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CHAPTER I

INTRODUCTION

Among the Bucaryotes (Levine and Ebersold, 1958), or organisms
with true nuclei, it has long been realized that the meiotic process, by
which the diploid nucleus is reduced tolihe haploid state, is the key in
the production of exchange of genetic material between homologous chromo-
somes, It is hence the basis for the understanding of the inheritance
of all characters of any organism which are under genetic control. More
recent work on parasexuality and somatic recombination in Anﬁgrg;llus
(Pontecorvo, 1953) has detracted little from the importance of meiotic
recombination.

The process of crossing over to produce genetically reciprocal
exchanges between non-sister chromatids was first discussed by Bridges
(Bridges, 1916) with respect to Drosophila melanogaster. This orgenism
is a classic genetic research tool from which much important information
has been obtained, but in both theory and practice the most perfect tool
in the study of recombination in Eukaryotes is the ascomycete fungus
Neurospora crassa, together with a few closely related species and genera.
In the ascus of Neurospora one has, in order, the four products of a
single meiotic event; thus its unique suitability in the study of the
process of recombination., Commencing with the work of Dodge, Lindegren,
and Beadle and Tatum, Neurospora crassa has been continuously employed

in the sophisticated study of recombination processes.



Reciprocal recombination hes been thoroughly investigated in
an effort to determine the mechanism of replication and crossing over,
attempting to resolve the sontroversy betweer supporters of copy=-choice
(Belling, 1933) and breskage and rejoining (most recent work being that
of Meselson and Stahl, 1958, and Meselsorn and Weigle, 1961). However
in 1949 another type of recombination, with many probleus of an wnigque
nature, was discovered. .

Lindegren (Lindegren, 1953) reported examples of tetrads in

Saccharomyces which showed not the mormal 2:2 segregation for a marker

and its wild type allele, but a 3:1 ratio in the products of the tetrad.
The term "gene conversion" wes coined by Lindegren for the Phenomenon
vhich gave rise to th@se aberrent ﬁetmds. He suggested that the mutems
allele could convert one of the wild type alleles of the tetrad into &
mutent like itself. The reverse process could also ocour, to produce

a tetrad of three wild type alleles to one wutaat. Lindegren's inter-
pretation of this data was regarded as highly controversisl, amd was
chellenged by many other workers, However, in 1955 there was evidence
produced from Neurospora which geve valuable support to Lindegren and
his hypothesis. (Obvicusly only in organisms where en individual tetrad
can be analysed can one investigate non-reciprocal recombination).

The second pliece of evidence in support of "gene conversion"
cane from the work of M. B, Mitchell (Mitchell, 1955, 1957). This study
concerned the pyridoxime requiring pdx-i 1§oua of Neurospora, the locus
considered in the present investigation. There are three mutant allelesg
at this locus, pdx, pdxp, and pdxq (disecussed in more detail in Chapter 2).
In @ cross between pdx and pdxp, with outside markers also, aberrant
tetrads of the type 1 wild type : 3 mutants for the pdx=1 locus were



observed, In Mitchell's investigation, 7 eberrant asci were isolated
out of a total of 1200 asci. All aberrant progeny were back-crossed,

and the data from these crosses confirmed that the phenotypes weie in
fact the genotypes in all ceses. H. K. Mitchell (Mitchell 1957) sums
up the work of M. B, Mitchell (Mitchell 1955) as follows: "On the basis
of these experimental findings it is considered here that pdx, pdxp, pdxq,
and the corresponding non-mutant locus fépreéent a series of alleles or
similar genes at the same locus, in so far as crossing over is concerned.
The findings are not consonant with the assumption of a gene cluster or
a group of sub-genes, which are separable by erossing over, and they pro-
-vide conclusive evidence for the existence of the gene conversion process
in Neurospora.'

The terms in which the analysis by Mitchell of the situation at
the pdx-1 locus is discussed sound somewhat unsophisticated only six
years later. The fact that a heterokaryon between different mutants at
the '"same" locus can complement and show pseudo-wild type growth, (Pateman
and Finchem 1958, de Serres 1956, 1960) casts doubt on Mitchell's inter-
pretation;ﬁgen it was found by Strauss (Strauss 1951) end confirmed by
the present author that a heterokaryon containing the pdx and éggp
mutants also exhibits pseudo-wild growth. The interpretation of this
data in terms of complementation between different cistrons at the poly-
peptide level shows Mitchell to be incorrect, and that pdx, pdxp, and
pdxq are mutants in three separate cistrons of the pdx-1 locus. The
fact that the use of selective techniques in analysis of the system is
unsatisfactory eliminates the direct proof of this hypothesis, but the

mutant loci must be arranged in a linear order within the pdx-l locus.



This does not however invalidate Mitchell's postulated “gene conversion®
as recombination between the cistrons would be most unlikely to be high
enough to give the observed frequency of aberrant asei.

Later work, also on Neurospora crassa (Case & Giles, 1958), pro-
duced atypical tetrads for the pam-2 locus. 1l asci out of 856 examimed
shoved such aberrant 3:1 segregation, Using different mutante at the
same locus, i.e. Mutants in different ecistroms within pan-2 locus,
Case and Giles were able to demonstrate psewdo-wild type colonies heterc-
karyotic for two different mutants at this locus. A pumber of different
mutant alleles were examined, end were foumd to belong to either ome of
-two complementing groups, indicating that at the level of resolution
available the pan-2 locus consists.of two cistrons. The cistrons were
also genetically separable, at a low frequency, by erﬁssing over. The
aberrant tetrads were interpreted on the basis of a copy-choice method
of DNA replication, with both newly developing strends replicating,
over a short region including the pan-2 locus, from the seme parental
strand, It is in the mechanism of such replication éham we find the
strongest evidence in favour of the conservative replication of DNA.

| In Aspergillus midulans, amother Ascomycete, Strickland over-
came many technical difficulties and succeeded im carrying out tetrad
analysis., (Strickland, 1958). He completely emalysed 1,642 asci, and
among these discovered six abnormal ratios which because of the use of
ocutside markers were most unlikely to be due to technical ervrors. One
is elmost certaimly due to mom-reciprocal recombination over a distanmce
of eight map units, and three others sll show a 3:1 ratio for pi* s bi

(biotin requiring).



Two other Ascomycetes have also given rise to aberrant asci.
The first of these is Sordaria fimicola, a species very closely related

to Neurospora crassa. Olive and his co-workers have found bﬁth 3:1 and

5:3 ratios in Sordaria asci (Kitani, Olive, and El-Ani, 1961, 1962).
The first occur at the rate of approximately 1 in 2000, and can be ex~-
plained, as can the other examples previously discussed, on the basis
of copy-choice and mis-replication.. The 5:3 ratios are less frequent,
and not found at all in some crosses that do produce 3:1 ratios. In
the earliest of the 5:3 ratios reported, 5 wild type : 3 mutant examples
out.numbered the reciprocal class by approximately 6:1, which is diffi-
cult to explain on the basis of Olive's postulated semi-conservative
replication with mis-replication.v A far more likely explanation may
be found in aneuploidy. More recent examples are more likely to be
caused by post-meiotic recombination and segregation.

The last organism in which unequivocal '"gene conversion" has
been found is another Ascomycete, Ascobolus immersus. In crosses in-
volving mutants in two cistrons for spore colour, soﬁe 6 pale mutant:2
wild type spores are found in an ascus. The wild type spores were normal
for both mutants; two pale spores were mutant for one cistromn, two for
the other, and the last two for both. This is an example of perfectly
normal reciprocal recombination. In other cases however, in series U6,
a double mutant is never recovered, and for any ome cross the majority
parent is always the same. Mutants in series 46 can be placed in order;
and it is found that the majority parent is always on the same side of
the minority parent. The average frequency of these polarised non-

reciprocal segregations is approximately 1 in 100 (Lissouba et al, 1962).



_ The observations by Rizet and his fellow workersare consistent with the
switch hypothesis, as opposed to any real gene conversion by directed
mutation. The Ascobolus data also leads to the conclusion that replica-
tion is polarised with respect to "majority-minority" relationships.

The .onily- other organism in which 3:1 ratios have been recovered
is Chlamydomonas reinhardi. Following ultra-violet irradiation of one
cross, 3 of the 27 tetrads for one locus and 2 out of 8 tetrads for
another locus showed 3:1 segregation. In the control, one exceptional
segregation was found in 73 tetrads. (Levine and Ebersold, 1958)., Levine
and Ebersold explain their results in terms of the failure to develop of
one product of meiosis, followed by an extra mitosis of ‘one of the other
meiotic products. There is one remarkable ppint in this system, and
that is the fact that all of the aberrant tetrads contain a recombination
event between the two gene markers under analysis.

Threlkeld (Threlkeld, 1961), working on the pdx-1 locus of

Neufosporg crassa, the same locus studied by Mitchell (Mitchell, 1955,
1957), also produced some aberrant aéci. In one cross, 6 out of 71 asci
were aberrant. From the pdx x pdxp cross, 4 asci showed 6 pdx : 2 pdxp
segregations, and two produced pg§+ progeny. This cross was grown on
medium containing limiting cytidine, but supplemented with the pyrimidine
base analogue 5=bromo-uracil. In a cross on normal medium between the

same parents, 4 asci out of 52 showed 6 pdx : 2 pdxp segregation, but

none gave rise to any 295* progeny. There appears to be no significant
difference between the results with and without 5-bromo-uracil.,
The frequency with which the aberrant asci were found by Threlkeld

is far higher than that found in any system of non-reciprocal recombination



yet discussed. In Saccharomyces the proportion of 3:1 tetrads is high

also, but Saccharomyces is unusual in several ways, e.ge., it has a far

higher rate of spontaneous mutation than is known in other organisms.
This, then, is the problem investigated and reported in this
thesis; the problem of the cause of this extremely high rate of

occurrence of aberrant asci in Neurospora crassa.



CHAPTER I1I

MATERIALS AND METHODS

MATERIALS
Strains
Where wild type strains of Neurospora crassa were used in this
work, they were strains 1A and 25a isolated, described, and first used
by Lindegren.

The mutant strains utilized were as follows:

Mutant Isolation no. Mutagenic agent Biochem. regquirement

leu-2 37501 U.V, leucine

pdx-1 37803 U.vV, pyridoxine

paxp (pdx-1) 44602 UV, pyridoxine, or (NH,)*
at pH>> 6.

pdxq (pdx-1) 35405 UV, pyridoxine, or T 30°C.

pyr-1 H 263 X-rays cytidine or uridine

tryp-4 Y 2198 Nemistard tryptophane or indole

Most of the above mutants are deecribed in greater detail by
Barratt et al.(Barratt et al. 1954)., Exceptions are leu-2 (37501) which
is described by Perkins (Perkins 1959), and pdxq (St. Lawrence 1956).

The Lindegren wild type strains and all except one of the mutants
were supplied by Dr. S. F. H. Threlkeld. The exception was strain pdxq |
(35405) which was obtained from the Fungal Genetics Stock Centre, at

Dartmouth College, New Hampshire.



Again with the exception of pdxq, the mutants were already

combined in the aberrant asei to be discussed whem obtained by the

euthor,

Culture media

Four types of culture media were used during the course of the

investigation, These were:

1)

2)

3)

k)

Medium on which crosses were grown. This comtained salts sclution,
sucrose, agar, and the required biochemical supplements.

Medium on which ascospores were germinated and on which V@E@t&tiv@
cultures were mainteined. This differed from medium (1) in having
glucose as its orgamic ecarbon source instead of sucrose.

Medium on which growth rate tests were carried out. This wes a
liquid glucose medium,

Medium on which isolates were tested for their biochemical require-
ments. This contains a limiting concentration of sucrose, and
sorbose to induce colonial growth. Isolates were tested for the
presence of any blochemical markers by innoculating series of
appropriately supplemented Petri dishes with minute numbers of
conidia from each isolate, B& inducing colorial growth by the
presence of sorbose it is convenient to test up to ebout 25 iso-~
lates on each plate.

Media 1, 2, and 4 were identical with respect to inorganic

salts and Biotin, the only essential Neurospora growth factor.

