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6. Het verdient aanbeveling dat zowel veredelaar als fytopatho-
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1. General introduction

1.0 Genetic mechanisms in fungi

In contrast to higher plants where the haploid phase (gameto-
phyte) 1is restricted to only a few nuclear divisions before
gametic fusion respectively karyogamy takes place, the fungal
organism 1is hapleid. At the sexual stage, karyogamy takes place
in specialized binucleate hyphal cells and is immediately follow-
ed by meiosis of the resulting tetrad mother cell (see Fig.l.1).
The meiotic mechanism of higher and lower eukaryotes is essent-
ially similar.

Many fungal species, however, are 'imperfect', which means
that they do not propagate sexually, or at least that a sexual
stage is mnot known. Several species of the imperfect fungi are
important in agriculture as plant pathogens, or in biotechnolegy
as producers of amino acids, carboxylic acids, antibiotics and
enzymes.

Although imperfect fungi have no melotic recombination they
have, 1ike many perfect fungi, an effective somatic recombin-
ation mechanism known as the parasexual cycle (Pontecorvo, 1954)
or better the parasexual sequence. In plant pathogenic fungi
these processes confer genetic flexibility on the populations;
in imperfect fungi of industrial interest somatic recombination
provides  possibilities for breeding production strains. 1In
general somatic recombination enables genetic analyses of
imperfect fungi.

The parasexual sequence has been extensively studied in
Aspergillus nidulans, an ascomycete with a functional sexual
stage (perfect stage). Its proper name is Emericella nidulans,
but the fungus 1is generally known by its 'imperfect name'. In
this orgamism the outcome of somatic recombination can be
analysed with the help of meiotic products and the effects of
the two recombination mechanisms can be compared. The basis for
this work was laid in the fifties by Pontecorvo and co-workers




at Glasgow and has since been gradually extended, especially in
Great Brittain. Recently A.nidulans received renewed attention
by the development of protoplast techniques and host-vector
systems for genetic manipulation. Figure 1.1 gives the
generative and the vegetative life cycle of A.nidulans.
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Figure 1.1 Life cycle of Aspergillus nidulans (Eidam) Wint.

On solid media these fungi grow as mycelial colonies. The
cells of the branched mycelium are multinucleate and the septa
have a pore allowing intercellular migration of nuclei. On
specialized cells (conidiophores) vegetative spores (conidio-
spores or conidia) are formed. In A.nidulans the conidipspores
are formed in chains each arising from one uninucleate sterigma.
So the conidia of the same chain are genotypically identical,
but chains may differ in genotype when the mycelium is hetero-
karyotic (i.e. when it contains nuclei of different genotype).
Wildtype A.niger strains wusually have long conidiophores, so
that the spores readily disperse and lead to contaminations in



the laboratory. Wildtype A.nidulans strains have green, wildtype
A.niger strains have black condiospores, so the colonies appear
green resp. black. Mutant strains with other colours (yellow,
white, pale, fawn, olive-green)) are useful for genetic studies.

The parasexual processes which may lead to somatic recombin-
ation consist of a number of steps. Here the basic aspects of
these steps are briefly summarized.

Between two hyphae of the same strain or of compatible
strains hyphal fusions (anastomoses) may occur, sc¢ that nuclel
of different hyphae can migrate. If fusion is between hyphae of
genotypically different myceiia, this gives rise to hetero-
karyons. In the conidiospores the two parental types will
reappear. Sometimes somatic nuclei in the mycelium fuse and if
fusion 1is between two genotypically different nuclei, a hetero-
zygous diploid nucleus results. The heterokaryon will then
produce diploid conidia and so heterozygous diploid colonies can
be obtained. Details on heterokaryosis and somatic karyogamy are
presented in Section 1.2,

In somatic dipleid nuclei two recombination processes occur:
mitotic crossing-over (between non-sisterchromatids of homo-
logous c¢hromosomes} and haploidization, Mitotic crossing-over
results 1in recombinant chromatids. Hapleidization results from
mitotic  non-disjunction of sisterchromatids which 1leads to
aneuploid nuclei {(2n-1, 2n-1-1, ete.) and by successive loss of
chromosomes wultimately to haploid nuclei. During haploidization
genes on the same chromosome segregate simultanously as linkage
groups. Mitotic crossing-over enables recombination of linked
genes. For details on these mechanisms for somatic recombination

see Section 1.2.




1.1 Scope and outline of the present study

The imperfect £fungus Aspergillus niger 1is of considerable
biotechnological interest. Nevertheless hardly any systematic
genetical research on it has been published so far.

Recently we started a genetic program with A.niger, the first
step being the establishment of a collection of mutants with
well defined markers to be used for the construction of master-
strains. In this program we can profit from extensive experience
with the imperfect fungus Colletotrichum lindemuthianum and the
perfect fungus Aspergillus nidulans, which is one of the genetic-
ally best explored fungi. Aspergillus nidulans is used by us as
a model organism for the development of specific techniques, be-
sides being an ideal organism for the training of research
students.

Much of the work was carried out as small research studies in
which students participated and has not been published so far.
However, in the course of +time the different parts could be
fitted together. Moreover, the obvious possibilities for
application in the A.niger program justify presentation. It is
an appropriate selection of the results with C.lindemuthianum,
A.nidulans and A.niger.

In Chapter 2 methods for the optimalization of UV-mutagenesis
procedures are expleored, with emphasis on survival curves,
mutant yield, and isolation and enrichment procedures, mainly
with A.nidulans.

In Chapter 3 experiments on heterokaryosis by hyphal fusion
in C.lindemuthianum are reported, which did not lead to unam-
biguous results. Another way to induce heterokaryosis, and
ultimately somatic recombination, is protoplast fusion, Prefer-
ence was given to conidial protoplasts and methods for proto-
plast 1isolation from conidiospores were developed. A.nidulans is
used as a model to study protoplast fusion and karyogamy. Part
of this work has been pubiished earlier (Bos and Slakhorst,
1981; Bos et al.,, 1983; Bos, 1985). Protoplast fusion was
applied to C.lindemuthianum to see whether heterokaryons could
be established.
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of genetic analyses by somatic recombination.
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1.2 Summary of somatic recombination processes

For a good understanding of somatic recombination, we summar-
ize here the course of events and some details on the signific-
ance of the processes.

