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ABSTRACT

The purpose of this work was to construct a fine

genetic map of the ad9 cistron in Aspergillus nidulans

and to discover if any correlation exists between the
genetic and functional relationships of some of the ad9g
alleles. Preliminary results suggested that certain of
the ad mutant strains investigated carried inversions
\spanning part of the ad9 cistron, and further experiments
were therefore carried out to elucidate the nature of

these inversions.

It had previously been shown by Calef (1956) that,

among the four alleles ad9, adl3, adlb5 and adl7, only

adl15 and adl7 complement one another. In the present
investigation ad?2 and ad?? were identified as alleles of
ad9. All possible pairs of the six mutants were tested for
complementarity, and one new complementing pair was
discovered, namely ad32 and adl7. Analysis by means of
mitotic and meiotic recombination gave the sequence of

mutant sites as ad33% - adl3 - ad9 - ad32 - adl7 - adlb

(in non-inverted strains). There was no apparent
relationship between the genetic and complementation maps.
Complementation was inhibited in vivo in the presence of

mercuric ions, suggesting that S-S linkages may be involved
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in the complementation mechanism, possibly in the formation
of a hybrid polymer of polypeptide chains, as proposed by
Crick and Orgel (unpublished).

It was established by analysis of mitotic and

most probab|
meiotic recombination that the adl? strains usedAcontaine

an inversion spanning the sites of adl?, ad9 and ad32.

Recombination studies $vggested that the adl17 strains

contained an inversion identical with the adi?3 inversion

ard  Matl 2d15 strains carried an inversion for part of the
apparent|

ad9 cistron which.differed from the adl3 inversion. The

adl13 inversion (and the adl7 inversion) does not apparently

give rise to a detectable mutant phenotype. Because of

the location of the mutant sites analysed in the present

suspected
studies, it was not possible to establish whether thg‘ad15
inversion also determines a non-mutant phenotype. The

significance of the "wild-type" inversion in relation to

gene function is discussed.

Localised negative interference was found, in
agreement with results of previous workers. Inversions
increased negative interference in mitotic and possibly
also in meiotic recombination. It was concluded that

the effects on recombination of intra-cistronic inversions
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are compatible with the "effective pairing" hypothesis

of Pritchard (1955).
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GENERAL INTRODUCTION




The results obtained in genetic and allied
investigations over the past twenty years (especially
during the last decade) have made necessary a
reappraisal of genetic theory with respect to the
nature and structure of the genetic material, gene
function and the dynamic aspects of gene structure

(e.g. recombination and replication).

(1) Complex structure of the gene.

In 1940 Raffel and Muller suggested in connection
- with their breakage analysis of the 'scute' gene in

Drosophila melanogaster that the apparent size of a

gene may vary, depending upon the criterion used to
define it. This prediction has been amply verified
by genetic fine-structure studies (see reviews by
Pontecorvo, 1958a; Demerec and Hartman, 1959; Carlson,

1959b).

(2) Chemical nature of the gene.

The discovery of capsular—-type transformation

in Pneumococcus by isolated deoxyribonucleic acid

(DNA) (Avery et al., 1944) first prompted the now

widely held view that DNA is the genetic material in



all DNA-containing organisms. This contention was
supported by the finding that DNA is most probably

the genetic material of bacterial viruses (Hershey
and Chase, 1952) and that the amount of DNA in the
various differeﬁtiated cells of an organism is con-
stanf for cells of the same ploidy (see review by
Taylor, 1957). Ribonucleic acid (RNA) is thought

to play a similar role in the plant and RNA—-containing

animal viruses (e.g. Gierer, 1960).

(3) Genetic coding.

| X-ray diffraction analysis of DNA (Watson and
Crick, 195%a, b & c) led Watson and Crick (1953c¢c) to
suggest that the geﬁetic information resides in the
sequence of purine and pyrimidine bases of DNA. Sub-
sequently, many workérs have attempted to discover the
nature of the genetic code (see review by Levinthal,
1959b). Several authors have put forward hypotheses
t0 bridge the gap between the Watson—-Crick model for
DNA and the more complex structure (cf. Ris, 1957)
at the chromosome level (e.g. Taylor, 1958a; Freese,

1958 ; Schwartz, 1955 and 1958).

The view that the function of at least some

genes is the specification of the amino—-acid sequence



of proteins has been encouraged by investigations of
gene—enzyme relationships in micro-organisms and by
protein studies of human haemoglobin abnormalities
(see reviews by Fincham, 1959a; Catcheside, 1960a;

Beadle, 1960; Yanofsky and St. Lawrence, 1960).

(4) Complementation.

A new aspect of gene function has come to
light with the discovery by Calef (1956) of comple-
mentation between alleles (see also Catcheside and
Overton, 1958; Case and Giles, 1958b, 1960; Catcheside,
1960a & b; Ahmad and Catcheside, 1960). The term
"complementation" is used when two muﬁants, a and
b —— both allelic to a third mutant —-= nevertheless
give rise to a wild-type (or near wild-type) phenotype .
in an (a +) + (+_b) heterokaryon or in an a + / + b |
heterozygofe. TheAunderlying mechanism of this
phenomenon, which is at present unknown, is of basic

importance to any theory of gene action.

(5) Recombination and replication.