The salts were made up as follows:

L x strength salt solution:-



3
KHPO, k0 gm
Mgs0,, . 7H,0 2.0 gn
CaCl,. 65,0 0.4 gn
NaCl 0.4 gn
Biotin 16 ugn
Trace element sclution (see below) 1.0 ml

Distilled water up to 1000 ml

Trace element solutioni-

Na23407.10H20 0.0l gm
CuS0,, .5H,,0 0.10 gnm
FePOh.ZHZO 0.02 gm
Musoq.hﬂao 0,02 gm
NazMoou.Zﬂzo 0.02 gm
ZuS0,, . 7H,0 2,00 gm

Distilled water up to 250 ml
For the growth rate teste} for convenience, a more concentrated
stock salts solution was used. This was the Vogel 50x salts solution

(Vogel 1956). The formula is:~

Na3citrate 150 gm
KH,PO, (anhydrous ) 250 gm
NH4NO3 (anhydrous) 100 gm
Mg304.7H20 10 gm
CaCl,.2H,0 5 gm
Trace elements (as above) 10 ml
Biotin 2.5 mg
Distilled water 750 ml

Chloroform {preservative) 2 ml



The media mentioned above were made up as follows:=

1 - Reproductive Medium (Westergaard and Mitchell 1947)

L x strength salt solution 250 ml
Sucrose | 20 gm
Difco Bacto-agar 15 em

Distilled water up to 1000 ml

2 - Vegetative Medium

4 x strength salt solution 250 ml
Glucose. 20 gm
Difco Bacto-agar : 15 gm
Distilled water up to 1000 ml

3 -~ Liquid Medium

50 x strength salt solution 20 ml
Glucose 20 gm
Distilled water up to 1000 ml

4 -~ Sorbose Medium

4 x strength salt solution 250 ml
Sorbose L gn
Sucrose 2 gm
Difco Bacto-agar 20 gnm
Distilled water up to 1000 ml

Where biochemical supplements were added to media, unless other-
wise stated, they were added at the rate of 100 mg/litre, except for

indole which was added at half this concentration.



Buffering wes required in the determination of the pﬂk genoctype
and in the growth rate tests, and this was accomplished by the use of
KHQPO&E_ and Nazml%o

METHODS
Crosses

Two methods were used in the meking of crosses on suitably
supplemented sucrose medium.

1) The slope wes imnnoculated with comidia and mycelisl fragments from
both parental strains.

2) One strain was innoculated onto the slope, and & to 6 dayes later &
conidial suspension of the other parent was introduced,

In the present work both of these procedures produced the same
result. However, if one requires to use a specific straim as the
protoperithecial (female) parent, omnly the secoﬁd method would be
suitable,

The imnoculated slopes were incubated at 25°C uatil mature
P@rith@@i& and ascospores were produced.

Analysis of Crosses

There are three common methods of analysing the ascospores proe=
duced by a cross, These are ascus emalysis, perithecial amalysis, and
rendon spore analysis. Although only the latter two methods were used
in this work, the starting point of the study was the result of ascus
analysis (Threlkeld 1961)., So all three methods of analysis will be
considereds
1) Random spore snalysis.

Ripe ascospores are discharged from mature perithscia ente the

2
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sides of the culture tube. Such discharged ascospores were collected
with a sterile wire loop and placed in a drop of sterile distilled water
on a cavity slide. A loopful of a suspension of these spores was then
spread on a block of plain 4% agar on an ordinary microscope slide, The
agar block was then allowed to dry a little before the next stage. On
attaining an optimum dryness, of the agar block, single spores were
picked from it, under a dissecting microscope, and transferred to a
small slope of appropriately suppleménted glucose medium, The spores
vere picked off with a tungsten wire needle sharpened in molten sodium
nitrite. Ascospores isolated from a cross are ddrmant, but it has been
" found that this dormancy can be broken and germination induced by placing
the culture tubes in a water bath at 60°C, for 45 minutes. This heat
treatment, in addition to inducing the germination of the ascospores,
also had the effect of killing any conidia which had inadvertently been
also transferred to the slopes. The tubes were then incubated at 25°C,
2) Perithecial analysis,

Nearly mature perithecia were removed from the eross slope,
transferred to a drop of sterile distilled water in a cavity slide, and
isolated. Single perithecia were then rolled across a block of 4% agar
to remove any adhering conidia and mycelial fragments. The cleaned
perithecia were then transferred to fresh blocks of 4% agar, where they
were broken open in a drop of sterile distilled water and the ascospores
released, Single ascospores were isolated as for ramndom spores above,
but as the spores were still immature a heat shock wes not given
immediately, Instead the tubes were incubated at 25° for 6~10 days so

that the spores might mature. By this time the agar in the tubes had



partially dried out, and so in order to ensure good germination a drop
or two of sterile distilled water was added to each tube before the heat
shock was applied as for random spores. The germinating ascospores were
then incubated at 25°.

3) Ascus (Tetrad) Analysis.

"Perithecia were tranzferred from the cross to a cavity slide,
and treated with dilute sodium hypochlorite. .Individual perithecia were
then transferred to agar blocks and, under a dissecting microscope,
broken up with tungsten wire needles so that intact asci vere released.
The asci were spread out on the agar and left to dry. When the right
conditions of dryness were reached each ascus to be dissected was lifted,
intact, from the surface of the agar, and placed on another part of the
agar away from all stray spores. Thus it may bé accepted with reasonable
confidence that the set of spores under dissection were in fact derived
from one ascus, and that the inclusion of stray spores was unlikely.
Each spore of the ascus was then transferred to a small tube.

The spores were left to mature for seven days, after which odd
numbered spores were subjected to a heat treatment of 60°C, for.hs
minutes., If germination was largely successful, the even»pnmbered
spores were heat-treated within 10 days of isolation." (Threlkeld, 1961).

In order to determine the nature of a possible heterokarym, i.e.,
isolation 42-1, it was necessary to carry out a conidial analysis. In'
doing so it was important to observe strict aseptic techniques, as no
heat treatment, wvhich serves as a valuable safeguard in ascospore’ isola—
tion, could be applied to these isolates. A suspension of conidia and

mycelial fragments was made by transferring a loop of innoculum to a

14
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tube of sterile distilled water, followed by the tube being shaken
mechanically for 30 minutes. The resulting suspension was then filtered
through a pad of sterile cotton wool to remove the mycelial fragments
and-groups of conidia. The concentration qf the resulting suspension of
single conidia was then estimated by the use of a hemocytometer slide,
and dilutions were made to give approximately 2000 conidia per millilitre.
0.1 ml of this suspension was then franéferred to, and spread on, a plate
of supplemented sorbose medium, The plate wﬁs then incubated at 25°C.
for 48 hours. On examination under a dissecting microscope, minute
colonies arising from single conidia could be seen, These colonies
were then cut out of the plate with tungsten needles, and transferred
to small slopes of snpplemente& glucose medium, and incubated at 25°C,
Determination of genotypes

The biochemical markers were scored by. the standard procedure
of ignoculating series of plates of appropriately supplemented sorbose
medium with minute numbers of conidia from the cultures under examin-
ation. In later analyses, the leu-2 marker was not scored. It was con-
sidered that one distal marker was satisfactory.

Growth rate tests

The growth rate tests were carried out in liquid medium, con~
taining salts, glucose, and supplements where appropriate as in the
normal vegetative medium, The agar was omitted. Vogel 50 x strength
salt solution was used instead of 4 x salt solution, it being more con-
venient to use the more concentrated stock solution when dealing with

the large volumes of medium involved in these tests,
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Whereas in medium based on 4 x salt solution it was necessary
to add ammonium sulphate as well as altering the pH with Phosphate
buffer in order to determine the pdxp genotype, 50 x salt solution
already contained ammonium nitrate at a sufficiently high concentration
and it was merely necessary to buffer the pH,

The tests were carried out in 125 ml Erlenmeyer flasks con-
taining 50 ml of liquid medium. Except where otherwise stated, the
flasks were each innoculated with approximately 6000 conidia. These
were first suspended in sterile distilled water, filtered to remove
mycelial fragments, estimated with a hemocytometer, diluted as required,
and then used as innoculum. Strauss (Strauss 1951) used small, washed
mycelial pads as innoculum to eliminate the possible effects of diff=-
erential viability of the conidia of different strains, but this method
probably introduces even gregter potential variations in the selection
of the small mycelial pads, no estimate of the weight of which 1s
possible. Strauss also used only 20 ml of medium in the 125 ml flasks,
but this practice probably increases the possibility of growth-limiting
factors through exhaustion of nutrients or through the accumulation of
toxic metabolites.

Unless otherwise stated, in order to minimize the risk of growth=-
limiting factors arising, the growth experiments were carried out for a
period of six days, this period of time being sufficient for the pro-
duction of a convenient weight of mycelium,

At the end of the experiment, the contents of each flask were
filtered through a Whatman No. 1 filter paper and washed well with dis-

tilled water. After preliminary drying on a paper towel, the mycelial



pad was transferred from the filter paper to a glass slide, and dried

to constant weight in an oven at 65°C, Cooling was carried out in a

dessicator prior to the final weighing.

Note on diagrams

In some of the diagrams herein, it proved more convenient to

label the gene loci with a single letter instead of the conventiomal

gene symbol (e.g. pyr-1). The key to these is:-

c

b.4

_byr-1

leu=2

hypothetical suppressor

17



CHAPTER III

THE ORIGIN OF THE STRAINS AND ASCI

All nine aberrant asci were the result of a cross between
strains H823 and J104 (Threlkeld, 1961).

H823 was genotypically A, -1, pdx-1l, both of the bio-
chemical markers being situated on the right arm of Linkage Group IV.

The ancestry of strain H823 is:

A, pax-1 (37803) x  a, pyr-l (H263),

A, pyr-1, pdx~l (H823 and H815),

J104 was genotypically a, pdxp, t L, leu-2, these bio-
chemical markers also being on the right arm of Linkage Group IV,

Its origin was:

a, pdxp (44602p) x A, tryp-b, leu-2 (37501).

a, pdxp, tryp-4, leu-2 (J104).

The arrangement of these biochemical markers on the right

arm of Linkage Group 1V has been shown to be as below:
Linkage Group 1V

centromere pyr-1 pdx=1 tryp-4 leu-2

_O i . : 1
L L v Ld

75 0.6 14,5 1,2
Inter-gene distances (cross-over units).

(Threlkeld, 1961),

18



The problem of the nature of the pdx and pdxp mutants at the
pdx-1 locus, their relationship, and order, if any, is unknown, and
their positions in the above diagram of chromosome IV is purely
arbitrary (Mitchell, 1Y57).

Of 123 asci from the above cross which were analysed, 116
showed normal reciprocal recombination and 7 showed non-;reciprocal
recombination. The non-reciﬁrocal events all concerned the pdx - pdxp
locus. The frequency of non-reciprocal recombinant events here is far
'in excess of that observed by Mitchell in a cross between the same two
mutant loci, where 7 out of 1200 asci analysed were aberrant in this
way. (Mitchell, M.B, 1955, Mitchell, H.K. 1957).

The aberrant asci studied are:

JL 212
Spores 1 & 2 pyr-1  pdx
" 3&kh pyr-1 pdx tryp-4 leu-2
" 5&6 pdx
" 7&8 pdxp tryp-4 - leu-2
JL 213
Spores 1 & 2 pyr=1 pix

" o3&k pyr«l pdx tryp-4 leu-2
" 58&6 pdx tryp-4 leu-2 |
" 7&8 pdxp
JL 222

Spores 1 & 2 pyr-1 pdx tryp-4 leu-2
"3 gh pyr-1  pax
" 5&6 pixp tryp=b 1leu=2
"7 B
n 8 Failed to ge¥uinate

19



JM 253
Spores 1 & 2  pyr-l pdx tryp-h leu-2
" 3&4 pyrsl pdx
" 5&6 pdx
" ?7&8 pidxp tryp-4 1leu-2
HR 85
Spores 1 & 2 pdxp tryp=4 leu-2
w &4 pdx
w 586 pyr-l pdx tryp-4 leu-2
" 7 &8 pry-l pix |

EH 754
Spores 1 & 2 paxp tryp=k 1leu-2
v 3&4 pdx
W 5& 6 pyr=l pdx tryp-% leu-2
" 7 &8 pyr=1 pdx
JD 142 |

Spores 1 & 2 pyr=1 pdx tryp-% leu-2
" 3&4 pyr-i pdx
o 5&6 pdx
i 7 &8 pdxp tryp-b leu-2
Two other abmormel tetrads occurred im the cross H823 x J104,

and sre shown below:

HK 42
Spores 1 . Wild type
2,3k 4 Failed to germinate
" 5&6 pixp tryp-b lem-2
" 7 &8 pyr-l pdx



HX 112
Spores 1 & 2  pdxp tryp=4 leu=2
" 3& 4 pyr-l pdx
" S&6 Failed to germinate

" 78&8 Wild type

It will be seen that the first seven asci all show a 3:l
ratio for pdx:pdxp. One pdxp product in each tetrad has been con-
verted to the expression of a pdx phenotype. This has some of the
characteristics of Lindegren's "gene conversion' in that although the
ratio is abnormal, the allele expressions are of the parental type.

