (Griffiths 1995). Griffiths and
Yang (1995) have shown that circular and linear plasmids may recombine with one another.

In Aspergillus so far no natural plasmids have been detected, but ‘artificial’ plasmids
have been obtained. Cloning vectors used to transform filamentous fungi are generally
bacterial plasmids into which fungal genes have been inserted to act as selectable markers.
Recently, a 6.1 inverted repeat sequence AMAL (Autonomously Maintained in Aspergillus)
has been isolated from A. nidwlans. This AMAI confers autonomous replication on plasmids
that are normally strictly integrative (Gems ef al, 1991). Plasmids containing the AMAI
sequence increase the transformation frequency significantly in both A. nidulans (Gems et
al., 1991; Gems and Clutterbuck, 1993) and 4. niger (Verdoes et al., 1994). This laboratory-
derived autonomously replicating (AR) plasmid (pAB4-ARpl)} is confined to the nucleus
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and appears to be mitotically highly unstable (Gems ez al., 1991; Verdoes et al., 1994). In
heterckaryons of A. nidulans and A. niger the AR plasmid can be transferred between nuclei
{Aleksenko and Clutterbuck, 1995; Debets, 1998). Transfer could occur via the cytoplasm or
perhaps more likely via transient contact between (dissimilar) nuclei (Debets, 1998). The
described rate of AR plasmid transfer between nuclei indicates that when heterokaryons are
formed exchanges between nuclei may occur very frequently.

1.4.3 Transposable Genetic Elements.

Transposable genetic elements are recently discovered mobile genetic units that can
insert into a chromosome, exit and relocate. Transposable elements include insertion
sequences, transposons, some phages, and controlling elements. They are ubiquitous in both
prokaryotic and eukaryotic organisms and are a common cause of spontaneous genetic
changes that can have wide ranging effects on the biology of the organisms (Déring and
Starlinger, 1986; Green, 1988; Smith and Corces, 1991; McDonald 1993). Since the *90’s
functional transposable elements have been detected in fungi, especially in field isolates of
phytopathogenic fungi characterised by a high level of genetic variability (Kistler and Miao,
1992; Dobinson and Hamer, 1993). The genetic variability observed in the asexual Fusarium
oxysporum species has been postulated to be caused by the activity of transposable elements,
of which many different types have been detected in the species (Daboussi et al., 1992).
Many authors suggest that the ubiquitous presence of transposable elements reflects a role in
the speciation and adaptation of natural populations (review: McDonald, 1992).

The transposable elements are divided into two major classes based on their mode of
propagation (Finnegan, 1989). The class I elements transpose by reverse transcription of an
RNA intermediate. This class is subdivided into the retrotransposon\s, which have long
terminal repeats (LTRs}, and the LINE and SINE-like (Long and Short Interspersed Nuclear
Elements) group of retroelements without LTRs. The second class of transposable elements
transpose by a DNA-DNA mechanism and can be divided into elements with short inverted
terminal repeats (ITRs) and elements with ITRs of variable length. Representatives of both
classes of transposable elements are found in fungi. Some examples are listed in Table 1.1.

The two major strategies used to identify the transposable elements in fungi are (1) the
characterisation of dispersed repetitive sequences and (2) the molecular analysis of
spontaneous (instable) mutants. The former technique led to the identification of mainly
retrotransposons and retroelements, whereas most of the class 11 DNA transposon of
different types have been isolated after transposition in the nitrate reductase structural gene
niaD.
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Table 1.1 Classification of different transposable elements and some examples found in fungi.

Transposable elements
Class 1 Class I
reverse franscription via RNA transcription via DNA-DNA mechanism
Retrotransposons LINE elements with
{with Long Terminal Repeats) Long Interspersed Nuclear short ITRs
Elements {Inverted Terminal Repeats)
Foret - F. oxysporum Tad - Neurospora crassa impala - F, oxysporum (Tcl/mariner
(Julien et al., 1992) {Hamer et al., 1989) superfamily) (Langin ¢ al., 1994)
grh - Magnaporthe grisea Paim - F. oxysporum Antl - A. niger (Tcl/mariner
(Dobinson ef al., 1993) {Mouyna et al., 1996) superfamily) (Glayzer et al., 1995)
CfT-1 - Cladosporium fulvum SINE Fotl - F. oxysporum (Fotl family)
(McHale er al., 1989, 1992) Short Interspersed Nuclear (Daboussi et al., 1992)
Afuil - Aspergillus fumigatus Elements Pot! - M. grisea (Fotl family)
(Neuvéglise et al., 1996) MGSRI and Mg-SINE - M. grisea (Kachroo er al., 1994)
(Sone et al,, 1993, Kachroo ef
al., 1995).

