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Stellingen

Aspergillus niger heeft acht chromosomen.

Dit proefschrift

Het genoom van Aspergillus niger is significant groter dan dat van
Aspergillus nidulans.

Dit proefschrift

Genetische analyse van haploide segreganten van heterozygote
diploiden van Aspergillus niger zoals door Lhoas voorgesteld, levert
geen betrouwbare informatie omtrent de ligging van en de onderlinge
afstanden tussen genetische markers.

P. Lhaas (1967}. Genet. Res. 10:45-E1
Dit proefschrift

De bewering dat er geen coincidentie is tussen overkruising en
haploidisatie in Aspergillus niduTans 1ijkt in strijd met de
waargenomen verhoogde frequentie van mitotische overkruising in
disomen.

E. Kafer (1977}. Adv. Genet. 18:33-131

De verklaring die Kundu & Das geven voor het ontstaan van de door
hen geisoleerde recombinanten van Aspergilius niger is niet de meest
waarschijnlijke.

P.N. Kundu and A. Das (1985). J. App}. Bacteriol. 59:1-S

De veronderstelling van Assinder ef al. dat het camC gen van
Aspergilius nidulans ver van het centromeer 1igt op de linker arm
van chromosoom I is niet correct.

§.J. Aasinder, B. Giddings and A. Upshall (1988)..M01. Gen. Genet. 202:382-387.
H. Arst (1988). Mol. Gen. Genet. 213:545-547

Het gebruik van eenkernige schimmeliprotoplasten in transformatie
experimenten waarbij polyethyleenglycol wordt toegepast zal het
ontstaan van heterokaryotische transformanten niet verhinderen.

J.R.5. Fincham (1989). Microbiol. Rev. 53:148-170
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15,

De conclusie dat door mitotische overkruising in Aspergillus
nidulans complementaire produkten ontstaan, is gebaseerd op de
foutieve veronderstelling dat heteroallele recombinatie niet
verschilt van recombinatie tussen niet-allele mutaties.

J.A. Roper and R.H. Pritchard (1955). Nsture 175:638
M. Bandiera, D. Armaleo ard 6. Morpurgo (1973). Mol. Gen. Genet. 122:137-148

Yoor eventuele regelgeving ten aanzien van inter-species recombinant
DNA overdracht is met name voor asexuele schimmels de huidige
taxonomische indeling niet toereikend.

Het belang van de parasexuele cyclus bij schimmels voor de
onderzoeker is duidelijk, de functie voor de schimmel zelf verdient
nader onderzoek.

Een stammenverzameling is voor een schimmelgeneticus als een cunet
voor een stratenmaker: het is een diepte-investering die niet door
jedereen op waarde wordt geschat maar het bepaalt wel het
eindresultaat.

Naast de oproep ’vrouwen gevraagd voor mannenwerk’ kan ook een
stimulans aan mannen om te kiezen voor ’‘vrouwenwerk’ bijdragen aan
een verbetering van de positie van vrouwen op de arbeidsmarkt.

postbus 51
Door de politieke omwentelingen in Qost-Europa dreigen grote

omleggingen van geld- en afvalstromen te ontstaan ten nadele van de
Derde wereldlanden.

Het gebruik van titulatuur bij het ondertekenen van ingezonden
stukken in de krant aangaande ’‘common interest’ zaken getuigt niet
van veel verirouwen in de aangevoerde argumenten.

Dopingjacht geeft records ’‘eeuwigheidswaarde’.

B. de Graaf de Volkskrant 25 augustus 1990

Stellingen behorende bij het proefschrift van Fons Debets:
'Genetic analysis of Aspergillus niger’.
Wageningen, 4 december 1990.
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CHAPTER 1

Intraduction

1.1 Aspergillus

Micheli (1729, cf Raper and Fennel 1965) introduced the name
Aspergillus for the moulds with a characteristic pattern of conidiophores
and sporeheads reminding him, as a priest, of a mop for distributing holy-
water (Lat. Aspergillium). The fungi that belong to this form-genus are
worldwide in distribution and are found on almost any type of substrate
{foods, textile, leather, decaying wvegetation in the fields etc.) (Raper
and Fennel 1965). Because of their metabolic vgrsati]ity especially the
black Aspergilli are widely used in industry for the production of organic
acids such as gallic acid, citric acid and gluconic acid {Lockwood 1975),
for the production of industrial enzymes such as amylase, glucoamylase,
cellulase, hemicellulase, pectinase, glucose oxidase and catalase
{Underkofler 1976) and in food fermentations practiced in the orient (Wood
1977). Some Aspergilli can also produce mycotoxins in food and some can
cause aspergillosis (Edwards and Al-Zubaidy 1977). Since De Bary (1854, cf
Raper and fennel 1965) reported the direct relationship between the
ascomycetous genus Eurotium and the Aspergillus glaucus group, the
ascosporic states have been found for many Aspergilli (Raper and Fennel
1965, Onions et al. 1981). They all are cleistocarpic and ail but one {A.
heterothallicus) are homothallic (Raper and Fennel 1965).

1.2 Aspergillus niger

The black Aspergilli are probably more common than any other group
within the genus. Because of the characteristic pigmentation of the
conidial heads, members of the group are commonly referred to as



'Aspergillus niger’. Indeed, within the Aspergillus niger group Van
Tieghem's species A. niger is by far the most abundant member, and the
degree of intragroup {morphological) wvariation is such that specific
identifications often become quite difficult (Raper and Fennel 1965). The
occurrence of this easily recognizable and selectablie fungus (on the basis
of specific growth on 20% tannin, Rippel 1939) is documented from all parts
of the world, but in contrast to many other Aspergillus species not more
than 50% of the findings are within the trepics (Domsch et al. 1980). The
characteristic pigment production in Aspergillus niger is profoundly
influenced by the presence or absence of minute quantities of copper in the
substratum and this phenomenoen has been used to estimate copper
concentrations in soil (Mulder 194B). Copper dependent laccase activity has
been documented to be involved in pigmentation not only in A, niger, but
also in Aspergillus nidulans (Clutterbuck 1972).

phialide

metula y

conidiophcre

footcell
L ——

fFigure 1.1. Lifecycle of A, niger,

No sexual stage is known in the life cycle of A. niger. Though A.
Japonicus from the A. niger group was reported to have a perfect state
(Saitoa japonica Rajendram and Muthappa, Onions et al. 1981) this
observation has not been confirmed, The growth cycle of A. niger therefore
consists of the sequence: hyphae -- airborne conidiospores -- hyphae (Fig.
1.1). The vegetative mycelium consists of septate hyphae which are
branching and partially submerged. The conidial apparatus develops from
specialized, enlarged, thick-walled hyphal cells (the foot cells) as
conidiophores with conidial heads. Conidia are produced by specialized
conidiogenous cells called phialides that cover the surface of the vesicle,




the swollen end of the conidiophore. In some species, the phialides are
borne directly on the vesicle (uniseriate), whereas in biseriate species
the phialides are borne on intermediate cells or metulae which are
attached to the vesicle. A. niger shows mixed uni- and biseriate types of
arrangement sometimes even in the same conidial head (Raper and Fennel
1965). Conidial heads split during aging and at maturity the dry conidia
are easily spread by air. The conidia of A, niger Van Tieghem are thought
to be wuninucleate ({Yuill 1950), though also A. niger isolates with
binucleate conidia have been reported {(Baracho and Coelho 1978). In
submerged cultures with agitation and temperature elevation A. niger may
show microcycle sporulation, j.e. immediate recapitulation of sporogenesis
following spore germination {Smith 1977).