The last two asci introduce a new phenotype, equivalent in
expression to the wild type allele at the locus. Such a situation
could possibly arise by reciprocal recombination, but at an extremely
low frequency. However, some form of post-genetic complementation

may explain this reversion to a wild type of growth.



CHAPTER IV

3:1 RATIOS FOR PDX:PDXP

Due to the polarised nature of the 3:1 ratios in the tetrads
from this cross and the extremely high frequency, néither of which
were found by Mitchell (Mitchell 1955, 1957), their origin by "gene
conversion" can reasonably be rejected.

One situation in which a 3:1 ratio may occur by normal recip-
roqal processes is that of a cross concerning a biochemically deficient
mutant and its suppressor gene., Diagrammatically this is as shown.in
Figure 1. The situation in Figure la concerns unlinked genes, and
gives an overall ratio of 3 prototrophs: 1 auxotroph. Such is not
the case in the cross being considered. However, if‘the biochemical
gene and its suppressor were both on the homologous linkage group,

3:1 tetrads would only arise where there was a cross-over between the
two loci, as in Figure 1b,

Applying this concept to ascus 213, postulating that a pdxp su
genotype results in a pdx phenotype, and arbitrarily placing the
suppressor of the pdxp phenotype to the left of pyr-l, the meiosis in
the ascus would have occurred as in Figure 2.

Another possible explanatidn would be the occurrence of a
duplication of the pdx-1 region in H 823, with the resulting meiosis
occurring as in Figure 3.

Yet another possibility is unequal crossing over as shown in

22



Figure 1

A 3:1 ratio from a Mutant-suppressor system
a) Unlinked genes

+
a
1 |
. b4
U S — SN W
st \l, s
a a at a
N ) . 3 |
gl 8 '8 8
Requires a Pseudo-wild Wild type Wild type.
b) Linked genes
8 a+ B+ a
2 g X 2 4
8 a+
2 N -
s* ﬁ
8 a+ 8 a st a+ st a
[ 3 g’ 1 ) — [l 1 W
Wild type Pseudo-wild Wild type

Requires a
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Figure 2

A Mutent-suppressor system applied to Aseus 213,

pyr=1, pdx
+ .+
e x & 1
? y - A A, B a_@j j ;p jt jli
pyr-1,pdx, tryp~t,leu=2
% -

e



Figure 3

A 3:1 ratio due to a duplicatio‘n of the pdx region

¢ X x t+ 1+
[} o 3 [N i S
b 4
c+p t 1
2 R [ ] [

R R
pyr-l, pdx
3 PO W _C c. ¥ ? ? ll
pyr-1,pdx,tryp-l,leu=-2
- '
% . +
— s e ¢c x t 1

pdx, tryp-i4, leu=2
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Figure 4, Such frequent unequal crossing over is most unlikely, and
this hypothesis will not be considered further,

A fourth possibility could be due to the existence of an
aneuploid fragment of chromosome IV in H 823. This is represented
in Figure 5.

All except the first of these possibilities assume that where
pdx and pdxp are both present, the more extreme mutant pdx phenotype
is expressed. If the product of the pdx gene were anabolic, i.e. con-
cerned with the synthesis of pyridoxine this would not be so. This
therefore suggests that the gene product is catabolic, i.e. concerned
with the removal, or breakdown, of pyridoxine from the system, This
will be discussed in greater detail in a later chapter.

To investigate the possibility of the missing pdxp in these
three tetrads, the twelve isolates were back-crossed t6 the appropriate
Lindegren wild type strains., On attaining maturit&, rendom spores
were isolated from the back-crosses of the tetrad products of ascus
HR 85, germinated, and analysed for their biochemical requirements.

See Table I, The results were as follows:

85-1 (pdxp) x + produced + and pdxp.
85-4 (pdx) =x + "+ and pdx.
85-5 (pdx) =x + " 8+, 5 pdx, and 2 pdxp.
85-8 (pdx) =x + "+ and pdx.
This agrees with the possible explanations suggested above,
i.e. the concealed pdxp is to be found in the product with all the

biochemical markers in these three asci, Therefore the back-¢crosses
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Figure &4

A 3:1 ratio due to unequal crossing over
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Figure 5
A 3:1 ratio due to Aneuploidy
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of 253-1 and 213=3 with Lindegren 1A esmd 25a respectively were examined,
The former gave 9 pdx® ¢ 8 pdx : 1 pdxp, eand the latter gave 1l pax’ ¢
3 pidx ¢ 2 pdxp. See Tables 2 and 3 respectively.

These smsll samples, although showing no statistically valid
trends, do clearly demonstrate that the pdxp mutant allele is concealed
in these apparently pdx strains and can be recovefed‘im ?he progeny of
a back-cross., The correctness of. the ;nalygig so far was verified wheémn
a recovered pdxp isolate, from 253-1 x 1A, notebly strain B7 was back-
crossed again with Lindegrem 1A, Of the tw@ntj spores emalysed from
this cross, 7 were pdxp, 12 wére wild type, and 1 falled to germinate,

In order to have & sample large enough %o be statistically
significant for the celculation of recombination data, a further 100
isolates were made from the cross 213-3 x 25a. Eight pdxp isolates

were recovered from the 98 successful germinations.



Table 1
B21
22

23

2k

25

26

28
29

31
3

33

35

80 X &

wild type

" LI

0 00

pyr-1 pdx btryp-b leu-2

wild type.

pyr-1l pdx tryp-4 leu-2

wild type

tryp=-i leu-2

pyr-1 pdxp tryp=4 1leu-2

pyr-l pdx tryp-i leu-2
" " " "

wild type

failled to germiﬁate

pyr-1 pdx tryp-4 leu~2

tryp-4 leu-2

pyr-1 paxp tryp-h leu-2



BACK-CROSSES:

Table 2

Bl

v & NN R W

10
11
12
13
1h
15
i6
17
18
19 & 20

253-1_x 1A
wild type

pyr-l pdx tryp-b leu=2

" 1] " ' ' 1]
e | ) M.
" o0 14 00
W " W )
pyr-l pdxp
tryp=k leu=2
wild type
pyr-1 pdéz tryp-i leu-2
wild type
wild type
pyr-1 pdx tryp-4 leu-2
W (1] " L1
tryp=b leu=-2

wild type

L (]

" [

Failed to germinate
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Table 3

B 57
58
59
60
61
62
63
64
65
66
67

69
70

72
73
7h
75
76
RH 25
26
27
28
29

32

21 x 25a

pyr-1

pyr-l pdx tryp~# leu=-2
tryp-b leu=2

wild type

wild type

Pyr=L

tryp-k leu-2

pyr-1 pdx tryp-4 leu
pyr-1

pyr=1

tryp=b leu=2

pyr-1 pdxp tryp=4 leu=2
wild type

pdxp Gryp-4 leu-2
wild type

pyr-1 pdx

wild type

pix tryp-4 leu-2

pyr-1 pdx tryp-& leu=-2

pyr=1 pdx
pyr-1 pdx tryp-i leu=-2

pyr-l pdxp



Table 3 (cont'd)

RH 31
32
33
34
35
36
37
38
39
ho
41
42
k3
by
bs
k6
k9
48
b9
50
51
52
53
54
55

wild type
pyr-1 pdx tryp-4
wild type
wild type
pyr-1 pdx tryp-k
wild type -
" "
pix tryp-4% leu-2

pyr-1 pdx tryp-4

" " "
" " "
wild type
pyr-1 pix tryp-4
wild type
paxp tryp-h
wild type
" n
pyr-l pax tryp-b
" ' L) "
wild type
pdxp
pdxp
wild type

pyr-1 pdx

lqu-Z

' leu=2

leu-~2

n

leu=2

leu-2

"
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Table 3 (cont'd)

RE 56
57
58
59
€0
61
62
63
6h
65
66
67
68
69
70
71
72
73
7%
75
76
77
78
79
80

pyr-1 pdx
pdx tryp-t leu-2
wild type
w oo
pyr-1 pdx tryp-%
wild type
pyr=1 pdx tryp-l
1°® e L1}
pyr=l pdxp
wild type
pyr=1 pix tryp-k
pyr=l -péx tryp=l

wild type

[t} 90
[i] 89
it "

pyr=1 pdx tryp-k

L L) "

wild type

pyr=l pdx tryp-4
pixp tryp-%4 leu=-2
pyr-1 pdx tryp-4
wild type |
pyr-l  pdxp

tryp-t leu=2

leu=2

leu=2

L)

leu=2

lon=2

leu=2

80

leu=2

len=2
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Table 3 (cont®d)

RH 81 wild type

82 pdxp tryp=b leu-2
83 pyr=1 pdx tryp-l leu=2
8k wild type
85 pyr-1 pdx tryp=b leu~2
86 ooom " n w
87 " o " w
88 wild type
89 pyr-l pix tryp-4 leu-2
% " v » w
91 ¥ " " "
92 " " w w
93 " ® " »
% woom
95 " » " v
96 tryp-lt leu<2
97 pyr=L pdx tryp-b leu-2 .
98 woow " "
99 wild type

-100 pry-l1 pix tryp-& leu-2

101 wild type

102 w o

103 pyr=l pdx ﬁrypml& leu=2

104 w o o w

105 wild type
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Table 3 (cogt 'q)

RH 106
107
108
109
110
111

112

113
114
115
116
117
118
119
120
121
122
123

pry-1 pdx tryp-4 leu=-2

L1 90 it} L[]
pyr=1 pdx tryp-i leu=2
wild type

- tryp-k leu-2'.

wild type

L 1]

pyr=1 pdx tryp-4 1leu-2

pyr=-1 pdx

pdxyp %ﬁpm% leu=2

pyr-l pdxp tryp-t leu-2
" % " "

pyr=1 pdx leu=2

pyr-1 pdxp

pyr-1 pdx tryp-b leu-2

pyr-l pdxp

The twelve ¢lasses of progeny recovered in the ebove isolates,

and their frequencies are given in Table 4., The total number of

isclates analysed from oress 213=3 x 25a wes 112, These are given

in Table 3.



Table 4
pyr-1 pdx tryp~-4 leu-2 43
pyr-1t  paxt  tryp-4* ;eu-2+ 36
pyr-1t  paxt  tryp-b leu-2 7
pyr-1 pdx tryp-4* len-2* 6
pyr-1 pdxp trypfk+ " leu-2t 5
pyr-1 pdxp tryp-4 1eﬁ-2 b
pyr-1 pdx’ tryp-4t leu-2* b
pry-l+ pdxp tryp-4" leu-2* 2
PWr-1+ pdx tryp-4 leu-2 2
pyr-1* pdxp tryp-4 leu-2 1
pyr-1"  paxp  tryp-t  leu-2' 1
pyr-1 pdx tryp-4+ leu-2 1

There is some difficulty in the interpretation of the fesults
for the.EQE locus, but the cross-over frequencies between the other
markers, and hence their distances apart may be easily found and cal-
culated,

If aneuploidy were the cause of the 3:1 ratios, one would

expect the aneuploid fragment to be excluded from most of the nuclei

in the course of a series of mitotic divisions. As a result of this,.

mainly pdxp and pg§+ isolates would be expected in the isolates from
the back-cross. Any pdx progeny would be due to either residual
aneuploidy, or else somatic recombination before the fragment became

excluded. Such somatic recombination would have to produce a Linkage
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~ Group IV bearing pyr-1l, pdx, tryp-4, leu-2,

Now let us proceed to calculate the recombination frequencies
between the markers in this cross, and hence their map'ﬁositions.

Consider first the case of tryp-l4 and leu-2. One crossover
between these two loci occurred in the 112 iSolateé analysed. From

this the map distance may be calculated to be:

1 x 100 .
= 0,89 crossover units.

112

A previous calculation of this distance (Threlkeld, 1961)
gave 2 crossover asci out of 7] analysed, equivalent to a map distance
of 1.2 c.o.u. Each of these recombinant asci gave rise to 4 recom-
binant spores out of 8, so for each of these asci, the recombinant
spores were 1/2.
. - There is difficulty in correlating recombinate data from asel
with that from random spores, but by conventional practice, one ascus
is taken to be equivalent to one pandom spore.