1.2.1 HETEROKARYOSIS

When a mycelium contains nuclei of different genotype it is
called a Theterokaryon. It can arise through mutation in a
homokaryon, but in our study the main origin is the combination
of existing genotypically different nuclei,

Between two hyphae of the same strain, or of compatible
strains, hyphal fusions (anastomoses) may occur se that nuclei
can migrate. Heterokaryons can be selected for by combining on
minimal medium (MM} two strains with different auxcotrophic
markers, i.e. strains which are blocked in essential metabelic
pathways. So in principle heterokaryons will grow on MM. If, in
addition, the strains differ in colour, these heterckaryons
show a dense mixture of the two conidial colours. This process
is illustrated in Fig. 1.2. A heterokaryon can only be
maintained if effective selection for the two complementary
auxotrophies takes place, for on complete medium (CM} or
supplemented medium (SM) one finds segregation (sorting out) of
the two parental types. However, also on MM sorting out of
nuclei occurs and depending on the types of deficiency in the
parents some homokaryotic hyphae may grow among the otherwise
heterokaryotic mycelium by cross-feeding. In general only part
of a heterckaryon will be truly heterckaryotic.

In fungi with multinucleate conidiospores the heterokaryotic
cendition can be maintained by vegatative propagation.

Heterokaryons are useful for complementation studies. Two
phenotypically similar mutants usually complement in a hetero=
karyon if different genes are involved. Because in some cases
intragenic complementation can take place, only when two mutants
do mnot complement they are considered as alleles of the same
gene. However, some types of non-allelic mutants only complement
in diploid nuclei (Roberts, 1964},
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Figure 1.2 Heterokaryosis in A.nidulans.
Balanced heterokaryons precduce conidia with parental genotypes and at low
frequency also heterozygecus dipleid conidia.

1.2.2 SOMATIC KARYOGAMY

In the vepgetative mycelium diploid nuclei can arise by fusion
of two nuclei or by restitution of all chromosomes in one
nucleus during mitosis. Somatic karyogamy can only be recorded
when different nueclei in a heterckaryon fuse to give hetero-
Zygous diploid nuclei. The resulting heterozygous diploid
conidia can be 1identified by their capacity to grow on MM. The
process is 1illustrated in Fig 1.2. Selection of heterozygous
diploids is wusually performed in a sandwich of MM as shown in
Fig 1.3. _

The frequency of heterozygous diploid conidia is both species
and strain dependent. For A.nidulans frequencies of about 10-6
are found. Clutterbuck and Roper (1966) mentioned that dipleoid
nuclei are twice as frequent in hyphae as in conidia. However it
is difficult te obtain a2 reliable estimate of the frequency
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Figure 1.3 Isolation cof heterozygous diplceid colenies.

Conidiospores collected from heterokaryon are plated in a MM layer (bottom} and
covered with ancther layer MM. After #4-€& days incubaticn at 37°C diploid
colonies {and also some heterokaryons) appear.

of karyogamy. Due to sorting out variable parts of a hetero-
karyotic mycelium become homckaryotic. Moreover, diploid secters
of wvarying size can be present in a heterokaryon. As will be
shown in Chapter 3, protoplast fusion opens a way for a more
realistic estimation of the frequency of somatic karyogamy.
Naturally occurring dipleid strains have been found in
plantpathogenic fungi (Caten and Day, 1977) as well as in
biotechnology by dimportant fungi. In some fungal species
{e.g. Cladosporium cucumerinum, Van Tuyl, 1977) diploids have
been found while no balanced heterokaryons could be established.

1.2.3 MITOTIC CROSSING-OVER

Mitotic crossing-over was first observed by Stern (1936) in
somatic cells of Drosophila from so called twin spots. The
phenomenon has been studied extensively in A.nidulans, which is
very suitable for the purpose. The frequency of mitotic crossing
over 1is high (approximately 10—3 per dipleoid nucleus’), collect-
ions of several hundreds of genetic markers are available and
heterozygous diploids can be easily selected for.

The phenomenon has been observed in several other fungal
species (see e.g. reviews by Bradley, 1962; Caten, 1981}, where
the frequency of mitotic crossing-over might be somewhat higher
or lower.

Essentially mitotic c¢rossing-over may take place either in
the Gl-phase between homologous chromosomes or after DNA-repli-
cation in the GZ-phase, 1i.e. between non-sisterchromatids of
homologous chromosomes. From experimental data it is concluded
that mitotic crossing-over occurs predominantly or exclusively
in the G2-phase (Roper and Pritchard, 1955; Kafer, 1961, 1977).

8




In a heterozygote, mitotic crossing-over between non-sister-
chromatids can result in homozygosity of all markers distal of
the point of exchange. Homozygous daughter cells result only in
one of the two possible anaphase assortments of the chromatids
(1+3 and 2+4 in Fig. 1.4). As mitotic crossing-over is fairly
rare, in general only one <cross-over will take place between
locus and centromere.

two combinations of chromatids 1+ 3 + 4
are possible (only one of them 2+ 4 2+ 3
gives infermation) mut o yAD put. . a2
mut yAZ + v Vi + —v +
= X —— and or and
+ + nut . + wmut N +
& ” + + v yAZ2
mut yA2 —* mut vA2 —
mut yA2 mut yi&Z v + + v
_-_—_—___~—_=—_-x_—;= —_— and or and .
+ + + + - mut ¥ e
+ + hd 3 ¥ A
—e—TuL vA2 , e L
" mut yA2 * it VAZ ¥ Y
X ————— and or and
— + + — mut, yhAZ
* * — + + T + +
or
t A2 . - mut yA2
mut yAz b4 - E — = =
X T and or and
— - mut + . mut e
* * » P . T VEZ

Figure 1.4 Consequences of mitotic cressing-over.

In this example homozygous yellow (yA2) diploids (*) are selected and tested
for another mutant phenctype {(mut}. TIf e.g. all yellow diplcids have the
mut-phenotype then the linear arrangement is: MUf~———a——yAZ-——nana centromere
(second situation).