1.3 Genetic analysis based on mitotic recombination
1.3.1 Parasexual recombination in fungi

Recombination without the involvement of the fungal sexwal cycle was
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Figure 1.2. QOrigins of new genotypes by parasexual recombination. For genetic analysis haploid
segregants and diploid crossing-over recombinants are relevant (see Figures .3 and 1.6}.



first discovered by Pontecorvo et al. (1953b} in A. nidulans and has been
termed parasexual recombination. The parasexual cycle as reviewed by
Pontecorve (1956, 1958) and Roper (1966) essentially consists of the
following sequence of events (see Fig. 1.2): 1 Hyphal anastomosis of
homokaryons of different genotypes resulting in heterokaryotic mycelium. 2
Fusion of two unlike haploid nuclei. 3 Occasional mitotic crossing-over
during the multiplication of the diploid nuclei, resulting in recombinants
homozygous for part of a chromosome, and/or 4 Occasional non-disjunction
leading, via successive aneuploid states, to a haploid number of
chromosomes or to recombinant diploids homezygous for one or more complete
chromosomes {Fig. 1.2). In contrast to recombination at meiosis there is no
precise coordination between nuclear fusion, recombination and reduction of
chromosome number.

Parasexuval recombination has since been demonstrated in most fungi
in which it has been looked for: fungi of industrial importance e.g. A.
niger (Pontecorvo et al. 1953a), A. soyae and A. oryzae (Ishitani et al.
1956), Penicillium chrysogenum (Pontecorvo and Sermonti 1954), fungal
entomopathogenic fungi e.g. Metarhizium anisopliae (Al-Aidroos 1980)
Verticillium Tecanii (Jackson and Heale 1987), plant pathogenic fungi e.g.
Cochliebolus sativus (Tinline 1962), Fusarium oxysporum f. pisi (Buxton
1956}, F. tricinctum and F. sporotrichioides (Cullen et al. 1983),
Pyricularia oryzae (Genovesi and Magill 1976}, Verticillium dahliae (Hastie
1973} and fungi of medical interest e.g. A. fumigatus (Berg and Garber
1962} and A. flavus (Papa 1973), Candida albicans (Kakar et al 1983).
Neurospora crassa is a well known exception in that never stages of somatic
recombination {somatic diploids, somatic recombinants in heterokaryons)
have been found. Nevertheless diploid mycelia have been isolated from
ascospores and these produce parasexual recombinants by crossing-over and
non-disjunction (Smith 1974). Evidence for parasexual recombination thus is
found in members of all main classes of fungi: Ascomycetes, Phycomycetes,
Basidiomycetes and Deuteromycetes. Se parasexual processes seem to be
widespread in fungi. The different stages of the parasexual cycle in the
various fungi may vary extremely in frequency and stability. In extreme
cases one of the steps may be so transient that they regularly escape
detection, e.g. in Humicola sp. diploids arise directly in mixed cultures
of auxotrophic mutants on minimal medium without detection of an
intervening heterokaryon (De Bertoldi and Caten 1975), whereas in
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Cephalosporium the diploid stage is transient and may remain unnoticed
{Hamlyn and Ball 1979). These observations suggest that the impact of
mitotic recombination in different fungal species may be different and
especially for fungi that Jlack sexual recombination it is generally
considered to be of significant importance for the contribution to natural
genetic variation. So far, however, there is no valid evidence for the
hypothesis that parasexuality has evolved to replace or to make up the
absence of sexuality in asexual fungi (Pontecorvo 1958, Webster 1974).

Mitotic recombination can be used efficiently in genetic amalysis
of fungi for assigning markers to a linkage group and for chromosome
mapping. For asexual fungi it is the only available mapping technique, but
also in sexual fungi it may be more convenient for mapping than the
conventional meiotic mapping techniques (e.g. in Diciyostelium discoideum
{Welker and Williams 1982} and A. nidulans (Kifer 1977)). The efficiency of
mitotic mapping in a fungal species is highly dependent upon selection and
often a¥so upon induction of stages of the parasexual cycle.

1.3.2 Haploidization analysis

The genetic anaiysis based on mitotic recombination in habitually
haploid filamentous fungi begins with diploids heterozygous for a number of
known markers. For A. nidulans an efficient technique of diploid selection
has been described by Roper (1952). A prototrephic heterokaryon is grown
{(i.e. forced) on minimal medium from two auxotrophic mutant strains with
~different nutritional deficiencies. The conidia on the heterokaryon are
uninucieate, and so all the hapioid conidia will be auxotrophic whereas
heterozygous diploid conidia are prototrophic and hence can be selected for
on minimal medium. This method has been used for the isolation of diploids
in many other uninucleate habitually haploid fungi. The method is also
applicable to fungi that have multinucleate conidia which arise by
successive mitoses in primary uninucleate young conidia. A. niger isolate
ATICC 1015 has binucleate cenidia, but since they are homokaryotic the
diploid isolation technigue can be applied successfully (Boschloo et al. in
press). Heterokaryotic conidia that are the result of migration of several
nuctei from heterokaryotic phialides into the spores have been observed in
several Aspergilli e.g. A. carbenarius (Yuill 1950), A. flavus (Papa 1973),

5




A parasiticus {Papa 1977) and A. echinulatus (Baker 1945). Heterokaryotic
conidia do interfere with the diploid selection technique, but although in
A. parasiticus 28% of the conidia of a forced heterckaryon was found to be
heterokaryotic, diploid colonies could still be selected (Papa 1977)

Since there 1is 1little coincidence of mitotic crossing-over and

a + b a + b
? {n)
+ m (n)
{2n-1) + m b
a o+ b
+ ]
+
{Zn+1}
a + b
+ m +
a + + a o+ +
? {n)
+ m (n
(2n-1) + m +
a + b
+ m
+
{2n+1}

figure 1.3. The process of haploidization in A. nidulans by subseguent non-disjunctions (only two
chromesome pairs are shown), Markers linked on a chromosome (a and m) will segregate en blog during
haploidization (recombinant freguency near 0%), whereas markers on different chromosomes{_a and b, m and
b) segregate independently {recombinant frequency of about 50%).

haploidization in A. nidulans, the markers on one chromosome segregate
together and independently of markers on the other non-homologous
chromosomes (1inkage groups} during hapleidization (Pontecorvo and Kifer
1958, Fig. 1.3). Master strains have been constructed so that genes can be
assigned to linkage groups for A. nidulans (McCully and Forbes 1965) and
recently also for A. niger (Bos et al. 1988). A diploid can be constructed
from these master strains with markers on each or several of the
chromosomes and a strain carrying an unlocated marker. Diploid strains are
rather stable, but haploids can be isolated using haploidizing agents 1ike
benomyl (Hastie 1970), p-fluorophenylalanine (Lhoas 1961) or chlovalhydrate
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(Singh and Sinha 1976). Upon analysis of randomly isolated haploid
segregants linkage of a new marker to one of the markers of the master
strain can be observed and thus, the 1linkage group can be assigned.

1.3.3 Mitotic recombination
1.3.3.1. Models for recombination

Mitotic crossing-over recombinants can be explained as resuiting from
crossing-over at the four chromatid (G2) stage of mitotis as was
demonstrated by Stern (1936) for Drosophila based en the genetic analysis
of twin spots that represent the reciprocal products of crossing-over. This
was confirmed by Roper and Pritchard {1955) in A. nidulans. They analyzed
prototrophic diploid segregants that were isolated from a diploid of A.
nidulans . heterozygous for a number of linked markers and carrying in a
trans arrangement the two alielic mutations adlé and ad3.