The recombinants in the asci were 1/2 + 1/2 out of 71 aseci,

Applying a contingency table to the data:

Recomb. Non-rec. Total
Totrads 1 70 7n
Rendom 1 11 112
2 Y 183
2x 7L

T (Tetrads) = = 0,77

183
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Observed " Theoretical
1 0.77
1 1.23
(0.23)2 (0.23)2 0.56 057
X o e 4 = .
l.23 0.77 1.23 0477

= » .o“‘S + .07‘* .
= 1119

For 1 degree of freedom, P 0,70, Therefore these values
do not differ significantly.
Now consider the case of pyr-1 and tryp-i.

The four classes of progeny are:

pyr-1* tryp-4" 38
pyr-1 tryp-h L7
pyr-1" tryp-h 11
pyr-1 tryp-4* 16

The first two classes are the parental types, and the.last
two are recombinant. From these figures the crossover distance may
be calculated:

27 x 100
= 24 crossover wmits

112
For this interval, Threlkeld (Threlkeld, 1961) obtained 22
recombinant asci out of 71. Applying a contingency table to these

data:



Recomb. "~ Non=Recomb,. ~ Totel

Tetrads 11 €0 71
Rendom 27 85 ‘ 112
38 145 183
28 x 71
T (tetrads) = s 147
‘ 183
Observéd ' ' " Theoretical
11 ' 14,7
27 | 23.3
60 ‘ 5603
85 8Ye7
(3.7)° (3.7)2 (3,7)° (3.7)2
¥ & ————— 4 + +
14,7 23,3 56.3 88,7

0,92 + 0,58 + 0.2b + 0,15

@

i}

1.89
For one degree of freedom, P> 0,10, There is therefore no
significant difference between the present data and that of Threlkeld.

Regarding pyr-1 and leu-2, the four progeny classes aves

pyz'nf 1eu-2* 39
pyr=1 leu=2 48
pyr=l lev-2’ 15
pyrl+ leu=2 10

We must further allow for two apparent double crossovers be-
tween these markers in isolates RH 45 and RH 120, Thus the number

of crossovers is 29, and {he map distance is therefore 26 ¢.0.u.
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Applying a contingency table to the data:

Recomb, Non~Recomb . Total
Tetrads 12 59 7
Random 29 83 na2
4y 142 183
b1 x 71 .
T (tetrads) = = 15.9
183 '
Observed Theoretical
12 15.9
29 25.1
59 55.1
83 86.9
(3:.9)% (3.9)2 (3.9)2 (3.9)2
2 - + + +
15.9 25.1 55.1 86.9

= 2.01

For one degree of freedom, P >0,10, Therefore, again there
is no significant difference between these data.

If we accept the hypothesis that the combined result of pdx
and a pdxp mutant in the same locus produces a pdx phenotype, it is
possible to score for the presence or absence of the pdxp mutant if we
regard any progeny with pdxp phenotype as being E!‘.+ for the locus
homologous for that which was pdx in isolate 213-3. By doing this, it

is possible to obtain recombination data, and hence map distances with
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reference to this pdx locus.
Considering it first with regard to the pyr-l locus, the four

possible progeny classes are:

pyr-1 pax 50
pyr-1" pix’ or pdxp 47
pyr-1" pdx . 2 -
+ ' Recombinants
pyr-1 pdx’ or pdxp 13

The map distance between pyr-l and the pdx of 213-3 is

therefore:
15 x 100
S —— 12.4 CeOells
112 _——

Threlkeld's data show one crossover out of 71 asci for this

region. Once again a contingency table is applied, including Yates'

correction:

Recomb, Non-Recomb. Total
1 70 7
14,5 975 112
15.5 167.5 183

T (tetrad) = ;EE:E.E.Z}_ = 6,0
183

Observed Theoretical
1l 6
14,5 9.5
70 65

975 102.5
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(5)2 (5)2 (5)° (5)2
6 9¢5 65 102.5

b2 + 2,75 + 0,39 + 0,25
= .57
For one degree of freedom, P <<0,01. There is a highly
significant difference between these data as shown by the above con-
tingency table, a fact which strongly supports the suggested duplication.

A duplication may also explain certain other high recombination fre-

quencies, and possibly also the 2:13 ratio of pyr-l, pdx-l recombinants.

Thus far, it would appear that the markers are present in the
relative positions shown in Figure 6a.

We cannot map the pdxp mutant in the normal manner from the
RH series data as we can only score for it when the pdx allele of 213
is replaced by a pg5+ gllele in a recombination event. However, we
may reasonably postulate that it is in its normal position with respect
to pyr-1 from the origin in J 104,

It is also likely that the pyr-l locus is duplicated as it is
closely linked to the pdx locus, and so the second of these should be
located 0.6 c.o.u, proximal to the pdx allele, (When mapping any other
locus with respect to the pyr-l1 allele, one would map it with the pyr-l
locus farthest from that locus).

The modified structure of Linkage Group IV would therefore be
as shown in Figure 6b,

It is possible to obtain an estimate of the distance between
pdxp and the other markers by treating the pdxp progeny as éne half

of reciprocal exchanges., Pdxp was linked to tryp-4 in 213-3, and in



Figure 6

a) Preliminary map of linkage group IV in 213-3
75 13.4 0.9
r—— - \ ——
pyr-1 pdx - . tryp~4 leu-2
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b) Modified linkage map of 213-3
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the RH progeny there are seven pdxp isolates no longer in the parental
combination. Theoretically there should also be seven reciprocal re-

combinants, although these are in fact obscured., However, we have 14

recombinants out of 112 for the pdxp - tryp-4 distance; equivalent to

a distance of:

14 x 100

-} 12.5 CeOoelle
112

Likewise we can make an approximate map distance of the interval
between pdxp and the proximal pyr-l locus. The visible recombinant is
px£=;+ pdxp of which there are 6, This gives a theoretical number, of

recombinants of 12, The map distance calculated from this is:

12 x 100 ,
FT—— = 10. CeOolle
112 -

Although the figures calculated from data involving the pdxp
matant are only one half as accurate as the other distances calculated
from thé RH isolates, as only one half of the reciprocal recombinants
could be classified, these map distances serve as a valuable confirmation

of the other data.



Figure 7

Duplication map of 213~3
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There now faces us the problem of the homology of the genetis
waterial in the region between the proximal pdx locus and the distal
pyr=l locus of 213-3. This region has a length of 13.4 crossover units.
Depending on the nature and origin of this segment, thére are twWo poss<
ible positions for synapsis.

If the material is proximel to the distal of the two pyr-1 loci,
synapsis and possible crossover formation could occur as in Figure 8as>
The progeny from such a recombinant event would be as shown in Figure 8b,

If the material originated distally to the proximael of the two
pyr-1 loci, synapsis would occur as shown, with possible recom‘bina_tion9
in Figure 9a. The progeny would be as in Figure 9b.

ﬁy comparing the frequencies of progeny of the first and second
types, and disregarding the tryp-i locus, we may obtain sm @st§mate of
the make-up of this segment of genetic material. The progeny classes

and relative frequencies are:

pyr-1", pixp b
pyr-l, pdxp 9

Therefore, of the total length of the interval,

= 251& = 9,7 Ce0ole
i3

originates a8 being normally proximal to the distal pyr-1 locus. The

remaining portion of 4.3 c.o.u. originates as distal to the proximal

pyr=1 locus.
It therefore seems likely'that the centromere, being normally

only 7.5 c.0.u. profimal to pyr-1 is itself duplicated.
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Figure 8
a) Synapsis and possible crossovers if duplication

is proximal to the distal of the two pyr-l loci.
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b) Recombinant progeny for Figure 8a.
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Figure 9

a) Synapsis and possible crossovers if the duplication

is distal to the proximal of the two pyr-l loci.

ct xt tt

b) Crossover progeny from Figure 9a




A check on the data from the 213=3 back-cross may be carried
out on the back-cross of 253-1 with pdxq., 253-1 is phenotypically
pyr-1, pdx, tryp-h, and was shown by a previous back-cross against
Lindegren wild type strain 1A to produce some pdxp progeny.

One hundred successfully germinated isolates were analysed

(RT 1-100)., The phenotypes are given in Table 5.



Table 5 2531 x pdxq

RT 1 pye-l pdx  tryp-b
2 pyr-1 pix  tryp-k
3 pdxq
4 pdxp
5 paxq  trypeb
6 pdxq -

7 pdxq

8 pdxq

9 pyr-l pdx tryp-hk
10 pdxp tryp-k

11 pdxq

12 pyr-1 pdx tryp-b
13 pdxq

ik pdxq

15 pyr-l1 = pdx  tryp-t
16 . paxg

17 pyr-1  pdx  tryp-b
18 pdxq

19 pyr-l  pdx  tryp-b
20 pyr-L pixq tryp-b
i pyr-l  pdx  tryp-k
2 pdxp

3 pdxq

b pdxq

5 pyr~1  pdxq



Table 5 (cont'd)

RT 6

7
8

[)Y]
\le]

)

B 0o @ N oo w & W N H & 0w ®m N w s wen B

pys=-1

pdxq
pdxq

- PYyr=l

pdxq
pdxq
pyr-1

pyr=-1

pyr-l

pix tryp~4
pax  tryp-4
tryp-i
pdx  tryp-&
pdxq
pdx  tryp-b
pdx tryp-4
pdx tryp-k
pdx  tryp-4
tryp-k
pdx %ryp-lrr
pdxp tryp=b
pdxp
pdx  tryp-k
pdx  tryp-h
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Table 5 (cont'd)
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pyr-1
pdxq
pyr-1
pdxq

pdx

pixq

B

pdxq

pdxq
pdxq

B ER

pdx

pax

tryp-4

tryp-b

tryp=-4

‘ tryp-i

tryp=4

tryp-it

tryp-U
tryp-4
tryp-&

tryp=4
tryp-4

tryp-b
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Table 5 (cont'd)
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pyr=1
pyr-1
pyr-i
pyr-1
PyT-l

pyr=1
pyr-l
pyr=-1
pyr-1

pyr-1

pyr-1

t %

pax

tF R B

&

q

ey
&

FEEEGE

tryp-4

o

tryp=4
tryp-4

taryp-4
tryp-b

tryp-b

tryp=-4
tryp-i
tryp=i

tryp-L
tryp-b
tryp-4
tryp-i
tryp=i



The progeny classes and their percentages are given in Table 6.

Table 6
+ pdxg + 36
pyr-1 pdx tryp-it i
: pixg  tryph 3
pyr-1 pdxq tryp-i by
+ pdxp + b
pyr=1 | pdxp . 2
+ péxp tryp-i 1
pyr-1 pdxp + 5
pyr-1 pdx s | 3
pyr-1 paxp tryp-4 1

From the data in Table 6, one may calculate, as before, the map
distances between the losi. The distance between pyr-l and pdx is 12
units, For péxp and g;zﬁ:ﬂ it is 2lso 12 crossover units. fbr pYE=1.
to pdxp the distance is 10 units. These values all agree closely with
the distances and relative positions calculated from 213=3 x 25a.

As hes prévioualy been stated, recombination valwes involving
the same two markers in Neurospora have been known to Vaxw's@ngidexably
with the genetic background of any specific cross. However, in this
case, despite the widely differing genetic constitutions of 25a and
pdxq these values are remarkably constant, and may be taken as evidence

for the postulated duplication.
Again in Table 6 the phenotype involving the recombination

pyr-1, pdx is significantly less frequent than its apparent reciprocal.
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CHAPTER V

SECOND GENERATION BACK-CROSSES FROM 213-3.

In order to obtain further information on the location of the
loci discussed in the previous chapter, a back-cross was carried out
on a pyr-l, pdx isolate recovered from the .RH series (from 213-3 x 25a),
namely RH 79, RH 79 was crossed with pdxq (35405, F.G.S.C. #362), and
100 successfully germinated isolates were analysed., The germination
in this cross was 95%.

Any recombination events in the region of a possible aberration
would produce deletions and thus lower the viability of the progeny.
The fact that the viability of the spores from this cross was as high
as any found in this whole investigation certainly indicates no
abnormalities of this type. Also, the growth of all isolates on
supplemented medium was vigorous, a fact which would again suggest
that RH 79 is normal since otherwise a deletion might cause less
vigorous growth.