Note that a cross-over must occur between ¥A2 and the centromere, otherwise no
yellow diploids will be obtained.




Mitotic «crossing-over provides a tool for the determination
of the relative distances of genes with respect to the
centromere (mitotic mapping). Note that pairs of recessive
markers must be In cis-position (i.e. on the same chromosome)
because otherwise homozygous recombinants for both recessive
genes do not arise. In Fig. 1.4, if mut is located further from
the centromere than yA2, the vA2 (yellow) homozygotes {(which can
be isolated upon visual selection) are always also homozygous
for mut (recessive mutant allele on a given locus). If mut is on
the same chromosome &arm and closer to the centromere a certain
ratio of mut and mut' phenotypes will be found.

In general the availability of good selection markers
terminal on the chromosome arm is a prerequisite. On the basis
of different types of markers a number of selection systems have
been developed (Pontecorvo et al, 1953}, Genetic analysis of
A.niger wholly depends on somatic reccmbination and has been
hampered by the absense of suitable selection markers
(Pontecorvo, Roper and Forbes, 1953; Lhoas, 1967},

1.2:4 HAPLOIDIZATTION

A.nidulans has eight very small chrcmosomes, During mitosis
sister-chromatids sometimes fail to separate. In diploid
A.nidulans, as a result of mitotic non-disjunction, aneuploid
nuclei arise at a frequency of about 2.10-2 (Kifer, 1961, 1977).
These aneuploids (2n+l and 2n-1) have impaired growth as a
consequence of gencme inbalance. A monosomic cell (Zn-1) will,
by successive leoss of other chromosomes, give rise to a haploid
cell with a complete set of chromosomes and normal growth. So,
on complete medium haploid segregants are present in addition to
homozygous dipleid mwitotic crossing-over products. They can be
observed visually if the diploid is heterozygous for suitable
colour markers. The process of haploidization is illustrated in
Fig. 1.5.

The frequency of non-disjunction can be enhanched by addition
te the medium of substances which interfere with the formation
of the spindle, such as p-fluorophenylalanine, benomyl, and to a
lesser extent chloralhydrate. On these plates not only the

10
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Figure 1.5 The process of haploidization in A.nidulans for 2n = 4.

Two modes of non-disjunction for one chromosome II {with m resp. m*} and
subsequent haploidization are illustrated . Only aneuplcids and haploids are
shown.

aneuploid hyphae grow poorly, but also the diploids have reduced
growth. So hapleid segregants can be isolated.

The segregants are purified by a number of transfers to fresh
plates and tested for the presence of the various markers. Two
types of segregants (haploids and homozygous diploids) can be
distinghuished by means of certain markers. Moreover, diploid
conidia have about twice the volume of haploid conidia, which
facilitates the identification of diploid segregants.
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2. Induction and isolation of mutants

2.0 Introduction

2.0.0 GENERAL ASPECTS

Mutations arise spontaneously at low frequencies. Their
frequency can be highly enhanced by mutagenic treatment. Some of
these mutations have little or no effect on the phenotype, but
others cause a failure of essential metabolic Ffunctions. It is
also possible that the secondary gene products (enzymes) are
changed in such a2 way that they have new potentialities (e.g.
other or new substrate specificity).

As the geneticist requires mutants for analyzing a variety of
processes, and in general also a collection of strains with
suitable marker genes, and because 1in industrizl microbiology
many production strains have been and are still being obtained by
mutation breeding, optimalization of procedures of mutation
induction deserves special attention.

A mutational lesion may occur in only one of the two DNA
strands, and after DNA replication it should give a mutant and a
non-mutant double helix. Consequently, upon mitosis only one of
the two daughter npuclei is expected to carry the mutation. How-
ever, upon mutagenic treatment of uninucleate cells predominantly
both daughter nuclei carry the same mutation, since in general
uniform, i.e. non-heterokaryotic, colconies arise. This means that
mutations either directly involve both strands, or that single
strand mutations by some mechanism lead to a mutation in the
complementary strand (Kimball, 1964; Haefner, 1967; Nasim and
Auerbach, 1967; James et al., 1978; Kilbey, 1984).

Resting spores are generally in the Gl phase (situaticn before
DNA-replication). A mutation arising in G2 (post DNA-replication)
will again be carried in only one of the two chromatids respect-
ively only one of the two daughter nuclei.

In A.nidulans the c¢onidia . are uninucleate. Other fungal
species may have binucleate or multinucleate conidiospores. Here
a mutation gives rise to a heterokaryon. Unless the mutant

12



allele 1is dominant, the mutant can only be found after sorting
out of nuclei or upon vegetative propagation.

2.0.1 CROICE OF MUTAGEN

Apart from peint mutations, mutagenic treatment can induce
larger deletions or chromosomal aberations, especially with
ionizing radiations like X-rays. Such disturbances in the genetic
background occur to a far lesser extent with UV. Moreover, UV
equipment can be easely installed in any labeoratory. These are
the reasons why we restricted mutation induction mainly to UV,

Alkylating agents are an alternative. Especially nitroso-
guanidines (NG) are very effective mutagens (e.g. Gichner and
Veleminsky, 1982) and are applied in fungi by several workers.
Apart from requiring very careful handlinrg in view of their
carcinogenicity, NG-compounds often produce a sequence of mutat-
ions, 1.e. very closely linked mutations 1in the progressing
DNA-replication fork (Carter and Daves, 1978; Cerdd-Olmedo and
Reau, 1970; Calderén and Cerdi-Olmedo, 1982). Significantly, Van
Tuyl (1977) observed that various auxotrophic mutants of A.niger
obtained by NG-treatment showed slow growth and pocr sporulation,
in contrast to similar mutants obtained by UV-treatment. For
these reasons we did not make use of these compounds.

Using UV-mutagenesis some specificity may exist for attacking
pyrimidine nucleotides and that certain genes may be less sens-
itive to UV than others (Prakash and Sherman, 1973). However, UV
can 1in principle induce mutations in any gene, causing sub-
stitution, insertion and deletion of basepairs and also a small
amount of somewhat larger intragenic deletions (Kilbey et al.,
1971). 1In general mutation induction depends more on DNA-repair
mechanisms than on specificity of action of the mutagen (Ishii
and Konde, 1975; Balbinder et al., 1983).