In Saccharomyces cerevisiae Roman (1956) demonstrated in comparable
experiments that heteroallelic recombination occurred predominantly by non-
reciprocal recombination: gene conversion. Also in A. nidufans it was shown
later that intragenic recombination is mainly a consequence aof gene
conversion {Putrament 1964; Bandiera et al. 1973). The possible mechanisms
for mitotic recombination both reciprocal ({cressing-over) and non-
reciprocal (gene conversion) have been studied mainly in S. cerevisiae and
have been reviewed recently by Orr-Weaver and Szostak (1985) and Roeder and
Stewart (1988). An association of crossing-over with mitotic gene
conversion has been observed for a number of genes in §. cerevisiae with
frequencies of gene conversions resulting in crossing-over ranging from 10-
55% (Esposito and Wagstaff 1981). This is supported by the observation that
inducing agents stimulate both recombination events (Fogel and Hurst 1963}
though not to the same extent suggesting that the two types of events can
be wuncoupled. Data obtained with mutants affected in recombination
demonstrate also that mitotic gene conversiocn and mitotic crossing-over
require some of the same functions, but are also separable {Orr-Weaver and
Szostak 1985).

Models for recombination have been formulated to account for the
observed properties of mitotic and meiotic recombination. The Meselson-
Radding model and the double-strand gap repair model are summarized in Fig.
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1.4 and Fig. 1.5. The Meselson-Radding model of recombination (Meselson and
Radding 1975) is inijtiated by a single strand (or asymmetric) transfer,
which may become a two-strand (or symmetric) exchange after isomerization
{(Fig. 1.4). The model is an extension of the mode) proposed by Holliday

a :_1“:' —— 3:
\’
-
{

)
o X
y ‘

crossaver nON—Grossover

Figure 1.4. The Meselson-Radding mode) for recombination (Meselson and Radding 1975)}. (a) Initiation of
recombination by a single-strand nick. The 3° end of the nicked strand acts as a primer for DNA
synthesis, which displaces the strand ahead of it. The displaced single strand invades the other duplex
at a homologous site, displacing a D-loop (bh) and forming 2 small region of asymmetric heteroduplex DHA.
The single-stranded D-loocp is degraded, and the invading strand is Tigated in place. The limited region
of asymmetric heteroduplex DHA is expanded {c) by concerted DNA synthesis on the first (donor} dupliex
and by nucleolytic degradation on the second (recipient) duplex. Brench migration and ligation of the
nicks produces a Holliday junction which can be isomerized (d). Symmetric heteroduplex DHA can be formed
by branch migration of the Heolliday junction {e). Resolution of the points marked p produce two
molecules with the flanking arms in the parental configuration (non-crossover (g)), whereas resolution
?F)';he points marked p produce molecules with flanking arms in the recombinant configuration {crossover

(1964a) and accounts for aberrant segregation patterns observed in fungi
that suggest formation of heteroduplex DNA on only one chromatid. Gene
conversion, like in the Holliday model, results from enzymatic repair of
mismatched basepairs in heteroduplex regions.

More recently, much additional information has been obtained about
possible recombination mechanisms in fungi from transformation experiments.
Especially yeast transformation has been used as a model system for the
study of recombination (Orr-Weaver et al. 1981). Yeast cells can be
transformed with plasmid DNA by integration of the plasmid into a

homologous sequence on the chromosome by a single crossing-over or by
substitution through gene conversion or double crossing-over {Hinnen et al.
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1978, Orr-Weaver et al. 1983). Additionally, a high frequency of
transformation is possible in yeast if the transforming plasmid contains
chromosomal  fragments by which the plasmid can be maintained
extrachromosomally (Struhl et al. 1979). Such ARS (autonomously replicating
sequences)-containing plasmids transform at high fregquencies, because no
integration of the plasmid intoc a homologous site in the genome is
required. Yeast transformation has been a very useful technique for
studying recombination mechanisms because the transforming DNA can be
manipulated experimentally (Orr-Weaver et al. 1981, Orr-Weaver and Szostak
1983). It was shown that double-strand breaks in the plasmid introduced by
restriction enzyme digestion are highly recombinogenic in yeast and
resulted in up to 3000-fold stimulation of transformation frequencies (Orr-
Weaver et al. 1981). It was also observed that integration occurred only at
the Tocus homologous to the region of the plasmid containing the double-
strand break. Therefore, a plasmid can be directed to integrate into a
particular chromosomal locus and can be used to mutagenize chromosomal
Toci. Plasmids containing a double-strand gap within a yeast fragment

!
o
}
!
o T

Figure 1.5, Double-strand break repair model for recombination (Szostak et al. 1983). (a) A double-
strand cut s made in one duplex. and a gap flanked by 3' single-strands is formed by the action of
exonucleases. (b) On 3' end invades a homologous duplex, displacing a D-loop. {c) The D-Toop is enlarged
by repair synthesis until the other 3" end can anneal to complementary single-stranded seguences. {d)
Repair synthesis from the second 3' end completes the process of gap repair and branch migration results
in the formation of two Holliday junctions. Branch migration of the two Holliday junctions will form
symmetric heteroduplex. Resolution of the two junctions by cutting either inner or outer strand leads to
twe possible non-crossover (e) and two possible crossover (f) configurations.



transform at high frequency and are always repaired from homologous
chromosomal DNA during the integration event (Orr-Weaver et al. 1981).

There is more evidence that double-strand breaks may play a role in
the initiation of vrecombination. Mating-type switching in yeast is
initiated by the enzymatic production of a specific double-strand break
within the mating-type locus {Strathern et al. 1982). Mating-type switching
is a conversion event at high frequency (as high as once per cell cycle)
and it 1is resolved without crossing-over. Both radiation induced and
spontaneous gene conversion require the RAD52 gene product in yeast, which
is involved in the DNA repair synthesis. This gene product is also
necessary for the integration and repair of linear plasmids and for double-
strand break repair {(Orr-Weaver et al. 1981). These observations prompted
Szostak et al. (1983) to propose the double-strand gap repair model for
general recombination (Fig. 1.5}. The double-strand gap repair is initiated
by a double-strand break in the recipient information (Fig. 1.5). In this
model gene conversion can result from mismatch repair in heteroduplex DNA,
but can also arise if a marker falls within a double-stranded gap; in the
latter case the marker is converted by a double-strand transfer of
information.

Mitotic recombination in fungi occurs at a much Tower level than
meiotic recombination. In mitosis homologous sequences presumably pair only
by chance. This may be not the major reason for the lower frequency of
recombination in mitosis compared to meiosis, since the frequency of
mitotic recombination can be increased by X-rays, UV-irradiation and
treatiment with chemical mutagens almost up to meiotic levels {e.g. Holliday
1964b, Davies et al. 1975, Shanfield and Kifer 1971). This suggests a
mechanistic relationship between recombination and repair. Orr-Weaver and

Szostak {1985) suggest that the most likely explanation for the existence
of mitotic recombination is that it is simply a conseguence of DNA repair
activities. Base mismatches dntroduced by DNA replication errors or
spontaneous or induced lesions in DNA are all removed or repaired and
repair may result in recombination. This phenomenon of recombination
induction by mutagen treatment has been used in several fungi to facilitate
isolation of mitotic recombinants.