Studies of ‘the dynamic aspects of gene structure
in micro-organisms have revealed two characteristics
of the recombination process which were not apparent

previous to the development of selective techniques



...5_

for genetic fine—structure analysis and to the wide-
spread use of tetrad analysis. The first was intense
negative interference associated with recombination
between very closely linked markers (e.g. Pritchard,
1955, 1960a & b; Chase and Doermann, 1958). That is,
when selective techniques were used to maﬁ a series

of allelic mutants, the progeny of a cross that were
recombinant for the selected interval were also re-
combinant for adjacent intervals more often than
expected (on the basgis of the linkage relations deter-

mined for an unselected sample of the progeny from the

same Cross).

The second was the discovery of "gene conversion"
(e.g. Lindegren, 1955; Mitchell, 1955a & b, 1956; Case
and Giles, 1958a & b; Roman, 1956 and 1958; Strickland,
1958b) —— i.e. the occurrence of tetrads with 3:1 or
4:0 rétios with respect to one or more loci. The
non—reciprocal nature of "gene conversion" has led
some investigators to postulate two different recombin-
ation mechanisms, one which would give rise to reciprocal
recombinants and a second which would not (Lindegren,
1955; Beadle, 1957; Bonner, 1956; Mitchell, 1957;

St. Lawrence, 19563 St. Lawrence and Bonner, 1957




Glass, 1957; Freese, 1957a; Roman, 1956).

A copy—choice mechanism of recombination at
the time of replication was proposed by Lederberg
(1955, see also Levinthal, 1954) to account for the
apparently non—reciprocal naturé of recombination in
bacteriophage and also to provide a model applicable
to bacterial transformation and transduction. A copying-—
choice at the time of replication is finding increasing
favour over the breakage—and—reunion hypothesis as a
general model of recombination (see reviews by Ponte-
corvo, 1958&;'Pritchard, 1960b). Pontecorvo (1958a)
has pointed out that the diveréences between recombina—
tion in bacteriophage and the conventional reciprocal
recombination found in other organisms could be ex—
plained by assuming that replication is not always
synchronous. Other authors (e.g. Roman, 1956; Freese,
1957a3 Chase and Doermann, 1958) have suggested non-—
synchronous replication as the Easis of "gene conversion."
Pritchard (1960a & b) favours a single copy—choice
mechanism for both réciprocal and non—reciprocal recombin-
ation. He suggests that recombination is generally a
reciprocal process which becomes non—reciprocal when

the switching between templates does not occur at exactly



the same place for both replicating strands. However,
any mechanism of recombination based exclusively on
switch of copy—-choice fails to explain the occurrence
of three—strand multiple recombinants as detected by
means of tetrad analysis and by other suitable systems

(see, for example, Pontecorvo, 1958a; Pritchard, 1960b).

Purpose of research reported in thig thesis.

The purpose of the work described in this thesis
was threefold: -
(a) to construct a fine genetic map of the adenine-

9 cistron* in Aspergillus nidulans,

(b) to elucidate the nature of the intra—cistronic
| inversions carried by some of the adenine—mutant
strains studied and
(c) to discover if any correlation exists between
| the genetic and functional (i.e. complementation)

relationships of some of the adenine—9 alleles.

" The first chapter of this thesis comprises a

description of the methods and materials used. It also

* Hereafter the more precise term "cistron" (Benzer,
1957, see also introduction of chapter II) will be
used in place of "gene" wherever practicable.



gives the results of some preliminary experiments that
were required before the main problems could be investi-
gatéd. In the second chapter experiments are described
which investigate the functional relationships of the

adenine—9 mutants, and various hypotheses relating to

the mechanism of complementation are discussed in the
light of these experiments and those carried out by
other workers. The final chapter is concerned with
experimental evidence relating to the linear arrange-—

ment of the adenine-9 mutant sites and to the nature

and effects of the inversions. The negative inter-—
ference found in selection experiments and the effects
on recombination of intra~cistronic inversions are

discussed in relation to current genetic theory.



CHAPTER I.

MATERIAL, METHODS AND PRELIMINARY EXPERIMENTS




A. Life Cycle of Aspergillus nidulans

As the life history, genetics and cytology of

Aspergillus nidulans (Eidam) Winter have been described

in great detail by Thom and Raper (1945), Pontecorvo
et al. (1953) &nd Elliott (1960a) it will suffice to

give a brief resumé of the principal characteristics

of this homothallic ascomycete.

The vegetative mycelium, which forms a compact
colony on solid media, consists of branching, septate
hyphae, the "cellg" of which contain many nuclei.

Hyphae anastomose readily, producing heterokaryons when
fusion takes place between hyphae containing genetically

different nuclei.

The conidia (asexual spores) are uninucleate and
are produced in chains on differentiated hyphal cells
(conidiophores). In heterokaryons, different chains on
the same oonidiophore may be genetically different, but
the conidia borne by a single sterigma usually have
identical nuclei. The diameter of a haploid conidium

is ca. 2.9u.
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Diploid conidia are also produced during the
agsexual phase of the life cycle of A. nidulans. Hetero-
zygous diploid conidia, which can be recognised in a
heterokaryon (Roper, 1952), are found among the
conidia of a heterokaryon.at a frequency of 10—6 to
1077 (Pontecorvo, 1958a). Homozygous diploid conidia
probably occur in both heterokaryons and homokaryons,
but they are not easily detected. Diploid conidia are
roughly twice the volume of haploid conidia and have

a diameter of ca. 3%.8p (Pontecorvo, Tarr Gloor and

Forbes, 1954).

Colonies established from heterogygous diploid

conidia (or ascospores, vide infra) do not remain

homogeneous as they undergo recombination and haploid-

isation (Pontecorvo, Tarr Gloor and Forbes, 1954).