2.0.2 THE PROBLEM OF MUTAGEN DOSE

For the induction of mutants mestly high mutagen doses are
applied, which result in low survival of the treated spores, but
in relatively high  frequencies of desired wmutants among
survivors. Often linear relationships between the frequency of
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mutants among survivors and (the logarithm of) the mutagen dose
are presented. This leads to the notion that it is profitable to
isolate mutants at low levels of survival.

For obtaining high yielding production strains in industrial
practice, cells are treated with a mutageniec agent until a
certain 'desired' kill 1is obtained and the survivors are tested
for production characteristics., Survival levels of 0.1% to 5 %
seem to be common practice (e.g. Das and Ilczuk, 1978;
Nevalainen, 1981).

However, high doses of mutagen can result in chromosomal
aberraticns (Kafer, 1977) and in general disturb the genetic
background by an enhanced load of undesirable mutations especial-
ly when recurrent mutagenic treatment is given, as is often the
case with strains of industrial interest. If mutants can be
crossed to wildtype this c¢an be traced and cured. When the
progeny consist of two homogeneous classes {(wildtype and mutant
type), this is an indication that the mutant is 'clean'. Imper-
fect fungi, however, cannot be cutcrossed to remove (accumulated)
backgreund damage. Upshall and co-workers go another way: they
use only spontanecus mutants under the assumption that these will
be unlikely to carry multiple aberrations (Upshall et al., 1979;
Teow and Upshall, 1983).

The question can be raised whether such high mutagen doses are
necessary at all, for appropriate selection procedures and enrich-
ment techniques can considerably enhance the mutant yield and
thus compensate for the lower frequency at lower dose. In this
connection, attention will be paid to mutagenic treatment and its
effect on survival (Section 2.2), mutant vyieid (2.3) and to
enrichment procedures which can be applied to filamentous fungi
(2.4).
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2.1 Material and methods

2.1.0 ORGANISMS AND STRAINS
The following Aspergillus nidulans strains descending from

Glasgow strains were used. The A.nidulans strains in our collect-

ion have a WG number. Gene symbols are according to Clutterbuck

(1984); markers on different chromoscmes are separated by a semi-

colon, if not they are on the same chromosome.

WG01l5 biAl; pyroadd; pAl (bictine and pyridexin requiring; pale
conidia)

WG076 yA2; nica2, riboD5 (yellow conidia; nicotinamide and
riboflavin)

WG094 pabaAl; pyroA4 (p-aminobenzoic acid; pyridoxin)

WG096 pabadl, yA2 (p-aminobenzoic acid, yvellow conidia)

WG136 biAl; wA3; pycB4 (biotin; white conidia; pyruvatecarboxyl-
ase)

WG1l45 wA3; pyroAd (whitey pyridoxin)

WG1l76 DbiAl; wuvsD53 (biotin; UV-repair deficient) {uvsD33 from a
CYoSs with UT517 kindly provided by Dr.G.J.0.Jansen,
Utrecht)

WGL79 yAZ; nicA2, riboD5 (yellow; nicotinamide, riboflavin).

WG282 pabaAl, yAZ; acrAl; metGl; lacAl; choAl ({p-aminobezoic
acid, yellow; acriflavin; methionine; lactese; choline).

An Aspergillus niger wildtype strain was obtained from CBS
{(Baarn, The Netherlands): N400 (= CBS 120-49). From this strain
morphological and auxotrophic mutants were derived by UV-mutagen-
esis as will be described in Section 2.2. The following strains
were used:

N402 cspAl: a strain with low conidiophores descending from N40O

N410 cspAl; fwnAl (a fawn mutant from N402)

N4O8 cspAl; argAl (an arginine requiring mutant from N40Z2)

N420 cspAl; lysal (a lysine requiring mutant from N402)

An Aspergillus oryzae wild type strain was also obtained from

CBS (Baarn, The Netherlands) (= CBS 574.63).

For 1long term preservation of strains (cf. Perkins, 1962),
conidia were collected from a conidial suspension (see below) by

centrifugation or filtration, and resuspended in a mixture of
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skimmed milk (5%) and sodium glutaminate (42) Aliquots of 0.1 ml
were added to small ice-cooled screw cap vials containing 0.5 g
sterile silicagel (without indicator), immediately stirred on a
vortex mixer and put back on ice for about ten minutes. The vials
were stored in the refrigerator (4°C).

For short term storage of strains, 3 day old cultures were
stcred in a refrigerator, prior to experimental use during moestly
3 (-5) days.

2.1.1 MEDIA
The fungi were grown on minimal medium (MM), supplemented MM
(8M), complete medium (CHM) (composition according to Pontecorvo
et al., 1953) or malt extract agar (ME).
MM: contains per litre demineralized water
6.0 g NaN03,
0.5 g KC1,
0.5 g Mgs0,./H,0,
1.5 g KH,PO,,
Traces (one crystal) FeSO,, ZnSO,, MnClp and CuS0y .
SM: MM supplemented with growth factors (amine acids 20 mg/ml;
vitamins (0.2 mg/ml).
CM: contained in addition to MM per litre:
2 g neopeptone,
1 g casamino acids,
1 g yeast extract,
0.3 g ribonucleic acid hydrolysate (sodium salt),
2 ml vitamin stock solution.
The vitamin stock sclution contained per 100 ml:
10 mg p-aminobenzoic acid,
10 mg thiamin,
100 mg riboflavin,
100 mg nicotinamide,
10 mg pantothenic acid,
50 mg pyridoxzin.HC1,
0.2 mg biotin.
CMT:CM containing 0.01%7 Triten-Xi00 in corder to reduce coleny
size on count-plates (Cf. Maleszka and Pieniazek, 1981}.
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ME: contains per litre:
20 g maltextract,

g sucrose,

g neopepton,

g casamino acids,

- o= e B

g yeast extract,

0.2 g ribonucleic acid hydrolysate (sodium salt),

2 ml vitamin solution.