As mentioned before, mitotic crossing-over can be explained as a G2-
stage occurrence, but the initiation of both induced and spontaneous
mitotic recombination can also occur in the Gl-stage of the cell cycle
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(Fabre 1978, Esposito 1978). Therefore, it was proposed that mitotic
recombination initiates at the two-chromatid stage and that recombination
intermediates are resoclved during S-phase by passage of the replication
fork (Esposito 1978). However, considering intergenic recombination, a
possible initial heteroduplex and gene conversion will remain undetected,
since it can only be observed if genetic markers are properly located (e.g.
if heteroallelic recombination is studied). Thus there will be no essential
difference in the outcome of recombination if initiation is by a single- or
by a double-strand break in Gl or G2. Therefore in the following, crossing-
over in heterozygous diploids will be modelled as a four-chromatid post
replicative exchange.

1.3.3.2 Determining gene order

The gene order of markers within a Tinkage group can be determined
relative to the centromere by analysing crossing over recombinants derived
from heterozygous diploid culture. Especially the partially homozygous
diploid recombinants are informative (Fig. 1.6). Due to crossing-over all
markers distal to the site of exchange may become homozygous whereas all
proximal markers will remain heterozygous. The main problem in the mitotic
mapping analysis is the fact that spontaneous crossing-over is rare so that
selective systems are required to detect the products of recombination.
Selection depends strongly on the availability of selective markers. For
maximum information, these selective markers should be distal to and in cis
position to other recessive markers on the same chromosome. Without
adequate recombination, such a genetic arrangement can only he achieved by
sefecting successively new mutations in existing mutants. A full analysis
requires a selectable distal marker on each chromosome arm. Even in the
genetically well characterised fungus A. nidulans with a genetic map
containing over 200 mapped markers (Clutterbuck 1987) it is often difficult
to meet the prerequisites for efficient mitotic mapping. Therefore,
strategies have been looked for that either allow easy detection and or
easy analysis of spontaneous recombinants or that make use of induction of
recombinants.

In A. nidulans there seems to be hardly any coincidence between
haploidization and crossing-over. Therefore, haploids from heterozygous
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Figure 1.6. Determining gene order on the basis of mitotic crossing-over [essentially according to
Pontecorvo 1958}. (1) An idealized heterozygous diploid is shown carrying the recessive markers b and ¢
in cis-position to the recessive selective markers a and d. A four chromatid stage in cell cycle is
drawn. {ii) Crossing-over of chromatids 2 and 3 between the centromere and either of the markers, and
segregation of chromatids (1+3) and (2+4) during mitosis gives rise to diploid recombinants. These
segregants will be homozygous for all markers centromere distal to the site of crossing-over but will
remain heterozygous for all proximal markers and for markers on the other chromosome-arm. The (1+3)
segregants can be isolated on the basis of homozygosity of the selectable markers a and d {shown}. The
genotype of each of these recombinants can be concluded from the phenotype: segregants homozygous for an
unselected marker will show the correspending mutant phenotype. The site of crossing-over can be infered
from the genotypes and, thus the gene corder can be concluded. The relative freguency of recombinants can
be used to estimate relative distances between markers and the centromere. In A. nidulans double
crossing-over was shown to be no more frequent than expected from random coincidences of single
exchanges (Kifer 1977) and therefore, homozygosity of all markers on both chromosome-arms is indicative
of non-disjunction in this fungus,

diploids normally do not show intrachromosaomal recombination. In A. niger
however, induced haploids include a significant percentage which show
recombination between 1inked markers (Lhoas 1967, Bos et al. 1988). Haploid
recombinants have been used by Lhoas (1967) to determine the order of
markers on a chromosome and to estimate the distances between them. In
Dictyosteljum disceideum Welker and Williams (1982) constructed a genetic
map that was wmainly based on mitotic homozygous recombinants, but in
addition use was made of unselected recombined haploid strains that were
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derived from diploids heterczygous at three or more linked loci. The use of
haploids for intrachromosomal mapping in A. niger will be discussed later.

Disomic strains of A. nidulans are available that are relatively
unstable and show random loss of one of the duplicated chromosomes at
mitosis. Up to approximately 6% of randomly selected haploid breakdown
sectors of chromosome 1 and III disomics were shown to result from
recombination between the homologues prior to chromosome loss (Assinder and
Upshali 1986, Assinder et al. 1986). Therefore it has been suggested to use
these recombinants for mitotic mapping. It has been argued that if
aneuploids are a relatively long-lasting stage in the generation of
haploids on the haploidization medium, crossing-over in these aneuploids
might explain for the observed coincidence of crossing-over and
haploidization found in A. niger but not in A. nidulans (Kifer 1977).

In A. nidulans translocation strains have also been suggested for
mapping markers to chromosome segments, either by analysis of homozygous
translocation dipleids {Ma and Kifer 1974) or by analysis of translocation
disomics (Kifer 1975).

Principally hetercallelic recombination might also be used to select
for associated outside marker exchange. Though such recombinants can be
isolated easily (e.g. as prototrophic segregants from heteroallelic
auxotrophic diploids) it has never been used efficiently for mapping.

As mentioned before spontaneous mitotic crossing-over is rare, but
can be induced by treatment of the heterozygous diploid with mutagens in
order to facilitate the detection of recombinants needed for mitotic
mapping. In A. nidulans UV-induced crossing-overs appear to show the same
distribution as spontaneous crossing-over and the frequency with which a
marker becomes homozygous may be used as a relative measure of the mitotic
distance between this marker and the centromere (Wood and Kifer 1969).
Multiple exchanges were no more frequent than expected from random
coincidence of single exchanges. This is also true for chemical induction
of mitotic recombinants in A. nidulans {Shanfield and Kifer 1971). Also in
5. pombe the mitotic mapping data based on UV-induced recombinants are
consistent with the order proposed on the basis of spontaneous recombinants
{Gygax and Thuriaux 1984).

As with haploidization there is considerable wvariation in the
frequency of mitotic crossing-over in different organisms. The absolute
frequency of mitotic crossing-over in higher organisms is extremely
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difficult to estimate. In fungi it is feasible, but limited information is
available due to the low crossing-over frequency and the clonal appearance
of recombinants. For A. nidulans the incidence of mitotic crossing-over
using colour markers has been estimated in a few experiments to be about
0.1-0.3% per chromosome arm probably correlated with arm length (Kéfer
1961).

1.4 Aim and outline of this study

The main goal of the work presented was to develop and apply genetic
techniques for the construction of genetic maps of the asexual fungus A.
niger to facilitate genetic analysis. A detailed genetic (mainly meiotic)
map is available for the perfect fungus A. nidulans (perfect state
Emericella nidulans) (Clutterbuck 1987) which is the model organism for
industriatly important fungi but has no economical significance like A.
niger. Genetic techniques for the analysis of parasexual recombination have
been developed for A. nidulans but have been adopted only scarcely in A.
niger (Lhoas 1967, van Tuyl 1977). Lhoas (1967) reported the assignment of
31 markers to six linkage groups and a tentative gene order of markers on
cene linkage group. Van Tuyl (1977) studying fungicide resistance in A.
niger started with a different wild type isolated from hyacinth bulbs and
also observed six linkage groups in A. niger. Since the strains of Lhoas
(1967) were not available and only few of the A. niger strains of van Tuyl
(1977) were preserved a new strain collection was started {Bos 1985} from
the gluconic acid production strain ATCC 9029, Mutations were induced at
low UV dose to minimize background damage {Bos 1987).