Transposable elements have the ability to induce mutations due to their transposition.

They can promote changes in gene expression, in gene sequence and probably in
chromosome structure (Berg and Howe, 1989). In N. crassa insertion of the Tad element
may create an unstable allele (Cambareri et al., 1996). An alteration of transcription in the
target gene was also demonstrated in F. oxysporum with the insertion of Fotl in the niaD
gene (Daboussi and Langin, 1994). Fot! may also leave a footprint of two or three base
pairs, leading to an often disfunctional protein due to frameshifts or an extra amino acid in
the protein (Daboussi ef al., 1992). Karyotypes of fungi can be quite variable in several plant
and human pathogens (Skinner et al., 1991; Kistler and Miao, 1992). The translocations,
deletions and duplications involved may be caused by inter- and intrachromosomal ectopic
exchanges between transposable elements (Daboussi, 1996). So far in fungi only a small part
of the existing transposable elements and the genome variation caused by them seem to have
been detected. In F. oxysporum seven families have been identified, some of which seem
concentrated in different genomic regions where they appear intermingled with and nested in
other functional and degenerate transposable elements (Hua-Van et a/., 1998).
In some (sexual) species silencing processes may control the activity of transposable
elements - of course sex and karyogamy may be the causes of infection. The Repeat-Induced
Point mutation (RIP) process in N, crassa (Selker and Stevens, 1985; Selker ef al., 1993) and
the Methylation Induced Premeiotically (MIP) process in Ascobolus immersus (Goyon and
Faugeron, 1989; Rhounim et af,, 1992} deactivate linked and unlinked duplicated sequences.
Species without sexual reproduction (and with strict vegetative incompatibility) may avoid
transposable elements and may not need silencing processes.

Transfer of transposable elements may occur vertically as well as horizontally. The
phylogenetic analysis of retrotransposons of the gypsy class shows that transmission of
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transposable elements occurs vertically from parent to offspring, since a common ancestor of
fungi obviously had retrotransposons {Daboussi, 1996). Some sporadic distributions of
transposable elements in species or subgroups and similarities between elements in distant
species indicate that horizontal transmission can occur as well (Kinsey, 1990a; Dobinson et
al., 1993; Capy et al., 1994, Daboussi and Langin, 1994; Kempken et al., 1998).

In A. niger three transposable elements have recently been isolated. The first, 4. niger
transposon-1 (Antl) was isolated via transposon trapping within the coding region of the
nitrate reductase gene (niaD) of A. niger strain N402 (Glayzer et al., 1995). The element had
inserted at a TA site and had duplicated the target site upon insertion. The element is 4798
bp long and contains 37 bp inverted, imperfect terminal repeats (ITRs). Sequence homology
and structural features of the ORF1 open reading frame indicated that the element is related
to the Tcl/mariner group of DNA transposons. Another sequence within the central region
of the element showed similarity to the 3’ coding and downstream untranslated region of the
amyA gene of A. niger. Ant] was present as a single copy in the laboratory strain N402.
Obviously this mobile transposon can change gene activities by insertion and by leaving
(TA) footprints. It may also have the ability to transfer (parts of) nuclear genes.

The Vader transposable element was identified as well by screening unstable niaD
mutants (Amutan et a/.,, 1996).The examined A. niger var. awamori strain used harboured
approximately 15 copies of this element. Vader is 437 bp long and flanked by 44 bp inverted
repeats (IR). Like Ani!, insertion of the Vader element causes a 2 bp (TA) duplication of the
target sequence. The AT-rich Vader does not contain an open reading frame and hence it is
deduced that the mobility of Vader is dependent upon a transposase activity present
elsewhere in the genome.

The search for a transposase for the Vader element resulted in the discovery of a third
transposable element: transposon 4. niger-1 (Tanl) (Nyysstnen ef al., 1996). Tan! provides
the transposase activity for the numerous mobile copies of Fader dispersed in the genome,
but is only present in single copy in the genome. The Tan/ element is 2.3 kb long and has a
unique organisation: IR-ORF-IR-IR-Vader-IR with the same IR as detected around single
Vader elements. The single open reading frame encodes an transposase homologous to that
of members of the Fot! family, indicating that both Tan/ and Vader are members of this
family. The Vader element may act as an AT-rich terminator of transcription for the
transposase gene. Tan/ also duplicates TA at the target site.