The progeny classes and numbers from RH 79 x pdxq are:

pyr-1 pix 48
+

pyr~1° pdxq 50
pyr-l  pdxq 2
pyr-l+ pdx 0
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The distance between the two loci may be calculated as:

2 x 100

= 2 crossover units
100

Two previous estimates of this interval have beem that of
Threlkeld, and that obtained from cross 213-3 x 25a. The former4
estimate was 0.6 c.0,u., and the latter 13.4 c.o.u..

Comparing first the curreht data with those obtained by

Threlkeld for recombination within this interval:

Recomb, Non-recomb, Total
Tetrad 005 70.5 71'
RH 79 x wete 2 98 100
2¢5 168.5 171
T (tetrads) 25x 71 0,98
in
Observed Theoretical
1 0.98
2 1.52
70 70,02
98 98,48

X2 =2~ 0,0006 . P>>0.98

In the above case therefore there is no significant difference.
Yates' correction was not applied as this would have further minimised
any possible difference.

A comparison with the data from 213-3 x 25a, including Yates'

correction this time to minimise what appears to be a large difference,

P T,
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Recomb, Non-recomb. Total
213-3 14.5 97.5 112
RH 79 2.5 97.5 100
1? 195 212
T (213-3) = Xz
212
= 9.2
Observed Theoretical
14,5 9.2
2.5 7.8
9745 102.8
975 92.2
2 = 2.5 P < 0.01

Therefore, although this back-cross data differs significantly

- from the parental data, it does not differ from the control data of
Threlkeld. It is not conceivable that the pyr-l locus could move with
respect to the pdx locus in one gemeration and then revert to its former
position in the next generation. It in fact suggests the duplication
of the pyr-l locus, with one on each side of the pdx. (One locus being
0.6 units away, and the other 13.4 units away.) If the pyr-l gene was
anabolic in function, a recombination event with respect to either out-
side marker would give the pyrimidine-independent -1, pdx, EE:L*.

In scoring for such recombination, the distance calculated wouyld approx-
imate to the distance between the pdx locus and the more distant of the

two pyr~l loci. If the duplication including the more distant of the
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two pyr-1 loci is deleted, zny subsequent cross would only give the
original low level of reeombiﬁation between these markers. This lends
strong support to the hypothesis of the duplicatiomn of both pyr=1 amd
pdx-1 loci.

Conclusive proof of the duplicated pyr-1 locus should be
available from p@ssiblé progeny of 213=-3 x 25a which have had the
pyr=l and pdx alleles distal to tryp-4 replaced by their respective

wild type alleles. Such a recombinant would be gemotypically:

pyr-1', pix', pyr-1, pdxp, teyp-b
and phenotypicallys '
yr-1', pdxp, tryp-h.
| Isolate RH 45 is of this phenotyp'egi and was back-crossed to
wild type, OF tﬁ@ 38 progeny from this back~cross which were amalysed,
5 were auxotrophie for pyz;i.midine.
The origin of RH 79 is illustrated in Figure 10, and RH 45

in Figure 11,



Figure 10

The origin of RH 79.
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Figure 11

The origin of pyr-l from pyr-l+
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Another test-cross to pdxq was carried out with isolate RH 27,
which was analysed as having a pyr-1, pdx, tryp-4, leu-2 phenotype.
RH 27 showed rather poor growth, a characteristic associated also with
85-5, 213-3, and 253-1, and usually indicative of the duplicated but
phenotypically obscured pyr-l, pdxp segment. The growth characteristics
will be considered in detail in a later chapter.

100 single spore isolates from this cross were analysed, without
differentiating between pdx and pdxq. The germination was 81%, and the

genotypes of the isolates are given in Table 7,

Table 7
Progeny from RH 27 x pdxq

.pyr—l pdx tryp-h 1leu-2
pdx
pdx
pyr-l1. pdx tryp-4 1leu-2
pyr-1 pdix tryp-4 leu-2
pdx
pdx
pyr-1 pdx tryp-4 1leu-2

A= - - B B AV VL B N S SR

pdx

pdx
pdx

=
= O

12 pyr-l1 pdx tryp~4 leu-2
13 pdx



Table 7 (cont'd)

RH 1k

@\IG\U?&WNHS\Q&*J@W#W‘NHB

pyr-1
pyr=1
pdx
pdx
pdx
pyr=1
pdx
pdx
pdx
pyr=-1
pyr=1
pdx
pyr-1
pyr-L
pyr-1
pyT=1
pdx
pax
pyr=1
pyr=1
pyr=-1
pyr~l
pye=1
pyr=1
péx

pdx
pdx

tryp-4
tryp-it
pdx

tryp-b

tryp=&

g ¥

tryp-t

tryp-4
leu~2

leu=2

tryp-b
leu=2

leuQE
tryp-4
tryp-4

tryp=b
tryp-4
tryp-4
tryp-i

tryp-h
tryp-4
tryp=4
tryp-i

tryp-l

leu=2

lev=2

leu=-2

leu=2

lev=2
leu=2
leu-2

leu~-2

leu=2
leu=2
leu=-2
leu=2

leu=2
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Table 7 (cont'd)

pyr-1l
pyr-l1
pyr-1
pdx
pyr-1
pyr-1
pdx
pdx
pyr-1
pdx
pdx

pdx

1

EREEIRREGRBR

pdx
pdx
pdx

tryp-k

g %

tryp~4 leu-2

pdx  tryp-4
tryp- leu-2
pix tryp-4

tryp-4 leu-2

leu-2

leu-2

leu-2

leu-2
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Table 7 (cont'd)

pyr-1
pyr=1
pyr-1
pdx

pyr-1

ERY

PEF 3 BTRRRRER

B E R

pdx

tryp-b
tryp-4
tryp-k

leu-2

tryp-hl
tryp-4
tryp-4

tryp-4
tryp-4

leu-2

tryp-4
tryp-4
tryp-4

_tryp»k

tryp=4

- tryp-4

leu~2
leu=2

leu=2

leu=2
leu~-2

leu-2

leu-2
leu-2

leu-2
leu-2

leu-2

leu-2
leu=2

leu=2
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Teble 7 (econt®d)

RE 9 pdx  tryp=l leun=2
S0 pyr=l pdx tryp-f leu=2
1 pyr=L pdx tryp-b leu=2
2 pye-l pdx  tryp-l leu-2
3 pdix
& pyr=3, pﬁx‘ tryp-b  leu=2
5 pyr=l  péx
6 pyr=1 pdx tryp-k lem-2
7 pyr=l pdx  teyp-k leu=2
8 pdx
° pdse

8

pdx  tryp=b leu-2

. From the above data, it will be seem that three pdip pfégmmy
were recovered. Therefore RA 27 comtains the duplicated, perental type
Linkage Group IV,
However, less pdxp progemy were recovered here tham im 213-3 x 25a.

Applying & contingency tables

Recombo Non=-recombo Total
‘R 27 3 97 | 100
213=3 13 99 112
16 196 212
16 x 100
T (RE 27) = = 7.5

212



Observed Theoretical
3 7.5
13 8.5
97 92.5
99 ‘ 104.5
¥ = 5.6 P < 0.02

Therefore here we have a significant difference. The
explanation is that from pdx it was possible to obtain pdxp progeny
in two ways from 213-3, and these are shown in Figure 12, Of the
equivalent progeny classes from the RH 27 x pdxq cross, only the
seventh would express the pdxp phenmotype.. In the third class of
progeny, (p:,'r—l"'° pdxg, pyr-l, pdxp, tryp-4) the joint effect of
the pdxp and pdxq alléles ir duplication would appear to be the
expression of the pdx phenotype.

The data from these three back~crosses tend to corroborate
those from the two original crosses, between 213-3 x 25a and
253-1 x pdxqg, with regard to the postulated duplicated segment

including a second centromere and the pyr-l and pdx-1 loci.

6



Figure 12
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The origin of pdxp progeny from pdx
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CHAPTER VI

ASCI %2 AND 112, ANEUPLOIDY AND HETEROKARYOSIS

The remaining two aberrant tetrads were also recovered from
the cross between H 823 and J 104, but they were taken from a cross
grown on Sucrose medium containing a 1imitipg amount of cytidine
(4@ mg/1) but supplemented with 100 mg/l of the pyrimidine base
analogue 5-bromo-uracil,

The two asci of this type were HK 42 and HX 112. Both asci

produced similaf tetrads:

HK 42 Spore 1 wild type
" 2,34 failed to germinate
" 546 pyr-1, pdx
" 7,8 pdxp, tryp-k, leu-2

It will be observed that spore 1 is apparently wild type,
while spores 2, 3, and 4 failed to germinate. Furthermore, all markers
show second division segregation. Mitchell (Mitchell 1955, 1957),
although reporting the recovery of rare wild type isolates in a cross
of this type, considered the two mutants as different alleles at the
same locus. A reciprocal recombination event at meiosis could, in such
a cross, give rise to progeny wild type for pgglas shown in Figure l3a.
It is unlikely that such is the explanation in this case however,

since no example of genetic recombination between pdx and pdxp has ever
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Intra-locus (inter-cistron) recombination giving rise to
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been reported previously. The occurrence of two such asci in such a
small sample arising from this mechanism is therefore highly improbable.

De Serres (de Serres, 1960), working on the ad-3 locus in

Neurospora crassa, has found two sub-units of the locus, 3a and 3b.
A mutation in either one of these sub-units results in an adenine
auxotroph., However, if a heterokaryon is made between an ad-3a
mutant and an ad-3b mutant, the resultant heterokaryon is "pseudo-
wild", i.e. it no longer requires adenine for growth. A similar sit-
uation of two cistrons as sub-units was found in T-2 phage concerning
the A and B cistrons in the R 2 locus (Benzer, 1955, 1957). The ex-
planation suggested for the "pseudo-wild" phenotypes in ad=3 and prob-
ably in pdx is the mechanism of complementation at the polypeptide
chain level, The two cistrons of ad-3 each produce a polypeptide chain via
RNA, The two polypeptide chain types combine with each other in a speci-
fic spatial configurafion to produce a functional enzyme, when both 3A and
3B are non-mutant., An ad-3A mutant has one damaged chain, and hence the
final enzyme is non-functional. The situation is similar for ad-3B. In
a heterokaryon between the two, the situation is shown in Figure lha.
Either A chain may combine with either B chain to form an enzyme.
The possibilities are, therefore, as in Figure 14b,
Applying this to the present situation, where the two mutant
loci are present in the same mycelium they may complement at the poly-
peptide chain level to produce a normally functioning enzyme. Such a
situation could occur in aneuploidy, where there is an extra chromosome
in each nucleus, or in a heterokaryon, where two nuclear types, one pdx

and the other pdxp are present in the same mycelium.
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Figure 14

a) Heterokaryotic production of polypeptide chains
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How can these two aberrant asci be interpreted in the light
of aneuploidy or heterokaryosis? It is not likely that the original
condition of our wild types could have been heterokaryotic, as
ascospores of Neurospora crassa are originally uninucleate. Aneuploidy
' is however possible. Remembering the duplication in H 823 alroady
inferred from the previously considered aberrant asci, the meiosis
in ascus HK 42 would have occurred as shown in Figure 15.

As even single pdx and pdxp mutants show leaky growth, the
block to their metabolism would not be absolute, Pittenger (1954)
found that the disomic (n + 1) condition in Neurospora is unstable,
and that pseudo-wild aneuploids of this type become heterokaryotic
in the course of mitotic divisions by the loss of the extra chromo-
some (exclusion in a micronucleus and eventual loss). Further work
(Pittenger 1958) on this disomic instability showed that haploidization
occurred with great rapidity, even occurring by the end of the second
" post-meiotic division in a significant number of cases.

To determine the situation in #Zfl, after a pefiod of veget~
ative growth, with respect to this problem of aneuploidy or hetero-
karyosis, further investigations were undertaken, both on conidial
isolates of 42-1 and by ascospore analysis of a cross between 42-1
and the Lindegren wild type strain 25a.

In the back-cross 42-1 x 25a, analysis of the ascospores of
single perithecia was undertaken. The normal situation in Neurospora
is that an individual perithecium is the product of only one male and
one female nucleus. Exceptions to this have been found (Weijer, 1960),

but these are rare. In any case, if one parent is (+) and the other



Figure 15
Meiosis in Ascus HK 42 showing non-disjunction.
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an (A,B) heterokaryon, the spores recovered from individual perithecia
should be either (A and +) or (B and +). If the situation found by
Weijer occurs, some perithecia may éontain all three spore types, but
as long as some (A end +) and (B and +) perithecia occur, this is a
clear demonstration of the heterokaryotic nature of one 'of the parents
in this cross.