Traces (one crystal) Fesoé, Znso, , MnC12 and CuSOA.
Solid media contained 1.5 I agar and soft-agar media 0.8%. The pH
of the media was adjusted to 6.0 with NaCH before autoclaving for
20 minutes at 120°C. The carbon source, mostly 0.05 M glucose,

was added as a sterile solution (1:20).

2.1.2 CONIDIAL SUSPENSIONS

Conidial suspensions were made from 3 day old cultures of
A.nidulans {(grown on agar at 37°C), or & day old cultures of
A.niger (30°C) and A.oryzae (24°C) with additional short term
storage at 4°C for 3 to 7 day. Suspensions were made in saline-
Tween (0.005 7 w/v Tween-80), vigorously shaken during 10 min in
order to break conidial chains, and then {filtered through a
cotton wool plug to remove mycelial fragments. The spore-
concentrations were calculated by means of a Coulter counter and
usually adjusted to approx. 107 conidia / ml. In general sus-
pensions were stored overnight at 4°C prior to experimental use.
Viability of spores was 65-75% unless otherwise stated.

2.1.3 MUTAGENIC TREATMENT AND SURVIVAL

For UvV-treatment 10 - 12 ml of the suspension stored at 4°C
was transferred to a glass Petridish which was placed, 1lid
removed, under a Philips TUV-tube (30W) at a dose rate of about
120 J/m?/min. The UV-fluence was deterrmined with a short wave
UV-meter (Blak Ray Ultraviolet Sensitivity meter J225). Upon
irradiation (at room temperature) the suspensicn was transferred
to a 30 ml screw cap flask, or in case of smaller samples to test
tubes, placed in ice.
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When applying a single dose, the fraction of surviving spores
could be calculated from a sample taken from the original
suspension and a sample from the suspension after treatment. To
this end the samples were diluted to give upon estimation approx.
50-150 colonies per plate (after plating of 0.1 ml aliquots in
duplo or triplo). Often more than one dilution was plated
especially when 1t was difficult to predict the results. The
resulting colonies were counted.

When applying a dose range, samples of 0.5 ml (added to 0.5 ml
cooled saline) were taken in duplicate from the same Petridish at
time 0, followed by time intervals corresponding to the different
doses. Taking the samples from Petridishes, which can not be
shaken, involves {luctuations in spore concentrations up te 25%.
To correct for such unequal sampling the number of conidia in
each sample is determined with the Coulter counter.
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2.2 Survival curves

Examination of  dose-response survival  curves  provide
informarion on the process of cell killing itself and also
indirectly on what mutagen dose can be used best for cbtaining
mutants without too heavy a load of genetic background damage.

Since A.nidulans conidiospores are unicellular and uni-
nucleate, & suspension may behave like any population of single
uninucleate cells. Typical for such cell populations are sigmoid
curves when survival 1is plotted against irradiation dese. Such
curves become linear on & log survival scale. Fig 2.1 (solid
line) gives a linear log survival curve for UV-irradiation of
microconidia of Neurospora c¢rassa as found by Giles (1951).
Norman (1954) found likewise.

However, wupon UV-treatment of haploid A.nidulans conidia, an
initial shoulder is found at lower doses, followed by a linear
decline (Fig 2.1 dashed line). At higher doses a small fraction
{e.g. 0.5 Z )} seems to be more resistent against killing by UV,
probably due to experimental conditions. Experiments with
N.crassa macroconidia also lead to shouldered curves {(e.g. Atwood
and Norman, 1949; Schroeder, 1970; Furukawa and Hasunuma, 1984),
contrary to what 1is wusually found for microconidia. Chang and
Tuveson (1967) however found a shoulder also for a wildtype
microconidial strain, In fact the same must have been found by
Atwood and Norman (1949) as they mention that usually an extra-
polation number (see later) of 1.5 has been found for N.crassa
microconidia. Significally, Chang and Tuveson (l.c.) found no
initial shoulder with microconidia from an UV-repair deficient
strain (see 2.2.4).

Initial shoulders can only be convincingly demonstrated when
. lower doses are included, otherwise they may go unnoticed. Such
shoulders can be generated by several causes: multiplicity of
hits or multiplicity of targets (2.2.0), and natural repair
processes (2.2.1).
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Figure 2.1 Survival curves.

UV-survival of Neurcspora crassa mjcroconidia based on Giles (1951);
dats converted to a dose rate of 100 J/mzlmin.

—(O— UV=survival of conidiospores of A.nidulans strains WG096 (own data).

2.2.0 MULTI-HIT AND MULTI-TARGET CURVES
The term number of tarpgets can best be understood as number of

genomes per cell. So a conidiospore which centains one haploid

nucleus 1in the Gl-phase is a one target cell. A hit i1s an event
producing a lesion in a target.

In the formula for survival curves used in this section the
following symbols are used:

S 1s the fraction of spores among viable spores surviving
mutagenic treatment. The number of viable spores is measured
at dose =zero, and in general it is 653 to 75% of the total

number of spores.
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kt is the effective mutagen dose, where
t 1is the duration of the treatment (i.c. irradiation}, usually
in minutes, and

k 1is 2 compound constant, being the product of the (inherent)
sensitivity of the cells, the dose rate received in the cells,
and a mnmultiplier to transform kt {(or kt.lologe with 1ologS-
graphs) to the t-scale.

n is the number of targets in the cell,

h is the number of hits per individual target to achieve target

"killing" 1if no repair takes place. Cell-killing is supposed

to occur when all targets in the cell are "killed'.
It is assumed that the hits are randomly distributed both over
the cells and over the targets within the cell. So the number of
hits per target follows a Poisson distribution and the fraction
of targets that receives no hits equals e_kt. For h =1 and n =
1, this is also the fraction of surviving cells.

Formulae for dose-response relationships in which either the
target number or the hit number is taken into account, have
already been discussed by Atwood and HNorman (1949). These
formulae have been used earlier to describe physioligical

processes. The survival curve for a multi-target process is:

-kt, n
e

S5=1-( - )
Fig.2.2a shows a number of multi-target curves.