All three detected transposable elements in 4. niger duplicate the dinucleotide TA at
the target site. F. oxysporum Fotl (Dabousst et al., 1992), M. grisea Pot2 (Kachroo et al.,
1994) and most of the members of the Tc! superfamily (Doak ef af., 1994) cause the same
duplication. The open reading frames of transposases coded by these elements also share two
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motifs: a so-called DE dipeptide and a D35E region. These common features of transposable
elements in species belonging to unrelated taxa are an indication of a common mechanism of
transposition {Doak ef al., 1994; Kachroo er gf, 1994). The common features may also
indicate horizontal transfer of a progenitor transposon (Nyysstnen et al., 1996).

1.4.4 Mycoviruses.

Viruses can be defined as infectious agents that are invisible with the light microscope,
small enough to pass through a bacterial filter, lacking a metabolism of their own and
depending on living host cells for their multiplication, but encoding some of the genes
necessary for their own reproduction. Often the virus DNA or RNA is protected by a protein
coat. Since the first discovery of a virus in a fungal species, it has become clear that
mycoviruses and virus-like replicons occur commonly in fungi (Buck, 1986; 1998; Nuss and
Koltin, 1990; Ghabrial, 1994; 1698).

The mycoviruses are exceptional in that they do not have an extracellular phase in their
multiplication cycle and are transmitted only by intracellular routes. Most of the mycoviruses
have double stranded RNA (dsRNA) genomes, but single stranded (ss) RNA and DNA
genomes have also been described (Buck, 1986; 1998). Many fungal viruses are enclosed in
protein capsids, but a significant number lack a protein coat. Some of the viruses without
capsid are associated with lipid-rich cytoplasmic vesicles, with mitochondria, or are found as
complexes with an RNA polymerase in the cytoplasm (for a list see Buck, 1998}, A protein
coat may be essential for viruses in general to survive outside the host cell. The mycoviruses
do not need this function, and other essential functions for mycovirus capsid proteins have
been described. Wickner (1996) describes a yeast virus capsid protein, that provides both
protection in the form of a subcellular compartment for transcription and replication, and has
a catalytic function in decapping host messenger RNA (mRNA) in favour of the viral
mRNAs,

Table 1.2 Different types of fungal viruses and their characteristics.

dsRNA viruses ssRNA viruses
Totiviridae Partitiviridae Barniviridae
isometric @ 30-40 nm isometric @ 30-35 am bacilliform
| dsRNA segment 2 dsRNA segments in cytoplasm/mitochondria
~ viral/protozoan totiviridae ~ plant cryptoviruses ~ plant +strand RNA viruses
~ selfreplicating mRNA
Reoviridae La France Virus Leviviridae-like
isometric @ 60 nm isometric o 34 nm naked
11 dsRNA segments 9 dsRNA segments ~ RNA bacteriophages

Satellite and defective RNAs

Different mycovirus types can be identified on the basis of presence and shape of the
protein coat and of their genome organisation (see Table 1.2}. The Toriviridae have isometric
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particles 30-40 nm in diameter and contain a single species of dsRNA, coding for both the
capsid protein and a RNA-dependent RNA polymerase. The Partitiviridae isometric
particles are 30-35 nm and the two or three monocistronic segments of dsRNA are
encapsidated separately. A possible reovirus was detected in C. parasitica (Enebak et aol.,
1994), All its 11 dsRNA segments are present in approximately equimolar amounts and
packed together in a 60 nm isometric particle. The nine dsRNA segments of the La France
virus in Agaricus bisporus are also associated with an isometric particle (34 nm diameter)
{Van der Lende ef al., 1994), but it is still unknown how these are organised.

A single-stranded RNA virus with a bacilliform capsid (Barraviridoe) has been found
in A. bisporus (Revill et al., 1994). The last group, another group of ss and dsRNA replicons
coding only for a RNA-dependent RNA polymerase and without protein capsid, has been
found in cytoplasm and/or mitochondria of fungi. These replicons seem to be related to
positive-stranded RNA bacteriophages of the Leviviridae family (Buck, 1998).