The sexual cycle occurs in perithecia (or,
more accurately, cleistothecia) in which large numbers
(gg. 105) of eight—spored asci are formed. The mature
dark-brown perithecila must be crushed to make them
release their ascospores. The ripe asci have very
fragile walls, and the ascospores within them are

unordered. Two mitotic divisions following melosis
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give rise to eight haploid binucleate ascospores
because the second mitotic division takes place

after the spores are delimited. Diploid (non-reduced)
ascospores are also produced occasionally; Pritchard
(1953, 1955, 1956) found that heterozygous diploid

ascospores occur at a frequency of ca. one per cent.

Perithecia produced by heterokaryons are usually
either selfed (i.e. contain selfed asci of one parent)
or hybrids} "Twin" perithecia (i.e. having a mixture.
of selfed asci of both parents or a mixture of selfed
asci of one parent and hybrid asci) are apparently
rare occurrences (Pontecorvo gg‘gil, 19533 Strickland,

1957) .

Recent cytological work by Elliott (1960a)

indicates that in haploids the diplophase is limited

to the fusion nucleus in the young ascus. Diploids,
although producing many perithecia, are largely sterile.
The few asci which are formed contain haploid asco=
spores (a single diploid nucleus in each ascus having
undergone meiosis, followed by a mitotic division, to
produce eight spores). The haploid chromosome number

is eight (Elliott, 1960&), which is in agreement with

the eight linkage groups found by means of mitotic
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haploidisation (Kafer, 1958).

B. Methods of Culture.

The procedures described by Pontecorvo et al.
(1953) for the maintenance and purification of
strains, for plating, incubation, etc. were followed

unless it is otherwise specified.

1. Media: — Details of the media used have
been given by Pontecorvo et al. (195%3). The minimal
medium (MM) consists of mineral salts'and glucose.
The compleﬁe medium (CM) is composed of MM plus
yeast extract, casein hydroylsate, hydrolysed nucleic
acids, peptone and ?itamin solution. Media are
solidified with 1.5% agar when required. Solid media
were employed in this work except where otherwise

indicated.

Nutritional mutants were grown on either CM
or MM supplemented with the necessary growth factors.
When adenine-requiring mutants were grown on CM, the
medium was further supplemented with 0.5 ml. adenine-
HC1 (0.05 M) per 100 ml. CM; this medium will be

designated CM + ad. MM for crosses between non-

complementing (see Chapter II) adenine-requiring
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mutants was supplemented with 4= ml. adenine-HC1

(0.05 M) per 100 ml. medium.

The concentrations of acriflavine recommended
by Roper and Kafer (1957) were generally used, although
it was necessary to detefmine the amount of acriflavine
required with each new batch of CM, since sensitivity
to acriflavine varies with the nucleic acid concen-
tration of the medium (McIlwain, 1941; Roper and Kafer,

1957).

2. Preparation of ascospore suspensgions: -

In addition to the two methods for preparing ascospore
suspensions described by Pontecorvo et al. (1953%),
viz., single perithecial and pooled perithecial sus-
pensions, a third procedure was followed when large
numbers of ascospores for selective platings (see
section D: methods of genetic analysis) were desired

from relatively sterile crosses.

In this procedure thousands of perithecia,
with adhering conidia and debris, are harvested from
one or more plates of the same cross and transferred

to a screw—top bottle containing saline. The bottle

is shaken vigorously to separate the perithecia and



then centrifuged at low speed. After removal of the
supernatant, the contents (including material adhering
to the walls of the bottle) are crushed with a glass
rod. The resulting asoospére suspension is washed

and centrifuged several times to remove as much re-
maining debris and conidia as possible. TFurther debris
can be removed bynwiping the walls of the bottle with

a sterile cotton swab. After this cleaning routine

is completed the ascogpore suspension is ready for

counting and plating.

3. Heterokaryon formation and isolation of

diploids: = For 'balanced' heterokaryon formation

the second technique given by Pontecorvo et al. (19%53%),
viz. preincubation of the mixed inoculum in liquid |
CM, was uéed exclusively. Diploids were isolated

from heterokaryons by plating conidia at high density

on media which would not support growth of the component

haploids (Roper, 1952; Pontecorvo et al., 1953).

4, Methods of crossing: = The following

standard procedure was used. Conidia from the strains

to be crossed were streaked together across the
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diameter of a Petri dish of MM, and %~4 drops of
liquid CM were spread along the streak to ensure

germination.

When crosses were made between allelic (see
Chapter II) adenine-requiring mutants, the MM was
supplementéd with adenine. These crosses were
incubated for four to six weeks, and in the case of
crosses between non—conmplementing alleles the plates
were sealed with cellulose tape (Pritchard, 1955) in
an endeavour to lessen the sterility of the crosées
and to reduce conidial formation. (Crosses made
solely for the purpose of obtaining adenine-~requiring
strains with new combinations of markers were incubated

for two to three weeks.)

5. Testing of 'isolates from crosses and from

diploids: — When large numbers of isolates were to

be tested for their nutritional requirements, the wire
replicator of Forbes (unpublished) was used. Conidia
from the isolates were first inocﬁlated at marked
positions on CM or on fully supplemented MM 'master
plates'. A set of tegt plates, in which each plate

was deficient in a different growth factor, was used
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with each master plate. The test plates were inoculated
with conidia from the master plate by means of the

wire replicator. Test plates were classified after

24 hours; thoée few colonies that were difficult to
assess were again scored after about 48 hours or re=

tested, if necessary.
C. Strains.