Leaving this abstract situation, if -our postulated eneuploid
pseudo-wild has become .heterokaryotic, the possible crosses in individ-

ual perithecia will be

[:pyf pdx x +:|

Epdx (pdxp) tryp leu x '+:|

pyr pdx x +
pdx (pdxp) tryp leu x +

Existing evidence excludes the possibility that the nuclear
types (pyr-1 pdx) and (gd_xg (pdxp) tryp-4 l_en_-g) be co-psrents, es
”each of these nuclear types is of A mating type.

Ten perithecia were analysed, and sixteen spores were isolated

from each, The results are given in Table 9%



Table 9

Perithecial analysis of 42,1

Perithecium 1.

Spore 1

(o]
(=]

'Perithecium 2.

Spore 1

OV 00 NN N W N

W 0 NN N WV W N

Germination 62,5%

+

+

Germination 56%

+

+

pyr

pyr

pdx  tryp

pdxp tryp
pdxp +
pdxp tryp

+ +
+ +
+ +
+ +
+ +
+ +
pdx +
+ +
pdx +

leun

. .

+

leu

leu

leu

leu
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Table 9 (cont'd)

Perithecium 3. Germination 75%
Spore 1 + + + +
2 + + ¢ *
3 + + + +
b + £3 + +
5 + + + +
6 + pixp tryp 1leu
? + + + +
8 + + + +
9 % + + +
10 + pdxp tryp leum
13 + + + +
i2 + + tryp leu
Perithecium &, | Germination 75%
Spore 1 | + pdx + + .
2 + + + #
3 pyr pax - + +
b pyr pidx ¢ +
5 pyr pdx  + +
6 pyr pdx  + +
2 + + + +
8 'y + & +
9 pyr pdx ¢ +
10 pyr pdx
11 + 4+
12 pyr péx &+ 4



Perithecium 5.

Spore 1

W 0 N W W N

o
B &

)
it

‘Peritheciua 6,

Spore 1

W O ® N S W W N

)
= o

Table 9 (cont’d)

Germination 75%
% péxp tryp leu
+ pixp tryp Ileu
+V pixp tryp lew
+ s % +

+ pixp tryp 1leu

+ + + +
% + + ,¢=

+ pdxp tryp lemw
%+ + teyp lem

+ pixp tryp leu

K pdxp tryp | lew

% pdxp + +
Germinetion 9%

py® pdx + +

pYE pdx | + %

pyi' pdx ¢ &

Py pdx tryp lewu

pyrT pdx 4 +
yr paéx + >
pYT % +$ - *

+ + tryp leu
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Perithecium 6.
Spore 12
13
14
15

Perithecivam 7.

Spore 1

5B

12

i3

Perithecium 8,
Spore 1
2

3
by
5

W ®® N A W & W N

Table 9 (cont‘’d)

Germination 94%

% &
pyF pax
&+ L

pyr pdx tryp lem

B

&

&

&

. *

TS

Germination 81%

Pﬁ pdsx
+ +
pyr pdx
pyr pax
Wr +
pyr pdx
pyr pdx
PyP pdx
+ 4.
+ pdx
+ +
+ pdx

+ +

&

o

+

&+

Germination 69%

+ &
+  pdx
+ +

+ pdx
+ pdx

+
tryp
tryp
tryp

tryp

I’
leu
len
lem

len
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Perithecium 8
Spore 6

7
8

9
10
11

Perithecium 9.

Spore 1

W 0 N o0& W N

=
= O

[y
]

13

Perithecium 10.
Spore 1

2

Table 9 (cont'd)

Germination 69%

+ + + +
+ pdx tryp 1leu
+ pdx tryp leu
+ o+ + +
+ pdx - + +
+ pdx tryp 1leu

Germination 75%

pyr pdx + +

pPyr pdx + +

pyr pdx + +
pyr pdx + +
+ + + +

Pyr pdx + +
+ + + +
+ + + +
+ + + +
+ + + +

pyr pix + +

pyr pdx + +

Germination 56%
+ pdx + +
+ + + +
+ + + +
pyr + + +

8o
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Table 9 (cont'd)

Perithecium 10. Germination 56%

Spore 5 pyr  pdx o+ +
6 pyr pdx + +
7 pyr pdx + +
8 + o+ + +
9 z;yr pdx . +

In perithecia P2, 4, 7, 9, and 10, we clearly have a straight- ‘
forward cross between 25a and a nucleus containing only one chromosome IV
of the two which must originally have been present in ascospore 42-1 to
give that spore, on germination or shortly afterward, its complement-
ation which was the cause of its pseudo-wild phenotype.

Perithecia 3 and 5 give rise to pdxp, tryp, leu, progeny, the
original chromosome of J 104, However in the meiosis of ascus 42, a
duplication was probably introduced into this chromosome. The pdx-pdxp
duplication, as scen from the other aberrant asci, gives rise to an
extreme pdx phenotype. A perithecium involving this type of chromo-
some from ascus 42 is P 8,

The other perithecia may involve aneuploid nuclei, more than
two nuclei, or nuclei produced by somatic recombination between the
disomic chromosome IV in the aneuploid nuclear type before the extra
chromosome was lost to give rise to the heterokaryotic state. Somatic
recombination is common in Aspergillus, another ascomycete (Pqntegorvo

1953, 1956, 1958), and has been reported in Neurospora crassa (Pittenger,

1963), and Penicillium. (Pontecorvo & Sermonti, 1954).



Single conidial isolates of 42-1 were made and their phenotypes
analysed. The deduction of their nuclear genotypes is not possible in
manytcases as each conidium contains several nuclei, and heterokaryotic
complementation may occur to continue the pseudo-wild type phenotype.
However, in some conidia the nuclei will not be balanced, but will all

be of one type or not all loci will complement. In such cases, auxo-

trophic colonies may develop from ‘the conidial isolates,

B

Of 126 single conidial isolates, the following types and numbers

of progeny were recovered, and are shown in Table 10,

Conidial analysis of isolate 42-1.

65
2
8

31

H 3 = NN

2

Table 10

"yild
pdx
pdxp
pyr-1
pyr-1
pyr-1
pyr-1

pyr-l

type "
tryp-4 leu-2

tryp-4 leu-2

pdx

pdxp

pdxp tryp-b
tryp-4
tryp-4

pdx

paxp

leu=2

leu-2

leu=2

If somatic recombination is in fact occurring, some of the

65 wild type progeny will contain recombinant chromosomes with wild

type genotypes for at least

r-l, tryp-4, leu-2, but the majority
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will be heterckaryous relying for their pseudo~wild type phenotypes
on inter-nuclear complementation.

However, the complementation between the postulated pdx and
pdxp cistrons of the pyridoxine locus that ié necessary in a recombinant
chromosome with the duplicated segment from H 823 seems to contrédict
the extreme pdx phenotype observed in 213-3, 253-1, and 85.5.

One of the conidial isolates, 61; which was phenotypically
pseudo-wild, was itself subjected to conidial analysis. Of 24 single
conidial isolates, 14 were pseudo-wild, 9 were pyr-l, pdx, and 1 was
pdx. The simplest explanation for these data would be that conidium

Cl contained three types of nuclei:

1 pyr-1 = pdx tryp-4*  leu-2*
2 pyr-1" paxp tryp-4 leu-2

3 pyr--l+ pdx tryp—4+ leu-2"

Nuclear type 1 by itself gives a pyr-l, pdx phenotype, a hetero-
karyon between 1 and 3 gives a pdx phenotype, and a heterokaryon of
either 1 or 3 with 2 gives a pseudo-wild phenotype. As type 2 is never
recovered alone, this may be only a non-viable fragment consisting of
the right arm, the left arm having been detached as discussed later,
and then excluded from the daughter nucleus. A nucleus including only
the right arm fragment of chromosome IV would not be viable in isolation
but could only exist in heterokaryotic combination with another nuclear
type including a complete chromosome IV,

It seems clear therefore that isolate 42-1 arose as an aneuploid,

disomic for chromosome IV, By somatic recombination events during early



mitotic divisions after germination, a range of chromosome IV types
arose. Ultimately, one or other of the disomic chromosome IV was
excluded from the daughter nuclei and eliminated. The resulting
nuclear types, alone and in various heterokaryotic combinations then
could give rise to the range of phenotypes found in the conidiall
isolates of 42-1., The perithecial analyses confirm the variation in
the nuclear phenotypes in this obvious heterokaryon.

To investigate further the heterokaryotic nature of isolate
42.] and its subsequent conidial isolates, three of the pseudo-wild
conidial isolates, Cl, C2 and C3 were subjected to the same type of
analysis.

The results are given below in Tables 11, 12, 13, and 14,
Table 11

Conidial isolates from Cl

CA 1l + + + (tryp)
2 + + +
3 pyr-1 pdx +
b pyr-1 pdx +
5 + pdx +
6 pyr-l pdx +
7 pyr=1 pdx +
8 pyr-l pdx +
9 4 + +

10 pyr-l pdx +
11 + + +
12 Pyl pdx +
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CA 13
1L
15
16
17
18
19
20
Fal
22
23
2l

Conidial isolates from ClL

CB 1

YW 0 3 A U

10

Table 11 (cont®d)

pyr=1 pdx
+ &
% *
. %
<+ *
+ %
& %
% %
+ &
% +
pyr=l pdst
& +
Teble 12

pyr-L
&
e

pyr=l

Pyr=-1
pyr-1

pyr=1

pédx

+

+

pdx

pdx

pdx

4+ (teyp)
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CB 11
12

13
14
15
16

17
18

19

cC

W 0 N o U & W N e

10
11

12

pyr-1

Table 12 (cont'd)

péx

Table 13

+*

+*

+

pdxp

+

pdxp

+

pdxp

pdxp

Series CC from isolate C2

+

tryp-4

+

tryp-i

tryp-4

86



CC 13
14
15
16
17
18
19
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Table 13 (cont'd)

pyr-1
+

+*

pdx
pdxp
pdxp

paxp

Table 1k

+

tryp-b

tryp=l
+

%

tryp-4

Series CD from isolate C3

o 0 N3 6N W W R

N = I B TR
= W N = O

+

pyr-1

+

+

pdxp
pdxp
pdxp

pdxp
pdxp

pdxp

- teyp=k

tryp-b

tryp-4
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Table 14 (cont'd)

Ch 15 + + e
16 + + +
17 + + .+
18 + + +
19 + + L +

The meiotic process in as;us HK 42'giving rise to the originally
aneuploid and non-heterokaryotic isolate 42-1 has already been considered.
However, the cause of non=disjunction in this ascus has not yet been
discussed.

Although there is a low spontaneous rate of non-disjunction
in many organisms, in the cross between H 823 and J 104 this rate is
far higher and enother, abnormal, cause must be found. Based on the
previously proposed "duplication" model, this and certain other phenom-
en# of the cross may be explained,

Figure 16 shows how, if both of a homologous pair of chromo-
somes have the suggested duplication, the duplication including a second
centromere, the chromosomes may become inter~twined and both be pulled
to the same pole. In ascus 42, it will be recalled, both chromosomes
con@aining the duplication moved to the same pole in the first anaphase
of meiosis. The situation depicted in Figure 16 shows the happenings
at the second division of Meiosis.

Normally the chromosome pair would not be rotated, and so one
of the homologous pair would be pulled unhindered to each pole of the

division. In a few other cases however, the homologues would be rotated

between the centromeres through an angle approximating 90° and the
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Figure 16

The consequences of spindle rotation through 180°
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situation depicted in Figure 17 may arise. Both chromosomes will
probably break, and rejoin with the complementary part of the homologue.
As the breaks will almost certainly not occur at the same site in each
homologue, duplications and deletions within the original duplication
will occur. This did not occur in the meiotic second division of
ascus 42, but this is more relevant to subsequent mitotic divisions

of isolate 42-1 before haploidisationlbf the nuclei giving rise to

the heterokaryon. One or more breakage-rejoining cycles could have
taken place in mitotic divisions of the aneuploid, until in some
nuclei a large part of the region between the duplicated centromeres
on chromosome IV would have been deleted. This could happen to one

of the two homologues, i.e. r—l,.ggg, -1, pdx, ggxp:ﬂ+

’ leu-a+
without any observed effect on the phenotype. If however one deleted
the inter-centromere region from the other homologue, i.e. -1, pdx,

r1*, ixp, tryp-4, leu-2, the result would be r-1', pixp, tryp-h,

;ggzg.A This would result in a change of phenotype with respect to
pyridoxine metabolism, from pdx to pdxp.