Two types of extra RNA fragments, satellite and defective RNAs, can be detected in
association with ‘helper’ viruses, on which they depend for their replication. Both RNAs can
potentialty interfere with the replication of their helper virus and are likely to be widespread
in populations of dsRNA mycoviruses, They centribute to the complexity of dsRNA profiles
from individual fungi (Buck, 1998). The satellite RNAs are comprised largely of sequences
that are distinct from those of their helper virus (Mayo et al, 1995). The satellite RNAs may
encode proteins or may be non-coding. Some protein toxins are encoded for by satellite
RNAs (e.g. in Saccharomyces cereviciae, Wickner, 1996). The defective RNAs are derived
from their helper viruses, generally by internal deletions (e.g. in Cryphonectria parasitica
hypovirus, Tartaglia ef al., 1986; Shapira ef al., 1991).

The effects that dsSRNA mycovirus infections have on their hosts vary and seem either
caused by virally coded products or by disturbances of the cell metabolism. The killertoxins
coded by some viruses or satellite RNAs, can have a selective advantage on infected
organisms in crowded environments (¢.g. Wickner, 1996). Some plant pathogenic fungi are
known to become hypovirulent due to infections with mycoviruses, which may affect a large
number of cell processes (e.g. Nuss, 1993;1996). Other viruses can cause serious crop losses
as for instance in A. bisporus (La France disease)(Van der Lende er al., 1996) or in Pleurotus
spp. (Go et al., 1992; Stobbs ef al., 1994). Such mycovirus infections can reduce their hosts’
fitness. Because the effects of many mycoviruses are not yet known and/or less conspicuous,
such infections are often considered “cryptic’.

Mycoviruses may be transferred both vertically and horizontally, The vertical
transmission of viruses into basidiospores and ascospores of yeasts generally occurs with
high efficiency. The often restricted fransmission into the ascospores of filamentous
ascomycetes stands in sharp contrast (Buck, 1998). Mitochondrial dsRNAs inherit
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maternally, though healthy dsRNA-free mitochondria may be transmitted preferentially
(Polashok and Hillman, 1994; Rogers et al., 1986a). The vertical transmission into asexual
spores is generally efficient. Horizontal transmission by hyphal anastomosis is in general
limited to individuals in the same or closely related species. In some fungi virus transmission
is considered efficient between individuals in the same vegetative compatibility group, but
restricted between individuals of different VC groups (Buck, 1998). Mixed infections with
different viruses may be commaon (Buck, 1986). Generally, viruses are expected to be
compatible in the same cell if they are sufficiently distinct so as not to compete for the same
replication proteins (Buck, 1998).

Table 1.3 Mycovirus infected Aspergillus species and references.

Aspergillus species Author(s)
Asexual A. earbonarius Varga et al., 1994b
A. clavatus Vargaer al,, 1998
A. flavus Schmidt et al,, 1986; Elias and Cotty, 1996
A. foetidus Ratti and Buck, 1972; Buck and Ratti, 1975
A. heteromorphus Vargaet al., 1994b
A japonicus idem
A. niger Buck et al., 1973; Varga et al., 1994b
A. nomius Elias and Cotty, 1996
A, ochraceus Kim and Bozarth, 1985; Varga et al., 1998
A. parasificus Elias and Cotty, 1996
A. tamarii idem
A. tubingensis Vargaetal., 1994b
Sexual Neosartorva hiratsukae Vargaet al., 1998
Neasartarya quadricincta idem
Petromyces alliaceus idem

The recognised groups of mycoviruses are probably of different evolutionary origins.
Overall, the comparative sequence analysis strongly suggests that both RNA and DNA
viruses have deep, archaic evolutionary roots both for genome structural organization and as
regards certain genomic and protein domains (Holland and Domingo, 1998). In the
Totiviridae comparisons of amino acid sequences of RNA-dependent RNA polymerases
revealed relationships in viral and protozoal members of the Totiviridae (Bruenn, 1993). But
also the theory of a cellular self-replicating mRNA as the origin of the monophyletic
Totiviruses is attractive because of their apparent ancient origin, the close relationship among
their RNA-dependent RNA polymerases, genome simplicity, and the ability to use host
proteins efficiently (Holland and Domingo, 1998).The Partitiviridae of different fungi are
distantly related to one another on comparison of amino acid sequences, but also show a
relationship with plant cryptoviruses (Buck, 1998). On the other hand Holland and Domingo
(1998) suggest that the Partitiviruses may originate from the Totiviridae. The ssRNA
Barnaviridae appear to be distantly related to the plant positive-stranded RNA viruses of the
genus Luteovirus, and the coatless ssRNA/dsRNA replicons resemble bacteriophage QB and
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other Leviviridae (Buck, 1998). The modes of virus transmission suggest that mycoviruses
could have been associated with a particular host species for long periods and that they co-
evolved. But the observed relationships of viruses in different species or taxa also suggest
the possibility of (rare) horizontal transmissions (Buck, 1998). The La France isometric virus
appears to be of recent origin since it differs from its host in codon usage, but it may also
have arisen from a partitivirus by acquiring additional genes (Holland and Domingo, 1998).