For several reasons a genetic map of A. niger was wanted. At first
there is a fundamental reason to have more insight in the genome
organization of the widespread asexual fungus A. niger: what is the number
of chromosomes and chromosome arms, how is the linkage of markers on the
chromosomes and what is the physical size of the genome. It is also of
basic interest to know more about the frequency of mitotic recombination
for the different markers on the chromosomes. Such information can
contribute to a better understanding of the impact of parasexual
recombination in storing and recombining genetic variation in imperfect
fungi.
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For more practical reasons it 1s important for breeding of the
economically important fungus A. niger to have a linkage map of the entire
genome and at least an indication of the map distances. Improvement of A.
niger production strains 1is mainly based on mutation and selection (e.g.
Markwell et al. 1989, Gunde-Cimerman et al. 1985). Only very limited use of
genetic principles of parasexual processes has been made (Kundu and Das
1985, Ball et al. 1978) since formal genetics could not he adopted due to
lack of marker mutations and genetic maps. Because of the ability of A.
niger to secrete Targe amounts of extracellular proteins it is considered
to be a good candidate for the development cof expressien and secretion
systems of homologous as well as heterologous proteins of pharmaceutical
and industrial interest. Genes of interest can be manipulated in vitro by
molecular techniques and can be subsequently introduced into A. niger by
transformation (e.g. Goosen et al. 1990). Formal genetics is indispensible
for analysis of such transformants for §t can yield information about
stability of transformants and genome position of transformed sequences.
Moreover, strategies for strain construction can be devised if a genetic
map is available and genetic techniques can be applied so that the effect
of combined mutations or transforming (heterologous) sequences originally
introduced in different strains can be studied.

The genetic analysis based on mitotic mapping highly depends on
efftcient markers and genetic techniques. The markers present in the newly
started A. niger sirain collection were mainly auxotrophic mutations that
could be used to force heterokaryon formation on minimal medium and to
select heterozygous diploids., In haploidization analysis these markers can
be used efficiently and master strains that can be used for the assignment
of genes to six linkage groups in A. niger were constructed (Bos ef al.
1988). Auxotrophic markers, however, could hardly be used for chromosome
mapping since no efficient selection method was available. As also no
direct selectable markers were available, at first an attempt was made to
develop an efficient method for the selection of auxotrophic recombinants
from originally prototrophic heterozygous diploid culture (Chapter 2). In
addition, markers were introduced that enable direct selection of
recombinants from heterozygous diploids or that facilitate genetic analysis
of isolated homozygous diploids (Chapters 3 and 5). Furthermore, a novel
mitotic mapping strategy was developed based on the introduction of the
heterologous amdS gene of A. nidulans into A. niger by transformation
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{Chapter 4). A1l these methods have been used in genetic analyses for the
construction of a tentative genetic map of A. niger (Chapter 5}).
Karyotyping by cytolegical methods is extremely difficult in fungi due to
the small size of the fungal chromosomes. However, the recently developed
pulsed-field gel electraophoresis methodology allows the separation of large
DNA molecules in the size range of chromosomes {Schwartz and Cantor 1984,
Carle and Olscn 1984). With this technique an electrophoretic karyotype can
be made and has been used to estimate the genome size of e.g. Neurospora
crassa (Orbach et al. 1988) and A. nidulans (Brody and Carbon 1989). The
method allows the correlation of mitotic linkage groups to specific bands
in the electrophoretic karyotype. Generally mitotic 1inkage groups are
considered to be equivalent to the cytolegical chromosomes. In Chapter 6
the development of an electrophoretic karyotype of A. niger is described.
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CHAPTER 2
Mitotic mapping in linkage group V¥ of Aspergillus piger based on selection

of auxotrophic recombinants by Novozym enrichment

AJM Debets, K Swart, CJ Bos (1989). Can J Microbiol 35:982-988
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This paper describes a procedure which allows the quantitative selection of auxotrophs of the fungus Aspergillis niger by
enzymatic killing of immobilized germinating prototrophic conidiospores. We have applied this procedure to linkage analysis
on the basis of mitotic crossing-over in this fungus. Starting with a heterozygous diplaid strain, we could select auxotrophic
homozygous diploid recombinants quantitatively. We estimated the frequency of crossing-over after correction for clonal dis-
tribution of recombinants, and localized four auxotrophic markers as well as the centromere on chromosome V of this fungus.
The Novozym enrichment procedure proved to be useful in genetic analysis and for the construction of recombinant genotypes
in the case of closely linked auxotrophic markers. The determination of gene order and the estimation of distances on the
basis of benomyl-induced recombinant haploid segregants may fead to incorrect conclusions. Genetic analysis on the basis
of homozygous recombinants, however, can provide reliable estimates of map distances.
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DEBETS, A. J. M., Swarr, K., et Bos, C. I. 1989. Mitotic mapping in linkage group V of Aspergillus riger based on selection
of auxotrophic recombinants by Novozym enrichment. Can. J. Microbiol. 35 : 982 -988.

Une méthode qui permet la sélection quantitative d’auxotrophes du champignon Aspergiflus niger par destruction enzy-
matique de conidiospores prototrophes immaobilisées et en cours de germination est décrite dans cet article. Cette méthade
a Ct€ utilisée pour analyser les linkages résuliant d’entrecroisements {crossing-over) lors des mitoses chez ce champignon.
Débutant cette étude avec une souche diploide hétérozygete, des recombinants diploides homozygotes auxotrophes ont pu
étre sélectionnés quantitativement. Aprés correction de la distribution clonale des recombinants, la fréquence d’entrecroise-
ment a €té évaluée. Par cette méthode, quatre marqueurs auxotrophes ont été localisés, de méme que le centromére du
chromosome V de ce champignon. La méthode d’enrichissement & la Novozym s'est montrée utile pour I’analyse génétique
et la construction des génotypes de recombinants dans le cas de marqueurs auxotrophes voisins. La détermination de I'ordre
des gEnes et des distances a "aide de recombinants haploides ségrégés induits par le bénomyle peut donner des conclusions
erronées. L’analyse pénétique basée sur des recombinants hamozygotes, par contre, peut donner des estimés fiables des
distances cartographiques.

Mois clés : Aspergillus niger, cartographie des chromosomes, entrecroisements mitotiques, enrichissement  la Novozym,

recombinants auxotraphes.

Introduction

Genetic analysis of asexual fungi is based on mitotic recom-
bination in heterozygous diploid strains. Two types of
recombinants can be distinguished: those resulting from
chromosome segregation, and those originating from crossing-
over between homologous chromosomes. The second type of
recombinants can be used for mapping of linked genes. These
recombinants are homozygous for all markers on a chromo-
some distal to the site of crossing-over and heterozygous for
all proximal markers. Because the frequency of mitotic
crossing-over is reiatively low, it is necessary to select recom-
binants for genetic anatysis. Usually, only markers suitable for
positive selection are used to isolate recombinants homozy-
gous for a distal marker on a given chromosome. The linear
order of the proximal markers relative to the centromere can
be deduced from the genotypes (Pontecorve ef af. 1933; Pon-
tecorvo and Kafer 1958, Kifer 1977). The limitation of this
type of analysis is that it depends on the availability of a selec-
tive marker on each chromosome arm. In Aspergillus niger,
such markers are scarce and, therefore, linkage analysis has
been restricted to chromosome I (Lhoas 1967); a few linkage

! Author to whom correspondence shouid be sent.

[Traduit par la revue]

groups in A. nidulans were also studied this way (e.g., Kifer,
1958; Arst, 1988).