1. Notation: — The notation used is that of

Pontecorvo et al. (1953), revised by Kafer (1958).
An explanation of the mutant symbols employed in this
thesis is given in Table 1. (Table 1 and succeeding

tables have been placed in Appendix A.)

2. Origin of strains: - All the strains used

in this work were obtained by mutation and recombina-
tion from a single wild type strain, A. 69 (NRRL 194)
(Yuill, 1939, 1950; Pontecorvo et al., 195%; Thom and
Raper, 1945). All mutants were isolated by other
workers in fhe Department of Genetics, University of
Glasgow; details and references are given by Kafer
(1958) and Pontecorvo et al. (1953) for all the mutants
used except for the ad mutants marked with an asterisk

(*) in Table 2. The linkage map for the markers
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relevant to this investigation is given in Fig. 1

and the origin of the ad mutants used, in Table 2.

D. Methods of Genetic Analysis.

1. Analysis by means of mitotic recombination: -

Three steps are involved in the mitotic recombination
studies described in this thesis. The first is the
production of a diploid heterozygous for two ad alleles.
The second is the isolation of adenine—independent
diploid colonies from such a diploid. The third is

the elucidation of the genotype and/or phenotype of
these colonies. These steps are summarised in dia-

grammatic form in Figs. 2 and 3.

(a) Production of diploids and isolation of adenine-

independent segregants: - The procedures used for

the production of diploids and selection of segregants
were those of Pritchard (1955), modified in some details,

as follows:

Diploids with the generalised genotype given in
Fig. 4, where adx and adz are two non-complementing
alleles of independent mutational origin, were
synthesised. Conidia from these diploids were plated

(about 10 per dish) on MM supplemented with all the
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In some mitotic recombinant selection experiments the trans
were homozygous ACR / ACR .

Generalised Genotype of Trans Diploids Synthesised
for Mitotic Recombination and Haploidisatbion Experiments

diploids

Fig. 4




growth factors required by the haploid components
except adenine. Adenine was added in limiting
amount (0.0005 mg./ml. MM, i.e. 1/200th the normal

concentration used for full growth).

After two days' incubation the conidia pro-
duced spidery aconidiate colonies. These were marked
on the reverse of the dish, and a layer of the same
medium was poured over the colonies. The adenine-
requiring colonies continued to grow slowly between
the layers. Under these conditions, hyphae containing
adenine~independent nuclei had a great selective ad-
vantage over the rest of the colony and were able to
reach the surface of the medium. These hyphae produced
adenine—independent sectors which were easily recognised,
because after reaching the surface of the medium they

continued to grow over it and sporulated profusely.

Only one adenine-—independent segregant was
igolated from each marked colony in order to avoid
picking from the same clone twice. In every instance
the first segregant appearing was isolated in order to
reduce subjective bias in favour of a particular type
of colour segregant. In most experiments about 10 to
20 per cent. of the requiring colonies produced seg-

regants after up to ten days' incubation (cf. Pritchard,
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1955, who found ca. 10 per cent of the ad8 / adl16

diploids produced adenine—independent segregants).

(b) Phenotypic classification of adenine—independent

segregants: — The isolates were placed on master

plates of MM fully supplemented except for adenine,
tested for growth reguirements and scored for colour
and ploidy. Measurement of conidia (Roper, 1952;
Pontecorvo et al., 1953%3; Pontecorvo, Tarr Gloor and
Forbes, 1954) is too laborious a method of determining
ploidy when iarge numbers of isolates must be examined.
Advantage was therefore taken of the fact that diploids
can be distinguished visvally from haploids on the
basis of the morphology and intensity of colour of the
conidial heads. The adenine-independent colonies were
also searched for secondary colour segregants, white
and yellow in the case of green colonies, white only
in the case of yellow colonies. The accuracy of this
method was checked by measuring the conidial size of
several hundred adenine—independent segregants, and it
was found that the determination by the visual method
was always in agreement with that reached by conidial

measurement.
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(¢) Haploidisation of mitotic recombinants and

determination of genotype: -

Haploidisation. Selective methods for obtaining the

haploid components of mitotic recombinant diploids
have been described by Pontecorvo and Kéfer (1956,
1958). Two types of selection were used here: (i)
coloﬁr and (ii) a combination of drug resistance

and colour. Tﬁe mitotic recombinant diploids were

those obtained by the technique already described.

In haploid selection (i) the colour segregants

were either secondary diploid recombinants or haploids;
the haploids were distinguished by measurement of

conidial diameters.:

In haploid selection (ii) a combined selection

of two markers on different arms.of 1inkage‘group 11
(Fig. 1) was used, viz. acr2 and w3. The method of
Roper aﬁd Kﬁfer (1957) was modified slightly: - The

adenine—independent récombinant diploids, still pre-

sumably heterozygous acr?2 w3 / ACR W (see Fig. 1 and

4), were plated (about 20-30 per dish) on CM + ad,

incubated about 20 hr., and a top layer of CM + ad,
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also containing acriflavine, was then added. Acri-
flavine-resistant sectors emerged from many of the
colonies after several days' further incubation. In
some experiments these were so poorly sporulating

that the sectors had to be isolated before classifica-

tion of colour could be made.

The resistant sectors were either acr?2 / acr?

(i.e. diploid) or acr2 (i.e. haploid). Since the
chance of mitotic crossing over in each of two arms
of one linkage group is very low (Pontecorvo and
Kéfer, 1958), the selection of white sectors picks
out the hapioids and 'non—disjunctional' diploids
(i.e. diploids in which migration of both acr2 w3
chromatids to one pole during mitosis had occurred).
Determination of ploidy eliminated the 'non*disjuné—

tional!' diploids from the analysis.