In the Aspergilli mycoviruses have mostly been found in species that are not known to
reproduce sexually, but recently mycoviruses have also been detected in some sexual species
(see Table 1.3). The viruses can be detected as dsSRNA fragments after gel electrophoresis or
as isometric particles with electron microscopy (see Figure 1.3). In most of these species the
viruses are probably located in the cytoplasm. However, in P. alliaceus one viral fragment
was located in the cytoplasm, another in the mitochondria and only the later transferred to
the formed asci (Varga ef af., 1998). In general the viruses are readily transferred to the
conidiospores, fairly commonly to ascospores formed by selfing but rarely to outcrossed
ascospores {Coenen et of., 1997; Varga et al,, 1998). In A. nidulans (Emericella nidulans)
horizontal transfer can take place between vegetatively incompatible strains (Coenen ef al.,
1997). In the black Aspergifli a large variety of dsRNA patterns was detected in infected
strains (Varga et al., 1994Db).

Figure 1.3 Electron Microscopic view of isometric virus particles {(# 34-38 nm) in strain NO76.
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1.5 Qutline of the Thesis.

Recently, different genetic elements were discovered in large numbers in fungi:
mycoviruses, plasmids and transposable elements. Horizontal transfer between fungal strains
carrying such possibly deleterious elements may have important consequences at the
population level, I may lead to non-adaptive evolutionary processes, but also be responsible
for genetic recombination in organisms lacking meiosis. Molecular approaches have become
available for the detection of recombination in nuclei of species presumed to be asexual
{e.g. Burt ef o, 1996} and between mitochondria, previously thought to be not recombining
(e.g. Saville et al., 1998).

This PhD project aimed at elucidating rates of horizontal transfer of genetic elements in
natural populations of the black Aspergilli, a complex of imperfect species. In laboratory
experiments isogenic black 4spergiili can be forced to recombine via the parasexual cycle,
but little is known about recombination or genetic exchange in natural environments. To this
end it is necessary to determine the genetic population structure, investigate what genetic
elements are present in the population, how they affect individual fitness, and how and to
what extent they can be transferred.

This first Chapter gives a general introduction to the asexual - possibly parasexual -
black Aspergilli. It describes the mechanisms of heterokaryon incompatibility that seem to
regulate the formation of anastomoses between hyphae of different mycelia and possibly
control horizontal transfer rates, and gives an inventory of elements that may spread by
horizontal transfer.

The second Chapter describes how natural populations of black Aspergilli were
sampled world-wide and over several years, based on the special ability of black Aspergilli
to degrade high concentrations of tannin. This resulted in a collection of over 600 isolates.
The genetic structure of the populations was determined on the basis of mitochondrial RFLP
patterns, and the occurrence of and variation in dsRNA mycoviruses was examined,

In Chapters 3, 4 and 5 the transfer of mycoviruses in the black Aspergilli and some
other species is studied. Chapter 3 deals with heterokaryon incompatibility in a subset of the
black Aspergiflus isolates and its influence on virus transfer. ‘Spontaneous’ transfer of
viruses is monitored between heterokaryon compatible and heterckaryon incompatible
combinations of different black Aspergilfus types in co-culture. In Chapter 4 the transfer
within the black Aspergilli is compared with that in Aspergillus nidulans strains that were
infected in the laboratory. Intra- and interspecies protoplast fusjons between heterokaryon
compatible and incompatible black Aspergillus strains and A. nidulans strains are described.
Recombination of a mitochondrial oligomycin marker is used to ascertain cytoplasmic
contact between the used black Aspergilli. The role of the heterokaryon incompatibility
reactions in virus transfer is again examined and the possibility of virus resistance is tested.
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The possibilities of interspecies virus transfer are further examined in Chapter 5, where
protoplast fusions are described between naturally infected Fusarium poae strains. and black
Aspergillus strains.