At the same time as deletion occurs in some chromosomes giving
rise to a more normal chromosome type, duplications must arise in others
to produce, in effect, triplications. Nuclei containing such tri-
plicated chromosomes may well be metabolically unbalanced, and there-
fore subject to negative selection pressure. The "deleted" chromosomes
would therefore probably become predominant in the mycelium, The data
from conidial analysis of 42-1 are in agreement with this proposition,

as the pdxp, tryp-4, leu-2 phenotype is clearly the most frequent non-

parental type. It is more frequent in fact than its precursor, in-

dicating the great instability of the disomic condition with dicentric



Figure 17

Spindle rotation through 90°
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chromosomes.

Let us now consider the phenotypes of conidial isolates from
4k2-1, and their origin, in detail.

Two isolates were phenotypically pdx, tryp-4, leu-2. This is
the expression of the genotype pyr-l, pdx, gzg:;f, pdxp, tryp-4, leu-2,
a parental type which is obviously very unstable.

Eight isolates were phenotypicglly pyr-1t, pdxp, tryp-4, leu-2.
This is derived from the parental type above by the loss of a segment
between the centromeres which evidently contains the pdx gene and also
pyz-l.

Thirty-one were phenotypically pyr-l, pdx. These could be
either the other parental type pyr-l, pdx, pyr-l, pdx, tryp=4 , ;gg:g+.
or the type derived from this by deletion of a segment between the
centromeres and genotypically pyr-l, pdx, ggxpzﬂf. ;gg:§+.

One pyr-l was recovered. Although this could arise by somatic
recombination processes, one would expect it to be the theoretically

more common heterokaryon between pyr-l, pdx, pyr-l, pdx, tryp-4+, leu-2"

(or pyr-l, pdx, 3;12:&+, ;ggzg*)and a postulated linkage group con-
taining pyr~-l pdxp with either mutant or prototrophic alleles at the
tryp-4 and leu-2 loci.

To obtain the five pyr-l, pdxp, and two pyr-l, pdxp, tryp-4,

leu-2 phenotypes, one must turn from heterokaryotic complementation,

or inter-centromere deletions, to the normal type of somatic re-
combination investigated by Pittinger (Pittinger and Coyle, 1963).
This is necessary as one must delete a segment of genetic material

outside the centromere. This would delete entirely the original
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duplication, reconstituting a perfectly normal linkage group IV.
Whether the recombination is between the two homologues, or within
one linkage group it is not possible to say. However, this would

produce pyr-1, pdxp, tryp-4, leu-2. Another cross~over between the

pdxp and tgxp—h loci would complete the formation of the recombinant

r-1, pdxp, trypyh+, leu-2" as in Figure 18.

The seven tryp-4, leu-2, isolates are prebably heterokaryons

between pyr-1+, pdx, tryp-4, leu-2, and pyr-1*, pdxp, tryp-4, leu-2.

The first of the pair may be replaced by pyr-l, pdx, tryp-4, leu=2.

The single pyr-l isolate could be produced by a heterokaryon

between pyr-l, pdx, tryp-h+, leu-z+ and pyr~l, pdxp, tryp-#+. 1eu~2+.

The two pyr-l, tryp-4, len-2 isolates are probably produced

by complementation at the pdx locus between pyr-1l, pdx, tryp-k, leu-2

and pyr-l, pdxp, tryp-i4, leu-2,

A pyr-l, pdx, tryp-4, leu-2 phenotype might well be the result

of a recombination event between the originel homologues. This is
illustrated in Figure 19. Although such an isolate was not recovered,
its existence is postulated from evidence presented in the previous
paragraph.

One pdx isolate was recovered. This could have arisen by
recombination, although it is more likely to be a heterokaron between

r-1, pdx, Egzp:&+, leu-2" and pyr-1+, pdx, tryp-4, leu-2.

Likewise, the two pdxp isolates are probably heterokaryotic

for pyr-1, pdxp, tryp-4', leu-2" and pyr-1*, pdxp, tryp-k, leu-2.
Finally, sixty-five isolates Qere phenotypically wild type.
These could arise from various complementations between two or more

auxotrophic nuclear types.



Figure 18

The origin of pyr-l, pdxp, tryp-4, leu~-2 in 42-1

a) Somatic recombination within a single linkage group

+
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pyr-1,pdxp, tryp-kyleu-2.

b) Somatic recombination between the disomic pair.

¢ p t 1

pyr-1,pdxp, tryp-k,leu-2
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Figure 19

The origin of pyr-l, pdx, tryp-4, leu-2, by somatic recombination.
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This hypothesis appears to givé a reasonable explanation for

the data from the conidial, and perithecial analysis of 42-1.
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CHAPTER VII

LIQUID CULTURE GROWTH TESTS OF SINGLE AND DOUBLE MUTANTS

The purpose of these growth tests was to attempt to cast -
further light on the nature of the mutants, both singly and in com-
bination.

The strains used in the growth rate tests were:

Strain Genotype Phenotype
25a pdx" pax’
854 pdx pdx

2137 pdxp pdxp

F.G.S.C.#362 pdxq pdxq

213-3 pdx-pdxp ~ pdx
h2-1 pdx-pdxp pax’

As stated in Chapter II, approximately 6000 conidia per flask
was the normal amount of innoculum used. No correction was made for
the possible differential viabilities of the conidia of the various
test strains, as the calibration experiments described in Tables 15
and 16 indicated that a ten~-fold difference in the amount of viable
innéculum gave no significant variation in the total weight of
mycelium produced.

In the first calibration experiment, shown in Table 15, e
suspension of B§§+ conidia of arbitrary concentration was prepared

in sterile distilled water. This suspension was innoculated, in



varying amounts, into flasks containing glucose minimal medium:

Replicates
A

O QO w

»4l

Table 15
The effect of innoculum on growth

1 _drop 3 drops
161.1 mg 160.4 mg
182,0 " ‘159.7 "
163.0 " 155.3 "
168.9 " 162.3 "
168.8 mg 159.4 mg

9.5 " 3.0 "

10 drops
161 3 ng

150.6 "
140.5 "
168.0 "

155.1 mg
2.0 "

In the above table, pyridoxine was not the factor limiting

the growth of the mycelium.

Therefore, a further calibration experi-

ment was carried out using the aﬁxotrophic pdx strain 85-4 as innoc-

ulum. In this case the amount of pyridoxine available should be the

limiting factor.

Table 16 ®

qulicates
A

g Q w

il

The results of this experiment are given below in

The effect of innoculum on growth

1 drop
10.5 mg
15.3 "
9.4 v
6.3 "

10.4 mg
3.7 "

Table 16

3 drops
77 mg
7.1 "
6.5 "

1.3 "

8.2 mg
2.2 "
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It will be seen that in neither of these experiments is there
a significant difference between the three seﬁs of data., In the second
experiment one might have expected that the amount of growth would be
directly proportional to the amount of pyridoxine in the system; as
every effort was made to keep the medium and apparatus free from:

_ pyridoxine, the amount of pyridoxine in the system should be proportional
to the amount of innoculum. However,‘éhe amount of growth was clearly
not proportional to the amount of conidia. Either the conidia of an
auxotroph contain no pyridoxine, or else some other factor is limiting
to growth. As there was some growth observed in the auxotrophic mutants
in minimal medium, it is reasonable to suppose that the system was not
completely free from pyridoxine. If pyridoxine itself was not the
absolute limiting factor, one observation which may have some bearing

on the situation is that all pyridoxine auxotrophs produce discolor-
ation in the medium in which they are grown. This is pﬁgﬁiblj indicative
of breakdown of the carbohydrate source, hut may also indicate the
accumulation of toxic products of the abortive metabolism of the mutants
in the absence of an external source of pyridoxine.

On the strength of the above observations, it was decided that
further experiments could be undertaken without the necessity of estim-
ating the conidial viability of the strains, and hence the exact numbers
of viable conidia innoculated into each flask.

A series of growth tests were then carried out by standard
procedures to determine the normal growth chafacteristics of the single
mutants and the wild type strain 25a. The resulis of severalrsuch

tests are combined in Table 17.



Table 17

Basic growth tests of single mutants

Glucose minimal GeM. + 100 mg/1, pdx

G.M. + (NH, ) at pH?

pdx’  161.9, 185.6

170,7, 145.4
225.2, 224.0

Replicates 6

189.9, 192.3
147.5, 160.1
185.6, 173.2

Replicates 6 -

158.9. 15503
157.2, 173.3

Replicates &4

X 185.5 X 174.8 X 161.2
] 33.0 S 17.8 S 8.2
pdx S.4y 349 192.9, 183.2 h.3, 1.2
10.7, 7.2 189.5, 194.8 2¢3, 1.7
7.7, 6.6 210.0, 191.7

Replicates 6

X 6.9
S 2.6

Replicates 6

X 193.7
s 9.2

Replicates &4

) 2.4

M 1705' 13-"’ .
11.0, 14.6
19.7, 16.8

Replicates 6

X 15.5
S 3.1

180.6, 162.2
191.3, 190.8
218.4, 205,2

Replicates 6

X 191.4
S 19.5

116.2, 110.0

96.4, 113.2

Replicates 4

X 109.0
s 8.8
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Table 17 (cont'd)

Gucose minimal  G.M.+100 mg/l. pdx  G.M.+(NH, )'at pH?

pdxq 8.5, 12,7 181.5, 188.0 10.0, 12,7
15.8, 10.6 197.2, 191.0 12,0, 20,1
16.4, 17.6 185.0, 210.2 |
Replicates 6 Replicates 6 Replicates &4
X 13.6 X 192.1 X 13.7
s 5.4 5 13.6 s 4,3

(A1l weights above are expressed in milligrams).

From the data in the preceding table, it will be seen that
there is no significant difference between the growth of gg§+on pH5
glucose minimal medium with or without pyridoxine, and pdx, pdxp, and
pdxq on medium supplemented with pyridoxine. This is what one would
expect when supplementing the auxotrophs with a sufficiently high con-
centration of the required biochemical.

The growth rates of unsupplemented pdxp and pdxg mutants do
not differ significantly frpm each other, although both are signifi-
cantly higher than the rate of growth of a pdx mutant on unsupplemented
medium,.

The optimum growth rate at pH?, as shown by 25a, is slightly
less than it would be at pH5.5. However, this slight difference has
little or no significance. The growth of pdxp at this high pH is far
higher than at pH5.5, but is still significantly lower than wild type

growth. The probable reason for this below optimum growth was dis-
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covered when the pH of the medium was checked at the end of the test
period, and was found to have dropped to approximately pH 5-5.5. Thus,
for a period at the beginning of the test the mutant pdxp would have
grown at a wild-type rate. However, once the increasing acidity
caused the threshold concentration of ammonium ions (Strauss 1951)

to fall below the effective level, on;ylthe leaky mutant rate of
growth would occur. This increase in acidity of the medium during
the course of a six day test was found to be a characteristic feature
of all strains tested. Also at pH 7, the leaky growth of pdx is
further reduced from the level achieved at pH 5.5, but pdxq attains
the same rate at both 5.5 and 7.

Clearly therefore, pdx, pdxp, and pdxq have distinctly diff-
erent growth characteristics and are different mutants., They may be
metants in three separate cistrons of the pdx~l locus, they may be
mutants at three different positions in the same cistron, or they
may be a combination of these possibilities. As high resoclution
techniques of genetic analysis cannot be satisfactorily employed
for these mutants, recombination studies cannot resolve this problem.
However, the fact that pdx and pdxp mutants in a heterokaryon can
give a pseudo-wild type of growth indicates that at least the pdx
and pdxp mutants are not situated in the same cistron of the pdx-~l
locus.

The growth characteristics of the combined mutants were now
investigated in the same manner used for the single mutants. The

strains studied were:



213-3

h2-1

213-3, a pdx-pdxp duplication

42.1, a pdx-pdxp heterokaryon

The results are given in Table 18,

Table 18

Growth tests on double mutants.

G.M. pH5.5 G.M. pH5.5 + pdx GM. pH7 + (NHh)*

703' ho} 38 08’ 3009

6.5, 4.4 6.2, 34.8 Insufficient
Replicates 4 Replicates 4 to wéigh

X 5.6 X 377

] 1.5 s 6.5

91.4, 142.6
159.1, 178.0

Replicates 4

X 1428

5 37.0

133.6, 150.3
147.8, 143.6

Replicates 4

X 143.8
] 7.4

112.9, 113.4
113.6, 128,7

Replicates 4

X 117.2
s 7.8

From Tables 17 and 18 we may see that the double (duplicated)

mutént grows less than either of the single mutants included within

itself, and that on supplemented medium it grows much less than the

supplemented single mutants.