In certain experiments the low frequency of
resistant white segregants as compared to resistant
green segregants made selection (ii) difficult.
However, in these instances an appreciable increase
was noted in the incidence of sectoring for colour

in the diploid segregants over what is normally
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encountered when there is selection for drug resistance.
(Cf. for induction of high frequency of somatic seg-
regation and haploidisation: Kafer (1960) and Fratello

t al. (1960) in Aspergillus nidulans; Morpurgo and

——— o—

Sermonti (1959) and Sermonti and Morpurgo (1959) in

Penicillium chrysogenum; Ikeda et al., (1957) in

A. oryzae.) These mainly haploid sectors often grew
fnuch more vigorously than the diploids, thus making

selection of type (i) a simple matter.

It should be noted that there is a great
similarity between the effects of acriflavine treatment
of diploids and those of formaldehyde, nitrogen mustard
and UV observed by Fratello et al. (1960) with respect
to 'non-disjunction', haploidisation and the occurrence
of small, poorly sporulating colonies (presumably

aneuploids, Kafer, 1960).

Determination of genotype. Genotypes of all nutritional

markers except ad were determined directly by testing
the haploid components of the adenine~independent
recombinant diploids. Since it was impossible to
distinguish phenotypically between the various agd
alleles (see section E), in contrast to the situation

found by Pritchard (1955, 1960a) for the pairs of ad
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alleles he investigated mitotically, elucidation had

to be made by genetic analysis.

The adenine~requiring haploid components were
usgd to synthesise new diploids (termed 'reconstituted!
diploids for short) by combining them with suitably
marked strains having one or the other of the ad alleles
present in the original (parental) diploid from which
the haploid had been derived by mitotic recombination
and haploidisation. The 'reconstituted' diploid was
then tested for ability to produce adenine-independent

segregants by the procedure already outlined.

For example, if the parental diploid is

adx / adz and the ad haploid components of the

adenine~independent recombinant diploids ad—-a, ad-b

...ad-n, then ad-a / adx, ad~b / adx ... ad-n / adx

and ad-a / adz, ad=b / adz ... ad-n / adz diploids

are synthesised and selection for adenine-independent
segregants is made. Production of segregants by

ad~a / adx (but not ad-a / adz) indicates that ad-a =

adz, and segregation from ad-b / adz (but not ad-b /

adx) demonstrates that ad-b is identical with adx.

o
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Failure of segregation from both ad-n / adx and

ad-n / adz identifies ad~-n as the double mutant,

adx adz. (This is assuming that, by comparison
with the number of segregants produced by 'reconsti-

tuted' diploids of the type ad-a / adx and ad-b / adsz,

the experiment is conducted on a scale sufficient to

make absence of recombination significant.)

There are two posgible difficulties involved
in the use of this method —— mutation (c¢f. Pritchard,

1960a) and reduction in frequency of recombination,

If an gg chromosome in a homoallelic diploid
(Roman, 1956; Pontecorvo, 1958a) colony mutated to
adenine~independence and gave rise to an adenine-—
independent segregant the homoallelic diploid would
appear to be heteroallelic on the basis of the fore-
going test. That is, in the previous example the

finding of a segregant from ad-n / adz might suggest

that ad-n is not the double mutant if precautions
were not taken to eliminate background mutation-produced
segregants from the data. However, this problem did

not even arise, as is shown in Section E and in Table 8.

Although it is conceivable that mitotic



recombination between heteroalleles could be reduced

to such an extent in'certain.'reconstituted' diploids
that no segregants would be found, this possibility
gseems unlikely for two reasons. Firstly, data from
experiments involving several different combinations of
ad alleles give no indication of any great variation in
the frequency of segregants obtained from diploids
heterozygous for a given pair of ad alleles. - Secondly,
even diploids requiring a double crossover to produce
adenine-independent segregants gave segregants under
the conditions of this test (cf. Table 29 and Chapter
I111).

The genetic constitution of white haploid
segregants (from recombinant diploids) with respect to
the y locus cannot be determined without further in-
vestigation, except in the case of those derived from
recombinant diploids o} y phenotype (i.e. W; y / w3; ¥y
genotype). The procedure followed is summarised in

Table 3.

2. Analysis by means of meiotic recombinant

selection: = Details of the general method are given

by Pontecorvo et al. (1953), its application to crosses

>



between non-complementing ad mutants by Pritchard
(1955, 1960a), and to crosses between complementing

ad alleles by Calef (1957).

Because Aspergillus nidulans is homothallic,

ascospores can be of either hybrid or selfed origin.
Perithecium analysis allows one to select perithecia
of crossed origin only, but such a method is not
practicable when large numbers of ascospores are
required and/or the cross is infertile. Therefore,
.a method of distinguishing the products of hybrid
meiosis from those of selfed meiosis must be utilised

when massed perithecia are the source of ascospores.

An automatic selection of recombinants was
used in this work. Ascospores from ad // ad crosses
were plated on adenineless medium; for ad // paba
crosses, the medium used was deficient in both
adenine and p-aminobenzoic acid (p.a.b.a.). By this
method segregation of the non—selected mafkers can be
followed among the recombinants. However, recombina-—
tion fractions for the selected markers cannot be

obtained directly.
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In his analysis of the ad8 cistron Pritchard
(1955, 1960a) used Roper's technique (Pontecorvo et al.,
1953) for esiimating the recombination fractions of
the intervals spanned by the selected markers, and
this procedure has been followed in both types of
recombinént selection used in this work. A diagram
summarising this procedure for ad // ad crosses is

given in Fig. 5. A similar routine was followed for

ad // paba crosses.