(Eq.2.1)

For the single tarpet process (n=1) Eq.2.1 becomes
S =e t,
an expenential decay, which 1is linear on a leogS- scale since
log S = -kt loge
For a multi-target process (n>l} the curves of (Eq.2.1) show an
initial shoulder. Upon expansion it 1s seen that for somewhat
higher doses one obtains the approximation
S = n.e Kt , or log S = logn - kt loge,
Now , n can be obtained by selving this equation for kt = 0. This
means that the intercept with the S-axis of the extrapclated
linear part of a multi-target survival curve corresponds to the

target number, n.
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The other mathematical model for the explanation of initial
shoulders in 1log-survival curves 1is the so called multi-hit
hypothesis. Here it 1s postulated that each cell has only cone
target and that at least h hits per target are required for cell
killing. For the multi-hic process the survival curve {(at n
is given by

h-1 .
s =e Kt 5 (k) (Eq.2.2)
j=0 !

In a semi-logarithmic plet, these curves (Fig.2.2b) are of
similar general shape as those for a multi-target process (Fig
Z2.2a). Note, however, that an increase in hit number has a much
larger effect on the logS-intercept than a similar increase in
target number.
1ogSI_ lugSi
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Figure 2.2 Survival curves according to two models.
a. Survival curves for different target numbers (n) (Eq 2.1).
b. Survival curves for different hit numbers (h} (Eq.2.2).
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A natural extension of the above models is to incorperate both
target number and hit number. This postulates that a cell has one
or more targets (n) and killing of an individual target requires
h hits.

The general formula for survival curves 1in such a process

reads :
_ h-1 J\n
S=1-11-2¢ Kt (kt) , or for short
50 3t
S=1- 1-e¢Kgn (Fq.2.3)
h-1 j
where Q= £551_=1 + kt + (ke)Z+ ..., +(kryh-1
j=0 j! 21 (h-1>!

Equations (2.1) and (2.2) are special cases of Eq.2.3 by taking h
=1 and n = 1 respectively,.

Graphs for logS at h =1, 2, 4 andn =1, 2, 4 are given in
Fig.2.3., The curves are of the same general shape, all showing an
initial shoulder except for h = 1, n = 1, which gives

s = ekt oy logs = -kt.loge,
which is a straight line through the origin.
Now, except for the lowest doses (i.e, the lowest values of

kt) Eq.2.3 is fairly well approximinated by

§ = n.e-kt.Q or

logS = logn -kt.loge + logQ (Eq.2.4)
For h = 1, i.e. log Q9 = 0 one obtains

logS = logn - kt.loge (Eq.2.5)

This linear function of t is approximated relatively rapidly
as can be seen from Fig.2.2a and 2.3 (h = 1), The dashed lines
give the extrapolations of this linear part of the curves. They
represent Eq.2.5. The intercept with the logS-axis (at t = o) is
logS = logn, from which n can be calculated. For h > 1 Eq.2.4 is
not & linear function of t and the convergence to linearity is

very slow (Fig.2.3).
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From Fig.2.3 it 1is seen that all extrapolation lines tend to
run parallel. In fact they should do so, as can be shown as
follows, but for low values of kt the extrapolation lines for
different values of h are still nct parallel.

For very high values of kt, the last term in Q becomes much
larger than the sum of the preceeding terms, so that we may put

ke
(h-1)!
Then differentiating Eq.2.4 one obtains
d(logs) h-1 d(logs)
it g igh kt: — == o
D log e + = cr for high D og e

8o for all wvalues of n and h the extrapolation lines have the
same slope (run parallel).

logs &
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Figure 2.3 Survival curves for cembinaticns of n (1, 2, 4) and h (1, 2, 4.
See Eq. 2.3
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As can be seen from Fig.2.3 for h > 1 convergence to linearity
is only at higher doses. However, at such high kt-values survival
fractions are so low that they fall outside the dose-range, or
rather are well below the point where the decline levels off (see
e.g. Fig.2.1). So, in contrast to h =1, it is with h > 1 an
uncertain procedure to construct correct linear extrapolation
lines from experimental data. The linear extrapolation lines for
k> 1 in Fig.2.2b and 2.3 were eye fitted.

It is further seen from Fig.2.3 that hit number (h) has a much
larger dimpact on the width of a shoulder than the number of
targets (n) has. For example a fourfold increase of n always
leads to a fourfold increase of the S5-intercept (logS-intercept
converted to a linear scale), whereas a fourfocld increase of h
results in aproximately a sixtyfold increase. The latter is far
beyond the range of existing target numbers in spores.

This quantitative difference between the effects of n and h on
the shape and location of survival curves seems not to have been
recognized previously (e.g. Atwood and Norman, 1949; Alper,
1979). This possibly is why the terms multi-hit and multi-target
curves often have been used indiscriminately (e.g. Meynell and
Meynell, 1970), Similary, the terms hit number and target number
have both been used in connection with the logS-intercept of
extrapoiated lines from the linear part of the experimental data,
It is clear that whilst at h = 1, io0gS = logn, no such simple
relationship exist between S and h, since except fer h = 1 the
relationship between Q and h is complex. Note that extrapolation
to t = 0 yields logS = logn + logQ.

Already in 1960 Alper et al. pointed out that the S-intercept
of a survival curve may not at all reflect some kind of
'multiplicity’ in the cell. They therefore proposed the neutral
term 'extrapolation number' instead of the terms target number or
hit number.

25



Differences in k may result from differences in inherent
sensitivity of the cell populations compared (e.g. age of spores)
or from differences in dose rate received in the cell (e.g. as a
consequence of spore wall colour). At equal S, doubling of k
mimics halving of irradiation time. So, while k affects the slope
cf the curve, and correspondingly the width of the shoulder, it
does not change the 1lcgS-intercept of the extrapolation lines.
This holds for any combination of n and h. Fig.2.4 gives the
effect of k for h = 1 and n = 4, It implies a.o. that mixing
spcres which oniy differ in sensitivity, e.g. mixing older and
younger spores from a colony, will not influence the
logS~intercept.

1ogSl
b3t

experimental axis

Figure 2.4 Effect of effective dose (kt) on the log-survival curve for n =4
(resulting in an initial shoulder} and h = 1.
Scale at left: shift of origin when repair is allowed for (see 2.2.1).
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2.2.1 THE EFFECT OF REPAIR

For the explanation of initial shoulders only target and hit
multiplicity have been discussed so far.