This suggests that the pdx and pdxp

mutants are catabolic (i.e. these mutants are auxotrophic not because

they fail to synthesise pyridoxine but because they actively break

down the pyridoxine synthesised by an unidentified gene at another
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locus).

If the mutants were anabolic, one would expect the less
extreme of the two mutants present in 213-3 to determine the pheno-
type, (i.e. the pdx mutant requires pyridoxine under all known con-
ditions, but at pH? the pdxp mutant does not. Therefore at pH7 the
strain should express a wild-type phenotype.).

However, with catabolic mutanés, both break down pyridoxine,
and the sum breakdown is greater than that occurring in either single
mutant., Thus the growth rate on unsupplemented medium will be less
than either single mutant. At pH7 the pdxp gene will no longer cata-
bolise pyridoxine, but the pdx gene, as may be seen from the data in
Table 17, becomes even more efficient at catabolism. Moreover, the
amount of pyridoxine normally sufficient to compensate for catabolism
in a single mutant is probably still limiting in this case due to the
greater catabolic potential of the duplicated mutant loci, Whereas a
higher pyridoxine supplement for a single mutant should not further
increase the growth, in the case of 213~3 100 mgyi of pyridoxine may
still be limiting and a higher rate of supplementation may produce
more growth. In order to investigate this possibility turther, the
growth rates of 213~3 and a normal pdx mutant on medium supplemented
with 100 mg/l. and 200 mg/l. of pyridoxine were compared. The results

are given in Table 19,



\

105

Table 19

The effect of pyridoxine concentration on 213-3 and pdx.

100 mg/lo 200 UIS/lc
213=3 62.1, 25.3 125.,0, 120.2
45,6, 34.8 99.0, 125.8
Replicates 4 | Replicates 4
X 42,0 X 117.5
s 15.8 s 12.5
pdx 205.6, 183.5 185,9, 174.6
188.1, 191.2 193.1, 182.2
Replicates &4 Replicates 4
X 192.1 X 184.0
S 9.5 S 77

In view of the above results, one may conclude that the
mutants at the pdx-l locus are in fact catabolic.

How is it now possible to explain the phenotypic difference
between 213-3 and 42-1 (See table 18) both of which contain both pdx
and pdxp mutants? 213-3 has both catabolic mutants as well as, pre-
sumably, an unknown locus controlling pyridoxine biosynthesis in each
nucleus. The heterokaron 42-1 has two such anabolic loci for the
same catabolic potential as 213-3. The unsupplemented 42-1 must
therefore, even after breakdown of some pyridoxine, still have suff-

icient of this co-enzyme to bring about a pseudo-wild type of growth.
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Although the original linkage group IV pair in 42-1 are
postulated as having been as shown in Figure 20a we know from the
conidial analysis of 42-1 that the postulated dicentric nature of
the chromosomes has caused considerable recombination within and
between these two linkage groups. Although the first type does not
show probable deletions by changes in phenotype, we know that pdxp,

tryp, leu progeny are far more common than pdx, tryp, leu. The former

would presumably be as in Figure 20b by exclusion of the duplicated
pyr=l, pix segment. Thus nearly 50% of nuclei will be single pdxp mutants,
and probably most of those in the other 50% will be single pdx mutants.
This would give us the constitution of 42-1 that we must re-
quire for a pseudo-wild type phenotype.
If recombination occurs to the same extent in a monosomic
such as 213-3 as it has done in 42-1, one would expect 213-3 to lose
the duplication containing pdx and revert to a pdxp phenotype.
However, if a high rate of recombination only occurs when
" the isolate is still disomic for Chromosome IV, 42-1 could become
heterokaryotic and pseudo-wild, whereas 213-3 would remain basically

duplicated (pdx-pdxp) and phenotypically extreme pdx.



107

Figure 20

a) The original disomic chromosome pair in 42-1.
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b) The origin of pdxp from a pdx phenotype
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CHAPTER VIII

DISCUSSION

Throughout this work, it has been-suggested on more than a
few occasions, on the bésis of evidencglfron several different crosses
and other experiments, that the cause of the ﬁriginal 3:1 tetrads is
the éxistence of'a duplication in linkage group IV of strain H823.
This has also been invoked as the ultimate cause for the wild-type
isolates obtained from the other two asci.

First of all, it was shown that in each of the 3:1 tetrads
there was an apparent pdx isolate which in a back-cross gave rise to
a small number °f’B§!R progeny. It was invariably observed that
these apparent pdx isolates were less leaky mutants than normal pdx
isolates. This growth difference was investigated more fully in
Chapter VII, when it was observed that not only was unsupplemented
growth of pdx(pdxp) isolates less than that of normal pdx mutants,
but that;a higher rate of pyridoxine supplementation was required to
restore the strains to a normal wild-type growth rate, This evidence
led to the formulation of the hypothesis that mutants at the pdx-1
locus were catabolic in nature. The normal function of the wild-type
allele at this locus, if indeed it has one, is not known. The fact
that a pdx and a pdxp mutant complement in a heterokaryon may be due
to polypeptide chain complementation (Pateman & Finchem 1958) may or

may not be relevant in this case., Perhaps an alternative is that both
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auxotrophs are mutants in the same or different cistrons, and that
each catabolises pyridoxine pathway intermediates at separate steps

in its metabolism. The pathway is:

CHO CHZNH2
HO CHZO P HOV N GH20 P
+ NH3 cH E
CH, 3 N2
N /./——\} N
p
Pyridoxal » . Pyridoxamine
Pyridoxine
CHZOH
HO cnaon ) NHB
GHBv :

N (Baldwin 1957)

The enzymea for which pyridoxine is a coenzyme are A-a-
decarboxylase, Threonine deaminase, and Transaminase, The coenzyme
is in fact pyridoxal phosphate. Possibly the pdx and pdxp mutant
loci products have affinities for different metabolites in this path-
way, the metabolites having some similarities and some differences.

A constant part of the catabolic product could attach to a common
feature of all the netaholités, but the specificity for attack would
be determined by the differences between the mutants. It is impossible
on the basis of the present evidence to give a conclusive answer on
this point.

The recombination data basically show a tendency to an in-
crease in recombination between the outside markers of the region
under consideration. Most important however, is the approximately

ten-fold increase in recombination between pyr-l1 and pdx in some
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strains, and its reversion to mormal in RH79. Although the overall
increase may be explained by differences in genetic background of
the strains involved, it is difficult to see how the pyr-l1, pdx~l
data can be so explained. The simplest explanation is the postulated
duplication of the pyr-1l locus as well as the pdx-l locus, the latter V
of which is of course shown by the recovery of pdxp progeny from a
pdx parent. The duplication of the pyr-l locus is confirmed by the
fact that pyr-l progeny may be recovered from a cross between two
prototrophs (RHS5 X woba)e

Recombination values involving duplications have been studiéd
by a number of workers, especially in Drosophila (Bridges 1935).
Duplication and other chromosomal aberrations occur spontaneously
at lovw frequencies, and the frequency may be increased by certain
physical or chemical agents such as X-rays (Muller 1927). Very small
tandem duplications, such as the bar eye situation in Drosophila
(Sturtevant 1928) have no effect on the recombination frequencies
between outside genes. Somevwhat larger duplications in which the
extra genetic material cannot be so easily accommodated such as those
in the X of Drossophila (Dobzhansky 1934), cause a decrease
in recombination due to distortions in the synepsing chromosomes,
resulting in incomplete synapsis in the region of the duplication.
In trisomics, where the "duplication" is free from distortions with-
in the chromosome, there is no decrease observed in recombination
frequencies. In fact for tandem duplications involving the centro-
mere there is a 1,4x increase. (Bridges & Anderson 1925, Redfield

1930, 1932). In the present situation the postulated duplication
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is of considerable length, and may well be sufficiently long to

form a comparatively strain-free loop somewhat as shown in several

of the diagrams. Recombination within the loop would not be possible,
but would be normal between the regions of the duplicated chromosome
synapsed alongside its normal homologue. If recombination between
homologous regions of the same chromosqme at the origin of the loop
also are possible, the recomgination frequencies between outside
markers may evenlbe increased, although not to the value one would
expect between synapsed chromosomes both of which contain the dupli?
cation. The possibiiity of recombination between homologous regions
of the same chromosome, or its equivalenf (see Figure 2la and b res-
pectively) may also explain the excess of pdxp and pdx' over pdx
progeny in the back-crosses of duplicated strains. In a pdx(pdxp)
strain, if the region containing the Eggg was deleted in this way

the phenotype would remain as pdx, but if the pdx region was deleted
instead, the phenotype would change from pdx to pdxp. By reducing

the number of pdx loci in this way, the numbers of possible pgg:;fpgg
recombinants would also be reduced (e.g. 2 nxg:;f, pdx isolates and

13 reciprocals in cross 213-3 x 25a). This would not give a reduction
in recombinants, as what should have been Bxg:;fgg; would become gxgzlf
pdxp, also a recombinant type. Another possible answer to the low pdx
progeny is that pdx(pdxp) phenotypic types have poorer growth, and
may well have lower viability than normal pdx isolates. In this case,
the recombination frequency, and hence the map distence, would be

higher than estimated from the available data.



Figure 21

The possible loss of the pdx locus from the system,

resulting in an excess of pdxp.

a) Single crossover between homologous regions of the same linkage

- group, eliminating the duplication'from the new replieate
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From the various analyses of the pseudo-wild isolate HK 42-1,
it was soon obvious that the cause of the prototrophy was heterokaryosis.
A closer look at these analyses showed somatic recombination, but at
a far higher rate than that known previously in aneuploid-heterokaryon

studies on Neurospora crassa by Pittenger (Pittenger 1963). A probable

enswer to the cause of most of this somatic recombination was found
in the postulated inclusion of the centromere in the duplication
resulting in a dicentric chromosome, in fact a pair of dicentric
homologues, in the original aneuploid. The possibility of the dupli~
cation iﬁcluding the centromere had already been suggested on the
basis of recombination data from the pdx(pdxp) back-crosses.

The duplication, especially of the centromere, gives a ready
explanation of the low viability observed in all crosses which in-
volved the duplication. Figure 22 shows how non-disjunction or
deletions at meiosis within the developing ascus could give non-viable
spores. Figure 22a involves a cross-over between the centromere and
the duplication loop, and would result in two spores in the ascus
aborting. 22b shows the dicentric being pulled in to both poles at
the first meiotic anaphase and could result in non-disjunction or
breakage and deletion. The probable result would be the abortion
of four spores in the ascus.

As the whole of this work has really been founded on the
postulated existence of the duplication of a region of linkage group
IV in strain H 823, or at least in a significant proporﬁion of nuclei
in that strain, we must finally consider the problem of the origin of

the duplication. The parental strains were pdx-1 (37801) and pyr-1



Figure 22

Two possible causes of low viability

a) Cross-over between the centromere and the duplication loop,

causing breakage, or perhaps non-disjunction.
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b) Twin centromeres moving to opposite poles,
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(H 263). Two isolates from this cross, both with a pyr-l pdx pheno-
type, have been involved in this study; these are H 815 and H 823.

H 815 appears perfectly mormal, producing no 3:1 tetrads when crossed
to J 104 or any other unusual results; throughout the recombination
studies, values from H 815 were used as a control. H 823 produced

3:1 and other aberrant tetrads and gave a significantly higher rate

of recombination over some intervals, which-led to the conclusion

that a duplicatign was present. If H 823 had been isolated in ascus
analysis and the reciprocal products of that meiosis were known, the
origin of H 823 would be far easier to determine tham in the present
case of just a random spore isolate. The simplest of the possible
explenations originates with an unequal somatic recombination event
in an aneuploid nucleus soon after the meiosis from which the suggested
aneuploid spore H 823 was produced. Haploidisation of nuclei of this
clone would give rise to two nuclear types, one with the duplication
and one with the corresponding deletion. The type containing the
deletion would be non-viable in isolation, but may have survived for
a short time in the heterokaron. However, the absence of a centromere
in linkage group IV in these puclei would soon lead to these becoming
nullisomic for the linkage group, and hence becoming even more ex-
tremely non-viable. Some nuclei of the original aneuploid type would
lose the disomic without the unequal somatic recombination which gave
rise to the duplication. Thus H 823 is probably a heterokaron of
nuclei with and without the duplication of the centromere-pyr-l - pdx-1

region.
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