A sample of ascosporés whose concentration was
known from a haemocytometer count was plated on
supplementing MM lacking p.a.b.a. and biotin. Colonies
were counted after two days' incubation and the recom—
bination fraction for the paba — bi interval determined.
This was then compared with the standard value of the
Egpgy— bi reoombinatioﬁ fraction in order to ascertain
the percentage of viable ascospores of hybrid origin.
Another sample of the same pool of ascogpores was plated
(by adding aliquots of the spore suspension to molten
medium and pouring the mixture as a thin top layer on
already prepared dishes) on supplemented MM lacking

adenine (or p.a.b.a. and adenine in the case of AD -



PABA selection), and the number of colonies (neces-
sarily adenine;independent) appearing after two days
wags counted. Crosses betwéen complementing alleles
(see Chapter II) and the ad // paba crosses produced
diploids and aneuploids (Pritchard, 1955, 1956; Calef,
1957) in addition to haploid recombinants. Only the
hapléids were included in the analysis. The formulae
for determination of the recombination fraction and
its standard error (Pritchard, 1955) are given in

Table 4.

The shortcomings of this indirect method of
recombination fraction estimation have already been
discussed by Pritchard (1955). The most serious
source of error is liable to’be deviation of the

recombination fraction for the paba -~ bi interval

from the standard 0.22. Estimates for this interval
by Calef (1957) and Elliott (1960b) vary appreciably
from cross to cross. However, Kafer (1958) found

good homogeneity for the paba — bi interval in the

17 crosses she analysed. As information of

'only' a ‘.v’..r-udgly_ guantitative. nature was sought in the
e g studiss

hmo’bc&.: recombimmation. A the estimated recombination

fractions for selected intervals are taken as rough



approximations only.

E. Preliminary Experiments.

1. Phenotypic characterisation of the ad9

alleles: - lExperiments by Calef (1957) and Pritchard

(unpublished) on ad9, adl?, adlb and adl7 demonstrated

that adenine.hydrochloride at an optimal concentration
of 0.09 mg. per ml. MM is required to.support growth,
and that adenosine and hypoxanthine also meet the
nutritional requirements of these mutants. Pritchard
(unpublished) noted that 4-amino-—5-imidazole carbox-—
amidine hydrochloride had a sparing effect on adenosine
(and possibly hypoxanthine) in the case of the two

mutants tested, viz. ad9 and adlb.

During the present‘investigation attempts were
made to distinguish between the six ad9 alleles (Table
2 and Chapter II) in the following ways: (a) by deter-—
mination of the iinimum concentration of adénine hydro-
chloride which would support the growth of, and also
determination of the optimal concentration required by,
each mutant and (b) by examination of the response of
each allele to different temperatures with varying

degrees of adenine supplementation.
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All mutants gave identical results in the supplemen-—

tation and temperature tests (Table 5).

2. Mutation studies: — A summary of the
available data with respect to back—-mutation, in
conidia, of the ad9 alleles is given in Table 6. No
corrections were made for clonal effects. The fre-
guency of "reversions" appears to vary from ca. 10"8
to 10_9; no adenine~independent colonies were found

after plating about 6 x 108 conidia of an adl? strain

and about 7.5 x 108 conidia of an ad3?2 strain.

All the "reversions" listed in Table 6, e%oept
for the one isolated by Calef, were tested in hetero-
karyons for dominance relations; all "reversions"
proved to be dominant over the ad alleles from which
they had mutated, indicating that adenine—independence
was due either to a dominant suppressor mutation or to
true back-mutation. The adenine—independent colonies

recovered from ad9 pabal v and adl7 bil (Table 6) were

outcrossed. No adenine—requirers were obtained from
467 and %55 colonies tested, respectively. These
results suggest that the two "reversions" are either

true back mutations or very closely linked suppressors.



Grigg (1952, 1958) discovered that the density
of plating may influence fhe frequency of colonies
observed in back-mutation assays. Therefore, the
possibllity that high concentrations of ad mutants
might suppress adenine-independent revertants in back=-
mutation and recombinant selection experiments was
investigated. Two reconstruction experiments (Table
‘7) gave no indication of the "Grigg effect" at the
cbnoentrations used in either the back-mutation studies

or in the meiotic recombinant selection experiments.

It thus appears that the reversion rates of
the ad9 mutants are low enough not to become a compli-
cating factor in meiotic analysis. However, as the
frequency of mitotic recombination is less than that
of meiotic recombination by a factor of ca. 'IO3
(Pontecorvo, Tarr Gloor and Forbes, 1954; Pontecorvo,
1958a) to 104 (Pritchard, 1960a), the spontaneous
mutation rate of these ad mutanfs might approach the
mitotic recombination frequency, as is the case with
the ad8 mutants investigated by Pritchard (1960a).
Data from several diploids, each homozygous for é

different ad allele (including ad9 and 2d3%2, which
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most tightly linked mutants investigated by
analysis —— see meiotic map, Fig. 51),
indication that spontaneous mutation in

recombination experiments presents any dif-

(Table 8) .
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CHAPTER II.