Chapter 6 gives an inventory of the fitness effects of mycoviruses on different fitness-
related traits like mycelial growth rate, spore production, and competitiveness. A model of
the virus-infected black Aspergillus population is presented and the prerequisites for a stable
virus infections in the population are discussed: deleterious infecting elements need
horizontal transmission to be maintained in the population.

Recombination at the molecular level is tested in Chapter 7. A population of black
Aspergilli is tested for the occurrence of (para)sexual recombination in nuclear genes. The
phylogenies on the basis of sequences of several nuclear genes are also compared with
sequence data of the Ant] transposon, mitochondrial and ribosomal RFLP data and
mycovirus patterns, to test for molecular evidence of horizontal transfer of these elements.
Chapter 8 summarises and discusses all results on horizontal transfer in natural populations
of black Aspergilli.
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Global epidemiology of black Aspergilli based on
cytoplasmic elements.

Anne D. van Diepeningen, Alfons .M. Debets, Klaas Swart and Rolf F. Hoekstra

Abstract

A set of culture collection Aspergiffus strains and black Aspergilli isolated on non-
selective media were used to validate the use of media with 20% tannin for exclusive and
complete selection of black Aspergilli. The 20% tannin medium proved useful for both
quantitative and qualitative selection of all types of black Aspergifli. In this way 642 black
Aspergilli from different populations were isolated from soil samples from different parts of the
world, over a number of years. The density of black Aspergilli proved highest in tropical
regions.

All isolates were classified according to their mitochondrial restriction fragment length
pelymorphism pattemns, allowing recognition of different types of A. carbonarius, A. japonicus,
and, within the A. niger aggregate, of different haplotypes of the two main groups 4. niger and
A. tubingensis. The most frequent 4. niger and A. fubingensis haplotypes occur worldwide.
Though A. carbonarius and A. japonicus were not found in all locations, they can occur in
relatively high numbers.

Infections with dsRNA mycoviruses were found in approximately 10% of all strains,
irrespective of sampling site, mitochondrial type, or year of sampling, This is one of the first
studies on a global scale of the epidemiology of an asexual non-pathogenic fungal host and its
mycovirus. The back Aspergilius population consists of many different clonal lineages with a
highly efficient mode of dispersal, that obviously homogenizes the population world-wide and
accounts for the high variety of strains per sampling site. The observed high density of black
Aspergilli in connection with their unigue ability to degrade high concentrations of tannin
points to an important role in the nitrogen cycle in nature.
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Introduction

The genetic population structure of a species provides valuable information on mating
system, migration, and dispersion, and is indispensable for the control of pathogenic organisms.
In general, random mating (sexual) populations are expected to show a higher degree of
genotypic diversity than clonal asexual populations (Leung et al 1993). The relative
contributions of sexual and asexual reproduction will therefore influence the genetic structure
of the population. The amount of gene flow will also contribute to the diversity.

The genetic epidemiology of fungi is relatively underdeveloped compared to plants and
animals. The genetic population structure of a few, mainly plant pathogenic, fungal species has
been determined with a variety of molecular techniques. For example, in Ceratocystis
Jfagacearum low levels of variation were detected among isolates form a broad geographic area
in the US. This was correlated with a recent introduction and founder effects (Kurdyla er al
1995). The population of Mycosphaerella graminicola (Septoria tritici) proved to be more
random-mating than clonal during the course of an epidemic and the variation in populations
was similar around the world (McDonald ef al. 1995 and Chen & McDonald 1996). In this
paper we look at the populations of black Aspergilii.

The first ‘Aspergillus niger’ was described by van Tieghem in 1867 as a fungus capable
of using tannin as carbon source. Rippel reported in 1939 the exclusive selection of Aspergillus
niger on high concentrations (20%) of tannin, but this characteristic seems to have been largely
forgotten since. Nowadays 4. aiger is known to be part of a complex group of black imperfect
filamentous fungi, many of which of industrial importance. The black Aspergilli show a wide
range of variability in morphological and physiological characteristics, but share the
characteristic of black conidiospores on aspersory-(mop)-like conidiophores (Raper & Fennel
1965, Al-Mussallam 1980). The spores of these mainly saprophytic but occasionally pathogenic
fungi are distributed by air and the fungus can be isolated from a large variety of substrates. The
black Aspergilli form a substantial part of the total Aspergillus and fungal populations (e.g.
Manoharachary 1977, Rao & Venkateswarlu 1983, Ploetz ef al. 1985, Misra & Jamil 1991).
They occur world-wide with a preference for tropical and subtropical areas (Rippel 1939, Raper
& Fennel 1965, Domsch et al. 1980).