Bridges and Munson (1968) mentioned repair as a third explan-
ation for initial shoulders in logS curves. In this hypothesis,
proposed by Haynes (1964}, effective natural repair mechanims can
at lower doses cope with UV-induced lesions, but at higher doses
they become saturated or inhibited. This holds for a dark repair
system. It differs from the (light dependent) photo-repair, which
eliminates a constant fraction of potentially 1lethal photo-
products throughout the dose range (Harm, 1980). The prevailing
dark-repair system probably is the excision-resynthesis repair,
or excision repair for short,

The effect of excision repair is to elongate the shoulder till
the dose of saturation. From this point the curve proceeds as
from -dose 0 (Figs. 2.2 - 2.4). Notably, for n=1and h =1
decline follows immediately at the dose of saturation. Thus in
the graphs constructed for the situation without repair, dose
zerc 1s in reality the dose where the repailr capacity is satur-
ated. This means that in experiments with repair the dose zerc
correspondents to a negative dose in Fig.2.2 - 2.4, Such a logS-
axis for the experimental situation where repair takes place has
been added in Fig.2.4,

This is of course a simplified model, but it can very well
illustrate the effect of repair on the level of the lng*inter—
cept from extrapolation lines. Thus in Fig 2.4 (h = 1, n = 4) it
is seen that, when repair is allowed for ('experimental axis'),
the logS-intercept found from experiments overestimates logn, the
more so the higher the repair capacity is. Secondly a change in
k, e.g. due to a difference in sensitivity, will not leave the
experimental logS-intercept unaffected. A high sensitivity will
in fact give a more pronounced overestimation of logn than a low
sensitivity does.
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2.2.2 INFERENCES FROM EXPERIMENTS

In the analysis of survival curves, the initial shoulders and the
causes of it play a central role. Experiments can be constructed
where different internal conditions of the spores or different
experimental conditions are compared. These conditions specific-
ally should relate to a change in k (inherent sensitivity or dose
rate received in the <cell), or to a change in n (diploidy or
change of Gl to GZ by preincubation), or to repair  capacity

(e.g. using excision repair deficient strains).

Summarizing, in the interpretation of such experiments, a
number of points should be kept in mind (see Figs. 2.2 till 2.5).
1. With a given k the extrapolation lines for different values of

n and h run parallel at high doses.

2. The slope of the extrapolation lines can only change as a
result of change in k.

3. Both repair and wvalues of h > 1 can give overestimates of
target number when simply putting logS = logn at t = 0.

4. Even in the absence of vrepair, h > 1 gives extrapolation
numbers which exceed the number of targets (n) expected in the
material. Conversely, larger extrapelation numbers far
exceeding the expected n indicate repair and/or a multi-hit
process.

5. In the presence of repair, a change of k can mimic a change in

In.

The choice of points to be used for the construction of the
linear extrapolation line, remains subjective even with a
theoretical curve. Inclusion of a higher or a lower point may
influence the =slope of the line and the level of the logS-inter-
cept. This is illustrated in Fig.2.5, In practice, the normal
experimental point to peoint fluctuatieons introduce additional
uncertainty on what points to include in the regression.
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Figure 2.5 Effect of choice of points.

Regreasicn lines are drawn based on six points: four black points and two
higher (~ -~ ) or two lower peints{—). The width of the points can be taken
to represent the experimental variation. A for n=1, h=3; O for n=1, h=1.

Since uncontrolled photorepair can interfere with the factors
to be studied, the samples of the spore suspension were placed on
ice immediately after UV-irradiation. An experiment was done to
see whether vphotorepair was excluded under the experimental
conditions used.

Conidiospores of the yellow A.nidulans strain WG096 were
irradiated with UV for 30 sec and half of the suspension was
placed on ice for 1 h under the usual dimmed light conditions.
Subsequently this suspension was treated further in the same way
as the control half (Fig.2.6), The experiment was repeated with a
UV dose of 1 min followed by 1 h on ice and further treatment. In
both experiments no difference in survival was found, indicating
that photorepair did not occur under these expermental con-
ditions. In a control experiment ccmplete repair was found after
1 h incubation at roomtemperature.
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Figure 2.5 Absence of phetorepair in A.nidulans under the experimental

conditions used.

¢ Survival curve of WG096 under standard conditions

& Survival of WG096 conidia after 0.5 min irradiation subsequently stored in
ice for 1 h, upon which the procedure was continued,

2.2.3 EXPERIMENTS ON FACTORS MODIFYING SENSITIVITY (k)

The factor k depends on the effective dose rate (the fraction
of the dose rate given which is recieved in the cells) and on the
inherent sensitivity of the cells.

It can be expected that the wall-colour of the conidiospeores
influences the effective dose rate, as a result of differences in
UV-zbsorption. Secondly, spores at the bottom of the irradiated
Petridish can be sheltered by the spores higher in the suspens-
ion. Conidiospores of different age may have different inherent
sensitivities.

It will be assumed that the uninucleate hapleid conidiospores
of A.nidulans and A.niger strains are single target cells (n=1),
i.e. that the nuclei are in the Gl-phase (see Section 2.0.0).
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2.2,3,1 SPORE GOLOUR AND SHELTER EFFECTS

In Fig 2.7 logS-curves are plotted for a white strain (WGL45)
and a yellow strain (WG096) of A.nidulans. As expected the white
strain is the more sensitive one, as can be seen from the steeper
decline of the linear extrapolation line, which implies a smaller
k wvalue. From the survival at doses of 1 min till 3 min the
extrapolation numbers are 3.3 and 2.7 respectively. If for the
white strain also the survival at a dose of 0.5 min is included
for regression then an extrapclation number of 2.7 is obtained
too (black  triangles). Assuming n = 1, these extrapolation
numbers could either reflect h > 1 (e.g. h = 2; see Fig 2.3) or
repair with a saturation dose of about 0.3 min.

In a comparable experiment, except that the cultures were
stored for 3 days at 4°C, about the same extrapolation numbers
have been obtained (3.4 and 2.6 respectively). The vellow strain
WG096 has also been used in the photorepair experiment (Fig.2.6).