ALLELISM AND COMPLEMENTATION




1. Introduction.

The classical functional criterion of allelism,
restated in modern terms, is that two recessive mutants
are allelic if they do not complement one another when
in the trans (Pontecorvo, 1950) arrangement. That is,
if a and b are two recessive mﬁtants and a / b the
trans heterozygote, then a and b are allelic (i.e. are
non-complementary) if a / b resembles a / a or b/ b
rather than & / + or b / + . If, on the other hand,

/ b is non-mutant in phenotype, or less mutant than

o

a/aorb/ b, then a and b are said to complement

—

one another and to be functionally non-allelic.

An extension of the complementation test was
made by Lewis (1951) to include the comparison of two
mutants which, by ﬁhe classical recowmbination criterion,
he considered to be allelomorphs of separate genes.

If recombining mutants a and b are functionally allelic
(pseudoallelic by Lewis's definition) they will show

a cis—trans (Pontecorvo, 1950) or "Lewis" effect

(Pontecorvo, 1955): — The cis arrangement, ab / ++,
" will be phenotypically wild type while the trans arrange—

ment, a+ / +b, will have a mutant phenotype. In other
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words, the wild—-type alleles of both a and b must be
present in the same chromosome to overcome the dis-
abiliﬁies caused by a and b. The "Lewis" effect has
been observed in many different cistrons* of a variety

of organisms (cf. Table 6 of Pontecorvo, 1958a).

The discovery in Aspergillus nidulang of

complementation in only one of the three possible

combinations of three ad9 alleles (Calef, 1956) suggested

that the cis—trang test for determining allelism re-—

quires qualification (cf. Pontecorvo, 1956 ). Sub-
sequent to Calef's finding many other invesﬁigators,
working with an array of different micro—organisms,
have shown that "intra-cistronic" complementation of

the type first detected in Aspergillus is a widespread

phenomenon (see Table 9 for summary of reported cases).

The functional unit is nevertheless a valuable
concept and is still the best definition of the gene
available, if we make the following qualification: -

A cistron is a series of mutants which do not comple-

*® Benzer (1957) coined the term "cistron" on the basis
of the cis—trans phenomenon to replace the term "gene"
as a unit of function.




ment one another either directly Wwhen tested two by two)

or through a third mutant (Pritchard, 1960b). TFor
example, mutants a and b belong to the same functional
unit, even though a complements b, if both a and b do
not complement a third mutant, ¢c. This definition is
applicable only to those cases where it has been shown
that ¢ is not a deficiency overlapping the a and b

'‘mutational sites' (Pontecorvo, 1952).

The functional relations between mutants belong-
ing to a cistron showing the intra-cistronic comple-—
mentation phenomenon can be represented by complementa-

tion maps. For instance, the Gal cistron of E. colil K12

listed in Table 9 is divided into complementation

units I, II and III (delineated on the map by vertical

dashed lines) on the basis of the five complementation

groups (represented by horizontal lines) into which the
eight mutants tested fall. The mutants-within each
complementation group do not complement one another.
Only those complementation groups which are shown in
the complementation map as non—overlapping complement

one another -~ i.e. group a of the E. coli Gal cistron

complements groups b, ¢ and d; group b complements

groups a and c; group ¢ complements groups a and b,



and group d complements group a.

The limits of the cistron can be related to
the genetic map by means of recombination experiments
(cf. Benzer, 1959), and the location of the mutational
gsites within the éistron can be determined. However,
complementation units cannot be so mapped because these
represent functional interactions and not positions of
defect within the genetic material. It is possible to
correlate the position of the defect, as defined by
recombination experiments, with the functional relations
of the mﬁtant containing the defect, but one must bear
in mind the differences between genetic and comple-

mentation mapping.

2. BExperimental

Heterokaryons, first used by Beadle and Coonradt
(1944) to test for allelism, have been widely used in
several organisms for complementation tests. Examples,
including other methods which are functionally equiva-
lent, are given in Table 10. Trans dipioids were tested
in addition to heterokaryons during the present investi-~-

gation because of the possibility of "nuclear limited"
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complementation (cf. Pontecorvo, 1950). Some combina-
tions of alleles were also tested for the "Lewig"

effect.

ad32, ad33 and the known ad9 alleles (Table 2)
were tested in all combinations in both balanced
heterokaryons and diploids. The results are shown in
Figs. 6 and 7. Two of the possible combinations were
partially or fully complementing. The finding of
Calef (1956) that adlb partially complements adl7 has

been verified, and another pair, adl7 + ad32, has

been shown to be fully complementary.

The ad15 / adi7 diploid responded to adenine

supplementation, giving wild type growth when the degree

of supplementation was at least 0.01 mg. adenine hydro-

chloride per ml. MM. Growth of the adl7 / ad32 diploid
was wild type on MM and was not enhanced by adenine

supplementation.

Both complementing diploids were tested for

temperature sensitivity. adl7 / ad32 grew as well as

wild type on MM at the three temperatures tested (250,

37° and 4300)° The adl15 / adl7 diploid achieved com~



pletely wild type growth on MM only at 43°,

Several diploids were tested for cis—trans

effect. In all cases (Table 11) the cis arrangement

was wild-type with respect to adenine-requirement.

%, Discussion

Six mutants -— ad9, adl3, adlb, adl7, ad’?2

and ad?% —— belong to the same cistron by the comple-
mentation criterion. Recombination experiments (see
Chapter III) indicate that they are all closely linked

and occupy different sites in the genetic map between

prol and pabal.