Within the black Aspergilli, Aspergiilus carbonarius and Aspergillus japonicus form two
distinct types based on distinct morphological characters (Raper & Fennel 1965). The
remaining strains or simply ‘Aspergillus niger aggregate’, can be further divided into two main
groups Aspergillus niger and Aspergillus tubingensis on the basis of molecular analyses like
(ribosomal/mitochondrial) Restriction Fragment Length Polymorphisms (RFLPs), isozymes
and Random Amplification of Polymorphic DNA (RAPDs) (Kusters-van Someren et al. 1991,
Mégnépneau ef al., 1993, Varga et al. 1993, 1994a).
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The black Aspergilli are asexual, but under laboratory conditions related, vegetative
compatible strains can form heterozygous somatic diploids. Mitotic recombinants can be
obtained via this so-called parasexual cycle {Pontecorvo er al 1953). However, vegetative
compatibility between natural isolates is very rare (Van Diepeningen et a/. 1997; Chapter 3)
and it is unknown whether and to what extent parasexual recombination occurs in natural
populations.

The aim of these experiments was to obtain a picture of the genetic variation in
populations of the asexual black Aspergilli on a geographic scale. Several populations were
sampled in different places worldwide by the selective isolation of all present black Aspergifli.
The distribution of black Aspergillus types was based on mtRFLP type. The distribution of
dsRNA viruses was also analysed and correlated with host mtDNA type.

As a first characterisation method for the populations we chose mitochondrial RFLPs. In
general mtRFLPs show less variation than nuclear markers (Kurdyla et al 1995, McDonald et al
1995), but in the black Aspergilli the mitochondrial RFLP classification commesponds exactly to
Mégnégneau’s (er al. 1993) nuclear based classifications (personal data) and the technique is
easy to perform on large numbers of isolates. Using mitochondriat RFLF data fourteen types
can be detected within the two niger-aggregate groups (Varga ef al 1993, 1994a) and 4.
carbonarius and A. japonicus strains also have their characteristic mitochondrial RFLP’s
(Kevei et al. 1996, Hamari ef 2l 1997).

As second population characteristic dsSRNA virus infections were used. Mycoviruses or
fungal viruses are parasitic cytoplasmic elements that are frequently found in all classes of
fungi, including Aspergiili (Buck 1986; 1998). Because dsRNA viruses are not viable outside
the fungal mycelium, infection has to involve intermycelial cytoplasmic contact. The mycovi-
ruses found in black Aspergilli consist of an isometric protein coat and variable dsRNA
molecules (Varga ef al. 1994b). No virus infected strains of sexual Aspergillus nidulans were
found in nature (Coenen ef al. 1997). However, in sexual and asexual Aspergillus isolates
belonging to the sections Fumigati and Circumdati the frequency varied from 3.5 to 8.3 percent
infected with mycoviruses (Varga ef al. 1994b, 1998). In the Aspergilli of the section Flavi
10.9% was found to be infected (Elias & Cotty 1996); in contrast in the asexual Fusarium poae
all tested isolates were infected (Fekete er al. 1995). The dsRNA mycoviruses in the black
Aspergilli are stably maintained during subculturing without observed change in fragment
patterns or loss of infection. The lateral transfer of viruses is blocked by the often found
heterokaryon incompatibility between black Aspergilli (Van Diepeningen er al. 1997; Chapter
3). This incompatibility barrier seems much stronger than in other species and even between
black Aspergilli and other species (Van Diepeningen et al. in press; Chapter 4).

29



Chapter 2

The data on m{RFLPs and dsRNA mycovirus infections show a well-mixed global
population with an infection frequency of approximately 10% in all black Aspergillus
haplotypes. The absence of local differentiation and the amount of variation in populations can
be an indication of the geneflow between populations.