1ogS=:
3.3 = b ,
2.7 3 t (min)
A 2 4 6 8

Figure 2.7 Effect of spore colour on survival in A.nidulans.

¢ yellow {WGD96); o~ white (WG145); e , &4 used for regression.

Conidia from 3 day old cultures (37°C) and stored for 1 day (4°C) instead of 3
days as usual.
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The yellow strain WG096 has also been used in the photorepair
experiment (Fig.2.6). The logS-curves in Figs.2.6 and 2.7 show
virtually identical slope and shoulder.

In still another experiment, a green A.nidulans strain
(WG094) was used under the same conditions (see spores from 3 day
old cultures in Fig.2.9). The green strains had about the same
sensitivity as the yellow strain. See e.g. the level of 1%
survival which in all three cases 1is reached at about 3 min
irradiation.

Conidiospores of A.niger are far more UV resistant than those
of A.nidulans. As can be seen from Fig.2.8 the log-survival curve
is of the same shape as that of A.nidulans {note the shortened
t-scale in the A.niger graphs). Thus at 3 min A.niger survival is
still higher than 507. The lower sensitivity is probably for a
large part due to the black spore colcur. At least, colour

1ogST
2.3 7
1.3 — :\ 8 t (min)
0 tm b —
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Figure 2.8 Shelter effect.
LogS-curves for conidiospores of A.niger strain NU08.
¢ normal spore congentration (10T/ml}.

2 diluted suspension {10%/ml}.
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mutants from this strain, e.g white (gene whi), olive green (olv)
and fawn (fwn) have much steeper survival curves {not presented},
which resemble those of A.nidulans strains.

In Fig.2.8 (A.niger, strain N408) a normal spore concentration
(107/ml) and a diluted suspension (10%/ml) were compared. The
sheltering effect of the higher spore concentration 1s very
pronounced. The diluted sample has a much steeper decline of the
linear extrapolation line, implying a much smaller k-value.

For the diluted and the normal suspension the log-S$ intercepts
are 2.3 and 1.3 respectively. For a given value of h, a change in
k is not expected to generate a difference in logS-intercept
(compare Fig.2.4). 1In fact the extrapolation lines intersect at
the 1level 1logS = 0. Assuming n = 1, this happens to be precisely
what 1is expected when the shoulder 1s only due to repair (with
saturation at about 1 min}.

2.2.3.2 AGE OF THE SPORES

The 1internzl physiological condition of the spores may alse
influence their sensitivity. It fits best with the time schedule
in the 1labeoratory to collect spores from 3 day old cultures,
which are subsequently stored in the dark for about three days at
4°C prior to use in experiments. Unless stated otherwise this is
the normal procedure.

Fig.2.9 gives the result of two experiments, viz. Exp.I where
the age of the culture was varied (40 h and 7 days) at fixed
storage time (1 day), and Exp.II where the duration of storage
was varied (none and 3 days) at fixed age of culture (3 days). It
is seen that 'very young' spores are far more sensitive than
"very o0ld" spores. With the 7 day old spores the results are
irregular 50 no attempt was made tc construct a linear
extrapolation 1line. Moreover the viability of the spores was as
low as about 20% (in this experiment 22%), which makes them less
suitable for the present purpose.

For spores from 3 day old cultures subsequent storage has
little effect down to 1% survival (i.e. little effect on the
slope of the linear part of the curve and on the shoulder).
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Figure 2.9 Age of cultures and duration of storage.
Zzgi:gurves for the green A.nidulans strain WG09Y grown at 37°C and stored

Obviously age of culture has a main effect on sensitivity. For
practical reasons three day old cultures were preferred over
younger cultures. It should be noted that harvesting from 3 day
0ld cultures implies a certain range of spore ages. However, this
only affects k (the slope of the linear extrapolation lines), and
not the logS-intercept.

In Fig.2.9 the extrapolations for 3 day old cultures virtually
conincide. The lines intersect at the level of logs =0 as
expected for n = 1 when repair is considered as the cause of the
shoulder.
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2.2.4 EFFECT OF REPAIR DEFICIENCY ON LOG-SURVIVAL CURVES

From experiments with  haploid conidiospores, which are
generally thought to be one target cells, it can be concluded
that the logS-survival curves always have about the same general
shape. This becomes especially clear when, by adjusting the
t-scale, the sensitivities at 1% survival are made to coincide.
S0 e.g. 1in the experiment on the shelter effect (Fig 2.8) after
correction for the difference in effective dose at 1% survival,
the extrapolation lines are found to coincide. This correction
makes it possible to compare strains with different sensitivity.

1f the initial shoulder is the result of an effective repair
mechanism it will probably nct be found with UV-repair deficient
strains.

Such uvs-mutants are characterized by their increased
sensitivity to 1inactivation by UV (Shanfield and Kafer, 1969;
Jansen 1970; TFortuin, 1971). The uvsD53 mutant used in the
following experiment was obtained from Dr.Jansen and has in
addition reduced melotic recombination and an enhanced frequency
of mitotic recombination. By comparing certain characteristics of
uvs-mutants Jansen and Fortuin inferred that the uvsD53 mutant 1is
excision-defective.

In Fig.2.10 the survival curves of A.nidulans strains WGl76
{uvsD53) and WG096 (uvsD+) are shown., As expected, with the
uvsD-mutant strain an immidiate linear decline was found without
an intial shoulder. When a regression line is drawn based on the
points for 15, 30, 45 60 and 90 seconds UV, the extrapolation
number is =-0,14. In two other experiments values of -0,18 and
-0,10 were found. It can be concluded that A.nidulans has a
repair mechanism, which becomes saturated after a low dose
UV-irradiation. '

The initial repair dis typical for UV-lesions as the shoulder
was not found with X-ray survival curves. This 1is shown in
Fig.2.,11 for A.nidulans strain WG096, where the level of survival
at 300 Gy X-ray is about equal to that at 3 min UV.
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¢ strain with wildtype UV-repair (WGD96),

& UV-repair deficient strain uvsD53 (WG176).
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Figure 2.11 Survival curve for X-irradiation in A.nidulans (WG096}.
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