The complementation map of the ad9 cistron can
be divided into two complementation units, with adl’
belonging to one unit, and with adi5 and ad32 in the
other unit. A comparison of the complementation map
(Fig. 7) with the genetic map (Fig. 51) indicates

that the two representations are not co-linear.

Before going on to consider possible mechanisms
of complementation, it is as well to review the factual

basis of current hypotheses of gene function and also



to outline various aspects of complementation which

must be taken into acobunt.

The nature of gene action: - Where the metabolic basis

of mutant phenotypes has been determined, it has usually
been found to be the virtual absence or alteration of an
enzyme or protein (see reviews by Catcheside, 1960a;
Yanofsky and St. Lawrence, 1960). For example, in
sickle cell anaemia (Ingram, 1957 ), one of the peptide
residues of normal haemoglobin has.been altered; in

some adenine-requiring mutants of Neurospora, no detect—

able adenylosuccinase has been found (Giles, Partridge
and Wilson, 1957), and in P_ mutants of E. coli inability
to dephosphorylate p-nitrophenyl phosphate is correlated

with the absence of alkaline phosphatase (Garen, 1960).

In the past few years attempts at relating
genetic fine structure and protein structure have resulted
in the "one cistron — one polypeptide chain" hypothesis
(e.g. Crick, 1958; Pontecorvo, 1958a and b; Benzer,
1959), a modification of Beadle's (1945) one gene -
one engyme hypothesis (cf. Horowitsz, 1948 Horowitz and
Fling, 1956; Horowitz and Leupold, 1951). Additional

to this hypothesis is the tacit assumption that the



linear sequence of sites within the cistron should
correspond to the linear sequence of aminowacids in

a polypeptide chain. It should be emphasised that,
while there is some circumstantial evidence in sup-
port of the main hypothesis, no test has been made of
the additional assumption of co-linearity. There would
not appear to be plausible reasons of a theoretical
nature which would lead one to expect that this addi-
tional assumption should be true (cf. Levinthal, 1959b).
Indeed, the recent report by Ffesoo,QE al. (1960) on thé
secondary structure of RNA might suggest that'cb—
linearity is not a feature of the translation of

information from cistron to amino—acid sequence.

The essential point to be considered here,
leaving coding problems (see for example Crick, 1958)
aside, is that the cistron is supposed to determine éhe
amino=-acid se@uence of a single type of polypeptide
chain of a protein and that a mutation in the cistron
will result in either (a) no polypeptide—chain forma-

tion or (b) the production of an altered chain.

‘Direct evidence in favour of this hypothesis

must come from correlated genetic fine—structure
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analysis and amino—acild sequence determination. Thus
far the only relevant investigations are concerned with
the various amino—acid substitutions associated with

inherited human haemoglobin abnormalities (vide infra).

There are, however, several findings which sug-
gest that enzymes differing from the wild—type enzyme
are at least sometimes the consequence of a mutation or
"reversion" within those cistrons which are presumed to
determine the enzyme's amino—acid sequence (or, as in
the case of tryptophan synthetase of E. coli -- vide
infra -— determine the seqguence in one type of polypeptide
chain). As examples one can cite (1) thermolabile
tyrosinases (Horowitz and Fling, 19%%; Horowitz et al.,
1959), (2) the qualitatively different "reveftant"
glutémic dehydrogenases (Fincham, 1957; Fincham and
Pateman, 1957a; Pateman, 1960a), alenylosuccinases (Wood-
ward et al.,, 1960) and tryptophan synthetases (Yanofsky
and Crawford, 1959; Stadler and Yanofsky, 1959), (3)
the metal=sensitive mutant tryptophan synthetaée (Suskind
and Kurek, 1957, 1959) and (4) the mutant proteins anti-
genically related to the wildltype enzyme (DeMoss and
Bonner, 19593 Yanofsky, 1956; Yanofsky and Stadler,

1958; Suskind and Jordan, 1959).
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‘The one cistron - one polypeptide hypothesgis
should not be taken to mean that all cistrons specify
amino-acid sequences of polypeptides. The existence
of "regulating™ cistrons in addition to "specificity"
cistrons cannot be excluded with the discovery of
"repressors" (e.g. Pardee et al., 1959; Horowitz et
al., 1959 Gorini, 1960), which, in some cases at least,
may be non-protein in nature (Pardee and Prestidge, -

1959).

No examples have yet been found of a single
cistron determining more than one polypeptide chain or
of more than one cistron coding for a single chain. In
this connexion the tryptophan synthetases (TSases) of

Neurospora and E. coli should be mentioned. It appears

that one cistron determines the TS8ase of Neurospora

(Lacy and Bonner, 1958; Ahmad and Catcheside, 1960}
Catcheside, 1960a), while two cistrons specify the
coli enzyme (Cfawford and Yanofsky, 1958; Yanofsky and
Crawford, 1959). The latter enzyme consists of two
protein componénts (Crawford and Yanofsky, 1958). 1In
each case three reactions in the tryptophan biosynthe-

tic pathway are catalysed by the TSase (Yanofsky and
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Stadler, 1958; DeMoss and Bonner, 1959). The postulate
that the reactions all proceed on a siﬁgle enzyme sur-—
face is favoured for both systems (Yanofsky and Stadler,
19583 DeMoss and Bonner, 1959). Tests to discover
whether non-identical polypeptide chains are present

in the Neurospora enzyme are urgently needed. However,

it is assumed in the ensuing discussion of complemen-

tation mechanisms that td of Neurospora makes one type

of polypeptide chain only.

The best evidence in support. of the one cistron -
one polypeptide chain hypothesis