Materials and Methods
Growth conditions and isolation of strains

All strains were incubated at 30°C and grown on either minimal medium (MM) or
complete medium (CM) (Pontecorvo et al. 1953) with 1 mg ' ZnSO,, FeSO,, MnCl, and
CuS0, extra added. For the selective isolation of black Aspergilli 20% (W/V) tannin (Merck}
was added to complete medium (CM + tan) (Rippel 1939). Samples of the undisturbed top-
layer of soil and humus (5-50g) were collected worldwide between 1990 and 1995 and used as
inoculum. Depending on the spore density in the samples, aliquots (0.01-1g) or dilutions were
put on the selective CM + tan. The black Aspergillus colonies floating on this very acidous
(pH=2), liquid medium were further purified on solid MM. Each isolate was given a code
indicating isolation site, year and number,

Strains

For the experiments three sets of black Aspergilli have been used. The first set contained
culture collection strains obtained from the CBS (Baarn, the Netherlands). A list of these black
Aspergilli and the colour mutants that we derived from these is given in Table 2.1. The second
group consists of black Aspergillus strains isolated on non-selective media. This set contains 26
non-pathogenic strains isolated in and around hospitals in the Netherlands (Z 1.1- Z 2.25), 15
English strains (814-828) and 6 Indonesian strains (no numbers). The hospital strains are
included in Table 2.2. The third and largest set of strains contains isolates selected on CM + tan
from all over the world. An inventory of these strains is given in Table 2.2.

Nucleic acid (DNA and RNA) isolation

Total nucleic acids were isolated from fresh mycelial cultures (» 0.1 g wet weight), grown
overnight from spores in liquid CM in test tubes. The mycelium was transferred to a 1.5 ml
Eppendorf tube, frozen with liquid nitrogen and disrupted with a special pestle (size of a 0.5 ml
Eppendorf tube, fitting exactly in the bigger vial). A phenol/chloroform extraction was
performed after Maniatis er al. (1982). The nucleic acid isolations were used for determining
virus content and characterisation of the mitochondrial haplotype.
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Table 2.1 List of used culture collection strains with their CBS or ATCC number and name, available conidiospore
colour mutants and the ability to grow on 20% tannin medium..

strain code? official name colour mutants® 20% tannin
NO50 CBS111.26 A. carbonarius Sun, b +
NOS1 CBS 112.80 A carbonarius +
NO52 CBS 707.79 A ellipticus +
NG53 CBS 677.79 A, helicotrix +
NO55 CBS 114.51 A. japonicus Jwn, brn, whi, gry +
NO56 CBS 621.78 A. japonicus +
NO57 CBS 172.66 A jap. aculeatus Jwm, brn, whi +
NO58 CBS 115.80 A. jap. aculeatus +
NG59 CBS 554.65 A. niger Sum +
NO61 CBS 134,48 A. niger +
N062 CBS 557.65 A. awamori Jwn, brn +
N063 CBS 563.65 A. awamori +
N064 CBS 12649 A. phoenicis Jwn, brn +
N0635 CBS 13548 A. phaenicis +
NO66 CBS 136.52 A. nanus +
N067 CBS 131.52 A. nanus Jwn, brn, gry +
NO6S CBS 139.52 A usami Jfomn, brn +
NO69 CBS 35365 A. usami +
NO70 CBS 117.32 A. intermedius Jwn, brn +
NO71 CBS 118.35 A. hennebergii +
N072 CBS 125.52 A. hennebergii +
NO73 CBS 558.65 A. niger pulverulentus +
N074 CBS 425.65 A. niger pulverulentus +
NO73 CBS 12128 A. foetidus +
NO76 CBS 681.78 A. foetidus SHwn, brn +
N226 ATCC 1015 A. niger +
N400 ATCC 9029 A niger Sum, brn, gry, olv +
AQ01 - A. flavus -
A2 - A. achraceus -
AD03 - A. candidus -
A004 CBS 567.65 A. candidus -
A00S CBS 225.80 A. candidus -

? CBS = Centraal Bureau voor Schimmelcultures, Baam, The Netherlands; ATCC = American Type Culture
Collection, Rockville, MD) USA. ® conidiospore colours: fwm = fawn, brez = brown, whi = white, gry = grey and ok =
olive green.

Determination of dsRNA virus content

To test the strains for virus infection, part of the total nucleic acid solution was run on a
0.8% agarose gel, stained with ethidiumbromide and examined by transillumination with UV,
This technigue clearly separates the DNA, dsRNA and ssRNA and the viral fragment patterns
are easily distinguished without standard isolation of viruses by e.g. uliracentrifugation of
mycelium. AHindIlI/EcoR] or Boehringer DNA molecular weight marker X was used as
molecular weight marker. The sizes of the dsRNA fragments were estimated correcting for the
differences in mobility of DNA and dsRNA (Livshits et af 1990). To confirm the dsRNA
nature of the viruses, nucleic acid solutions were treated with DINase and RNase under low and
high salt concentrations (Varga et al., 1994b).
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