During the genetic analysis of A. nidulans, the filtration
enrichment method was used successfully for the isolation of
recombinants homozygous for pdhC (Bos er al. 1981). How-
ever, the procedure proved ineffective for the isolation of
auxotrophic recombinants for the genetic analysis of A. niger.
Therefore, we were interested in another enrichment methed.
Many other methods are based on selective killing of proto-
trophs (see Fincham er @l., 1979). When techniques for the
isolation of protoplasts became available, cell wall degrading
enzymes were proposed as toels for the isolation of auxo-
trophic mutants (Delgado et al. 1979; Ferenczy er al. 1975,
Piedra and Herrera 1976; Sipiczky and Ferenczy 1978). How-
ever, enrichment of auxotrophs by such enzymes has mainly
been applied to yeasts and not to filamentous fungi.

In this paper, we describe an enrichment method based on
selective killing of immobilized germinating conidiospores by
the lytic enzyme preparation Novozym 234. Optimal condi-
tions for the Novozym enrichment method were determined in
simuolation experiments. Tt will be shown that this method
allows the quantitative isolation of auxotrophic recombinants,
Subsequently, the method is used to make a gene map of
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chromosome V on the basis of the homozygous recombinants
isolated ustng this method. We present evidence that fre-
quencies of recombinants found represent real crossing-over
frequencies, so that linkage maps of different chromosomes
can be drawn to the same scale.

Materials and methods

Strains

The 4. niger strains were derived from strain N402 (cspd!, a
mutant with short conidiophores) after induction with UV and filtra-
tion enrichment (Bos e al. 1988). The strains used are shown in
Table 1, Only low doses of mutagen were used and repeated muta-
genesis was limited to aveid chromosomal abberations (Bos 1987).
Strains with more markers were obtained by somatic recombination.

Media and growth condirions

Aspergillus niger was grown on complete medium (CM) and on
supplemented minimal medium (SM) with a composition according
to Pontecorvo ¢r af. (1953). All media contained 1 mg/L of ZnSQ,,
FeS0,, MaCl,, and CusSQ,. In platings where the amount of viable
conidiospores had to be determined, 0.05% Triton X-100 was added
to CM (CMT) to reduce colony size (Maleszka and Pieniazek 1981).
The carbon source, mostly .05 M glucose, was added after auto-
claving of the media. SM was prepared by adding supplements at a
concentration of 200 mg/L. (amino acids and nucleotides) and 2 mg/L.
(vitamins)_

Culrures were grown on CM at 30°C for 4 days, and stored at 4°C
for 1 -7 days to get optimal synchronized germination of conidic-
spores. Conidial suspensions were made in saline—Tween (0.05%
Tween 80, w/v) and vigorously shaken during 1 min with glass beads
to break counidial chains. The suspensions were filtered through a
cotton wool plug to remove mycelial fragments and counted using a
Coulter counter.

Genetic technigues

The assignment of genes to linkage groups by haploidization on
CM with benomyl has been described earlier {Bos er of. 1988).
Benomy] was dissolved in acetone and used at a final concentration
of approximately 0.25 mg/L. As mitotic crossing-over can disturb the
linkage of markers on the same chromosome and can even result in
the Joss of a certain marker, subcultaring was avoided as much as
possible. One propapation step was necessary to obtain synchronized
germination of conidia. Several small samples of conidiospores were
taken from several diploid colenies on the original minimal medium
(MM) sandwich plates and subcultured on CM propagation plates by
needle plating 1o obtain synchronized conidia, essentially as described
by Kiifer (1961}. Conidial suspensions were made from each of these
plates and a sample of each suspension of synchronized conidia was
used in an enrichment procedure.

Filtration ewrichment
Conidia were subjected to filtration enrichment, ¢ssentially as
described by Bos er af. (1981) for A. niduilans.

Novozym enrichment

The basis of this enrichment procedure is that the conidiospores of
the criginal prototrophic strain are allowed to germinate and are sub-
sequently kitled enzymatically, whereas auxotrophic spores that do
not germinate, survive. Novozym 234 was obtained from Novo
Industries, Denmark (batch ppm 1961). Conidiospores were har-
vested as described and plated onto MM in small Petri dishes (10¢
conidia per plate of 5.5 cm diameter, as determined by Coulter coun-
ter and viable count) and incubated at 30°C for 10 h. The percentage
of germinated conidia was estimated by light microscopy. When the
conidiospores had started to germinate and when the germ tubes were
about 10 times the spore diameter, 1.5 mL enzyme solution (10 mg
Novozym 234/mL H,0) was added and the plates were incubated
for | h at 30°C. The Novozym was removed and the plates werc
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washed twice with | mL H,O. Subsequently, the plates were
incubated again for 3—4 h at 30°C and examined by light micros-
copy. In most cases, the treatment with Novozym was then repeated.
After this second incubation, the plates with Novozym were stored
overnight at 4°C as it appeared to improve the method slightly. The
Novozym solution was pipetted off and the plates were washed with
sterile water, The nongerminating conidia that resided on the MM
enrichment plates were rescued by topping the plates with a 2-mL
layer of five-times concentrated CM containing only 0.8% (w/v)
agar. Colonies that appeared after 2 —3 days of incubation were tested
by transfer omo MM and CM, respectively, using wooden twoth-
picks. As some ungerminated conidiospores were rinsed off in each
washing of the MM + Novozym plates, all washing fluid was com-
bined and centrifuged. The pelleted conidiospores were plated on
CMT, grown 10 colonies, and subsequently tested for auxotrophy.
Colonies failing to grow on MM were further characterized for their
deficiency.

Results

Haploidization of heterozygous diploids

In principle, strains with various combinations of markers
were obtained from experiments that were performed 1o deter-
mine the linkage group of markers by benomyl-induced
haploidization of diploids. This was easily achieved for
unlinked markers and, sometimes, recombinant strains could
be isolated carrying linked auxotrophic markers (Bos et al.
1988). However, no recombinants were obtained containing
the markers nicAl and metB2 {or metBi0) on chromosome V,
and the position of the centromere was unknown. The haploid
strain N455 (argAl pheAl) was isolated as a pheaylalanine
mutant from strain N408 (arg4/). The linkage group of these
markers was determined in a few haploidization experiments
(Table 2). Diploid strains N455//N505 and N494//N561 were
haploidized using benomyl, and haploid segregants were
analysed. A few {only prototrophic) recombinants were found
among the haploid segregants of diploid strain N494//N561,
and linkage of argA? as well as pheAl 1o the nicA] marker on
chromosome V was concluded. Haploidization of diploid
strain N455//N50% also showed linkage of argA? and phedl
to the mefB gene on chromosome V. As can be seen from
Table 2, again no double auxotrophic recombinants were
found.

So, the construction of double auxotrophic recombinant
strains by way of benemyl-induced haploidization offered no
good perspectives for the relatively closely linked auxotrophic
markers (metB2, pheAl, argAl, and nicAI} on linkage group
V. In many other haploidization experiments, no such recom-
binants were ever found {data not shown}. Moreover, deter-
mination of relative order and distances on the basis of the
recombinant frequencies found in these experiments is not
reliable, as will be discussed later.

Gene localization using homozygous diplpid recombinants iso-
lazed by filtration enrichment

Strains with several markers on the same chromosome are
essential for the determination of the linear order of these
markers. As such strains could not be isolated by benomyl-
induced haploidization, an alternative method was used, A few
recombinant diploids were isolated from diploid N455//N505
by filtration enrichment (C. J. Bos. 1985. Ph.D. thesis, Agri-
coltural University, Wageningen.) Although proper genetic
analysis based on these few colonies was not possible, the
haploid strain N567 (cspAl, metB2 phedl argAl) could be




TaBLE 1. Strains used in this sudy

Strain number Genotype
N423 cspAl, nicAl
Nd55 cipdl, phedl argAl
Nd454 cspdl, nicAl, pabAl
NS505 cspAl, famdl, lenD0, metB2
N561 cspAl, hisD4, lysA7, argAl phedl
N567 cspdl, fwnAl, merB2 phedl argAl

NoTz: Verious combinstions of these haploid strains were used
for the construction of diploids (designated, e.g.. N435//N5GS).
Gene symbols are as follows: csp, short conidiophares; fivn, fawn-
colored conidia; deficiencies: nic, i ide: pab, p-ami
2oiC acid; arg, arginine; phe, phenylalanine; lew, leucine; Ais, histi-
dine; {ys, lysine; mee, methionine.

isolated from a Met~ recombinant diploid upon haploidiza-
tion. Subsequently, a diploid strain was constructed from
strains N567 (cspAl, metB2 pheAl argAl} and N423 (cspAl,
nicAl) and used in experiments on the isolation of homozy-
gous recombinants. In several experiments, filtration enrich-
ment yielded only a few amino acid requiring segregants and
no Nic~ auxotrophic recombinants were found (data not
shown). The filtration enrichment procedure is apparently not
suitable for the isolation of alt different types of auxotrophic
recombinants. In general, the procedure has some short-
comings, which will be discussed later, that prompted us to
search for another mare quantitative enrichment procedure.

Enrichment of auxotrophs using Novezym 234

We developed an enrichment method for the isolation of
auxotrophic recombinants based on the cell wall degrading
enzymes of Novezym 234, which we had already used for the
isolation of protoplasts (Debets and Bos 1986). Optimal condi-
tions for the enrichment were determined in several simulation
experiments. Novozym 234 is highly active against germinat-
ing conidia. Ungerminated conidia are not affected, and ger-
minating conidiospores with long septated mycelium are not
killed efficiently. Therefore, it is very important that the
conidiospores germinate synchronously. The best results were
obtained when the conidia were harvested from colonies
grown at 30°C for 4 days and stored at 4°C for 1 —7 days. The
optimal germination time for the conidia on the enrichment
plates was about 10 and 12 h at 30°C for diploid and haploid
strains, respectively. Under these conditions, more than 5%
of the prototrophic conidiospores germinated, whereas the
conidia with the largest germ tubes were still sensitive to
Novozym 234. Simulation expetiments were performed in
which the haploid strains N423 and N567 served as auxo-
trophic and prototrophic strains, respectively. The enrichment
plates were supplemented for the deficiencies of strain N567.
Thus, conidia of this strain could germinate, whereas conidia
of strain N423 could not. A mixture of conidiospores contain-
ing about 0.1% ‘‘auxotrophic™ conidia was used. The com-
piled results of two experiments are shown in Table 3. The
first Novozym treatment resulted in a 50-fold enrichment and
the second treatment showed an additional fivefold enrich-
ment. The efficiency of the second treatment was lower, as
could be observed by light microscopy, mainly because
conidia that were not yet germinated when the first treatment
was given did not germinate synchronously. As the enzyme
treatment was not effective when germination had proceeded
too far, the second incubation with Novozym had to be per-
formed after 3—4 h, although, by then, not all prototrophs

were germinating. It can be seen from Table 3, that no signifi-
cant loss of auxotrophs during the enrichment procedure
occurred. Therefore, this method allows quantitative isolation
of auxotrophs.

Determination of linear order from homozygous diploid
recombinants

In a subsequent experiment, the Novozym enrichment
method was used to isolate auxotrophic recombinants from the
diploid strain N423//N567. To get segregants originating from
different recombination events, several experiments were per-
formed using independent conidial suspensions from indepen-
dently grown cultures. From each suspension, auxotrophs
were isolated by enrichment from a sample of 10* conidia.
Diploid as well as haploid segregants were obtained. The
ploidy of the recombinants could be determined visually as
haploid segregants were either fawn (fwndl) or dark black
{fwnAd*), whereas diploid segregants were brownish black
(fwnAlilfwnA*). In case of doubn, the ploidy was confirmed
from the size of the conidia, as measured with a Coulter coun-
ter. The results of the Novozym enrichment experiments on
the isolation of auxotrophs from 26 different conidial suspen-
sions are shown in Table 4. The segregant colonies were tested
for their auxotrophy and the number of diploid recombinants
of each type is shown. Among the haploid auxotrophs, equal
amounts of Nic~ and Met~Phe~Arg~ segregants were found.

As one of the markers was in repulsion to the others, the
genotype of the diploid recombinants was then determined by
haploidization in order te distinguish between homozygosity
and heterozygosity of a marker originally in repulsion to the
selective marker. This was rather laborious. When the order
of metB2 and pheAl relative to the centromere became obvi-
ous, it was decided that if more than one Met~ or Met~Phe™
segregant was isolated from a suspension only one of these
would be analysed by haploidization as they might result from
the same recombination event. Differences in viability were
not observed upon haploidization of the homozygous diploids.
The genotypes of the segregants and the most likely genetic
explanation for each homozygous recombinant are given in
Table 5. Nearly all recombinants can be explained by a single
crossing-over event, Two recombinants remain that could be
explained only by either nondisjunction or double crossing-
over. The deduced map order and the position of the centro-
mere are shown in Table 5.

As the Novozym procedure allowed quantitative isclation of
nonleaky auxotrophs in simulation experiments, an estimation
of absolute recombination frequencies can be made. When
mitotic cressing-over occurs in a diploid colony, segregation
of recombinant nuclei may occur. So, it is essential to take into
account the possible clonal origin of recombinants. To get
many crossing-over products originating from different
recombinational events, parallel experiments were performed
using several conidial suspensions from independently grown
cultures of a diploid strain; relatively small quantites of
conidia (10%) were vsed from each suspension. The absolute
cross-over frequency for each region was calculated after
correction for clonal distribution of segregants (Luria and Del-
briick 1943). These frequencies are included in Table 5. The
Nic~ diploid, explained by a crossing-over in region III, was
found at the same frequency as the reciprocal Arg~ recom-
binant. Isolation of reciprocal pairs from the same suspension
was observed in a number of cases, indicating simultaneous
production, although our data are insufficient to altow a clear-
cut conclusion. New recombinant strains, N667 (cspAl,
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TaBLE 2, Genetic analysis of induced haploid segregants from heterozygous diploids
N494//N561 and N455//N505

Sepregant phenotypes

Linked Percentage of
Diploid strain markers ab ab* a‘h atht recembinants
a b

N494//N561 nicAl  argAl 0 Bl 52 6 43
argAl  phedl 52 4] Q 87 0.0
PheAl nicAl 0 52 81 6 4.3
N455//N305 argAl  pheAl 98 2 1 212 1.0
argAl  metB2 0 100 211 2 0.6
pheAl merB2 0 9 211 3 1.0

NoTe: Only linkage data of markers on chromosome V are shawn. The number of segregant phenatypes for
each combination of linked markers is given as well as the percentage of recombinants. Diploid siraing used:
N4%% cspdi.  + + + + nicAl, pubAl

N561 cspdl, hisDd, bsA7, argd! phedl  +

N455 cspdf. + + + arg4l phedl
N503 capAl, fwndi, lewDS, metB2  + +

TaBLE 3. Simulation of enrichment of auxetrophs by Novozym 234

Colonies recovered

Novozym  ————— ——  Auxotrophs  Enrichment
treatments N567 N423 (%) factor®

O (start) 6 % 107 56 0.11 | —

1 1.2 x 108 70 5.5 50

2 196 73 27.1 246

NoTE: Haploid strain N567 (cspAl. metB2 argAl pheAl) was used as *'protetrophic’”
strain and N423 (cspA), nicAl) as **auzctrophic’™ muiant. The results of two experi-
ments are compiled. The effects of one or two Novozym treatments are shown.

“The enrichment factor was calculated from ihe frequency of auxotrophs.

SwnAdl, argAdl nicAl) and N668 (cspAl, fwnAl, metB2 pheAl
nicAl), containing new combinations of these linked markers
were isolated by haploidization of the recombinant diploids.
The frequency of spontaneous haploidization was calculated
from the same experiment on the basis of the average number
of haploids (Table 4). After correction for clonal distribution
according to Laria and Delbriick (1943), the haploidization
frequency was found to be 5.5 x 104

Discussion

The Novozym enrichment procedure described in this paper
and used to isolate homozygous recornbinants proved to be
useful in the genetic analysis of A. niger. The method showed
several advantages over filtration enrichment, A first limita-
tion of the latter is that not all types of recombinants could be
isolated. Upon application of this method for the isolation of
auxotrophic mutants, we had already observed that mutants
requiring vitamins or nucleic acid bases were especially
scarce. Similar observations were described by Woodward
et al. (1954) with Neurospora crassa. The most likely
explanation is cross-feeding of minue traces of growth factors
{(e.g., vitamins) in the liquid medium by germinating conidia.

Another important limitation of the filtration enrichment
method is the fact that many uwngerminated conidia are dis-
carded together with the germinated ones. Firstly, part of the
ungerminated conidia become trapped into the mycelial net-
work upon filtration. Secondly, conidia of A. niger show
aggregation during incubation in liquid medium. So, quantita-
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tive data cannot be obtained using this method.

The Novozym enrichment procedure is based on selective
killing of immobilized germinating conidia so that aggregation
does not occur and ¢ross-feeding will be limited. We imitated
the enrichment of auxotrophs in simulation experiments. We
found 2 250-fold enrichment factor and no significant loss of
auxotrophs. Therefore, we concluded that auxotrophs can be
isolated quantitatively provided nonleaky mutants are used.

Linkage analysis, as used by Lhoas (1967), was mainly
based on recombinants found in haploidization experiments.
This method was ineffective for the determination of the linear
order of auxotrophic markers on linkage group V of A, niger.
We found low frequencies of recombinants in haploidization
anzlyses. Most of these recombinants were prototrophic and
no double auxoirophic recombinants could be isclated.

Lhoas (1967), who found relatively high rates of haploid
recombinants for the markers he studied, also observed a pre-
dominance of prototrophic ones. He explained this by reduced
viability of the auxotrophic recombinants on the p-fluoro-
phenylalanine-containing haploidization medium. In our
experiments, however, we supplemented the benomyl-con-
taining haploidization medium with the essential growth fac-
tors and observed no significant difference in viability of
haploid segregants carrying one or more of the auxotrophic
markers used. It is therefore unlikely that the absence of
haploid auxotrophic recombinants is caused by reduced viabil-
ity during haploidization.

A more likely explanation for the predominance of proto-
trophic recombinants is the occurrence in the heterozygous
diploid of a recombinant homozygous for the wild-type allcles.
Such a recombinant might result from crossing-over during
outgrowth of the heterozygous diploid. Segregation of a proto-
trophic dipleid recombinant is likely on MM, whereas a
reciprocal auxotrophic recombinant would not be able to
segregate on this medium.

Finally, recombination frequencies are not reproducible in
haploidization experiments. The concentration of benomyl in
the medium is critical . If the concentration is rather low, rela-
tively high numbers of diploids and aneuploids are observed.
When a slightly higher concentration is used, almost only
haploid segregants are found. The high variance of recom-
binant frequencies between markers in different experiments




TaBLE 4. Number and classification of auxotrophic segregants isolated from different
conidial suspension of diploid strain N423//N567 by Novozym enrichment {see also

Table 5}
Aurxotrophs
. 2n
Condial
suspension®  Met™ Met~Phe™ Arg” Nic™ Arg~Met~Phe "~ n®
1 1 2 2 5
2 2 5
3 2 2 1 53
4 3 3 1 43
5 1 1 1 14
6 1 8
7 1 4
8 1 2
9 1
10 2 15
11 2 2 4
12 3 10
13 1 9
14 2 i 1 0
15 1 5
16 1 1 6
17 1 6
18 0
19 1 7
20 1 2 2 5
21 1 2
22 3 1 2 7
23 2 1 1 1 4
24 1 1
25 i 1 2 25
26 t 1 33
Total 27 14 18 9 1 24
Note: Diploid strain: N423 espAf,  + + + nicdl  +

N567 cspdl, fumAl, meiB2 phed]  +

argAl

*From: each suspension, 10* conidicspores were used in the enrichment procedure.
Eamong the haploid auxotrophs, equal amounts of nicd! and merB2 pheA! argA} haploid segreganis were
fourd. Haploids were distinguished from diploids visnally or by Coulter counter determination.

may be due to this phenomencn. For disomics of A. nidulans,
it has been shown that the frequency of randomly selected
haploid breakdown secrers that are recombinant can be up to
6% (e.g., Assinder er al. 1986; Assinder and Upshall, 1986).
These studies also demonstrated that the cccurrence of cross-
overs in the centromeric region was more pronounced in
disomics than in diploid nuclei. It has been argued that if
aneuploids are a relatively long-lasting stage in the generation
of haploids on the haploidization medivm, crossing-over in
these ancuploids might explain the observed coincidence of
crossing-over and haploidization in A. aiger (Kifer 1977).
For the construction of the genetic map of chromosome V,
we isolated and analysed homozygous diploid recombinants.
From the diploid strain N423//N567, diploid recombinants
homozygous for either of the auxotrophic markers were
found, using the Novozym method. The reciprocal recom-
binants of crossing-over in region III (Nic~ and Arg-,
respectively) were found at the same frequency. To get proper
estimates of recombination frequencies, we isolated recom-
binants from many small samples of independent suspensions
and, thus, correction for clonal segregation could be per-
formed (Luria and Delbriick 1943). A map order for the auxo-

trophic markers on linkage group V could be determined
(Table 5). The total recombination frequency resulting from a
crossing-over event in each of the regions is probably twice
the value based on the auxotrophic recombinants, assuming
that recombination giving rise te the reciprocal homozygous
prototrophic recombinants occurs at the same rate. Therefore,
the frequencies of recombination leading to homozygous
diploid segregants in a heterozygous diploid culture varied
from 3.8 x 10-5 for the region between the centromere and
ricAl up to 8.6 x 10-7 for that between metB2 and pheAl.
The frequency of haploidization was estimated to be 5.5 X
10~* and, therefore, the frequency of nondisjunction leading
to homozygosity is probably below this figure. Only two
recombinants were found that could be explained by either
nondisjunction or double crossing-over. Taking into account
the frequency of mitotic crossing-over {in between 10—4 and
10-5 for each region), these two recombinants most likely
arose by nondisjunction., Even in disomics of A. nidulans that
show high rates of crossing-over in the centromeric region,
most recombinants could be explained by a single crossing-
over (e.g., Assinder and Upshall 1986; Kiifer 1977). The con-
clusion of Assinder et al. {1986) that most of the recombinants
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