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SYNOPSIS

Methionine mutants of Heurospore crassa were

isolated by & filtration concentration technigue
following ultrs-viclet irradiztion. Theze snd other
mutante were clzssified by the thysioclogical tests of
precursor utilisetion and heterocaryon complementation.

Precursor utilisation datas are in agreement vith
the present outline of methionine synthesis from
cysteine but provide 1ittle informetion on the pathway
of sulphate reduction and incorporation of sulphur
within a carbon skeleton to yield cysteine.

Seven eysteine and eight methionire loci are
represented on the basis of heterocaryon complementation
tests. Mour of the cysteire loci and either one or
two of the methionine loci, associated with the
methylation of homocysteine, have not been reported
previously.

Two of the eight methionine loci hzd 8lready been
loecsted but five of the remeinder were associated with
definite chromosone regions. Vo evidence for the

tight clustering of either these or the cystsine loci



wWag obtained.

ter-allelic complementstion has been observed
at two loci and the Tine structure of one cf these
loei {me-2) has been studied in some detail by
analysis of r»rotoitroph formation in inter-sllelic
Crosses, The use of "outgide markers" hes facilitated
the demonstrastion of intre-~genic recombination end
"eonversion''.  Furthermore, these studies provide
evidence fTor & linsar arrangement of mutable sites
within the loeus with zdditive prototftroph frecusncies
to yield a site map which can be correlsted with a
complementation map. The resulis also show that
some alleles are more prone to "conversion' than

others,
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General Introduction

The ascomycetous genus, Neurospora, was dis-
covered by Sheer and Dodge (1927) who described three
gpecles including Neurcspora c¢rsssa. This species,
in common with the other members of its genus and with

many other Ascomycetes, shows a number of characteristics

which are especially advantageous in genetics studies.

For the major part of its life history Neurosporsa
crassa iB haploid so that the complications of dominant
and recessive alleles and of sllelic interaction do not
arise although they can be studied in heterocaryons,
This speciee is also heterothallic enabling crosses
between different strains to be made without risk of
self~fertilisation.

After fertilisation nuclear fusion oceccurs in the
young aseus and is followed by & meiosis resulting in
four haploid nuclei which then undergo mitosis and the
eight daughter nucleil are each included in a separate
ageosSpore, Cytological ezamination of ascus formation

(Wileox, 1928; McClintock, 1945; Singleton, 1953)



revealed that all the products of a single meiotic
division are preserved in a very orderly manner
within the ascus and bear a precise relation to the
planes of the nuclear divisions. The pairs of
adjacent spores are found to be genetically identieal
being sister spores of the mitotic divisions (Wilecox,
1928; Lindegren, 1933) and as the meiotic spindles do
not overlap, determination of the segregation division
for a particular pair of factors is possible by
isolation of the ascospores in order, In contrast

to uvnordered tetrads the centromere may now be used

as & point of reference because the centromeres of
pairs of homologous chromosSomes separate undivided

at the first anaphase i.e. first division segregatiom,
The freguency of second division segregation is
characteristic for any particular gene and is a
function of its distance from the centromere.

These properties combine to make Neurospors ecrassa
an excellent organism for genetic study and this was
first realised and exploited by Dodge (1929, 1930, 1931).
The ease with which pure cultures can be maintained on

gimple artificial media and the short sexual generation



times of the organism have further aided the

gevelopment of Neurospora genetics,

The existence of & gene is usually inferred
when the loss or alteration of the normzl, or wild
type, form causes an observable phenotypic change and
this difference behaves in & Mendelian fashion. Changes
which are guantitatively tooc small for detection or
alternatively so drastic ae to prove lethal are over=-
looked. The observable mutations, representing only
a fraction of the actual ones, involve alteration or
partial inactivation oI essential genes or complete
logs or inactivation of non-essential genes. Mutant
genes are the "markers" necessary for any genetic
experiments but those available for study are limited
by the technigques of detection. In Neurospors, asnd
many other microorgenisms, where essential metabolites
ean be supplied in an artificisl medium, it is now
possible to use many bicchemical mutants as "markers"
and to study the genetic control of essential metabolic
syntheses,

Spontaneocus mutations are continually occurring

with a very low frequency but by use of X-rays,



ultraviolet 1light, and chemicel mutagens it is possible
to incresse the mutstion rate and obtain large numbers
of mutants requiring a variety of amino acids, purines,
pyrimidines and vitamins {Beadle and Tatum, 1941, 1945).
Muotational chenge can be associaited with a defective
step in & synthesis or with a morphological change and
hag been recognised as the loss of an enzyme (Mitchell
and Lein, 1948; Fincham, 195%1; Yanofsky, 1952) or as
a change in the physical properties of an enzyme as in
the case of the thermolabile tyrosinase (Horowitz and
Fling, 1953).

The gene, recognised by virtue of its mutated form,
ean, therefore, be associated with a particular function
and referred to & loeus in & chromosome linksage map.

On the apsumption that a matant locue can be corrselated
with a defective step in a blosynthesis, & mutant can
utilise only those precursors occurring after the
resultant blockage. Srb and Horowitz {19uh) first
demonstrated an ordered seguence of genetic bloecks by
the study of fifteen arginine mutants, of independent
origin, representing seven loci. Mutants &t four of

the seven loci grew equally well on orrnithine, citrulline



and arginine; two grew only on eitrulline and arginine
and one only on arginine. From these faets they deduced
that the order of synthesis was — ornithine —» citruiline
—? arginine,

Wild type Neurosporas crassa can utiiise inorganic
sulphaete as its sole sulphur source, other than dbiotin,
which is a vitamin reqguired in minute amount. Many
mutant strains are unable to utilise inorganic sulphate,
for the synthesis of methionine, but will grow when sulphur
is supplied in the amino acid methionine. These mutants,
termed methionine mutants, may have a specific requirement
for methionine, but are more often able to utilise various
precursors of methionine. Although knowledge of the
biosynthetic pathway of methionine is still incomplete
it is generally agreed that cysieine, cystathionine and
homoeysteine are precursors (Horowitz, 1947). The bio-
eynthesis of cysteine from inorganic sulphate is more
obscure but most data are consistent with an inorganic
pathway of sulphate reduction through sulphite and thio-
gsulphate before the reduced sulphur atom is combined in
2 carbon chain to form cysteine (Horowitz, 1955; Clowes,

1958).



In the discussion following a paper by Demerec

(1955), Horowitz pointed out that in Neurcgspora crassa

there was evidence for some of the genes controlling
cysteine and methionine synthesis occurring in clusters
in linkage groups IV and VI respectively. Most evidence,
in organisms other than bacteria, does not support an
assembly~line arrangement of cistrons controlling the
steps in a sequential process although Pontecorvo (1959)
emphasises that there is some evidence for non—-randomness
of gene distribution. Close linkages between pairs of
genes obviously related in action as well as between
pairs of genes not so obviously related are encountered
more often than would be expected on the basis of =
random digtribution of genes amongst the chromosomes.,
However no situation similsr to that in Salmonella, where
all the tryptophan (Demerec and Hartman, 1956) and his-
tidine (Hartman, 1956) factors respectively sre closely
linked in the order of sction, has yet been established.
It was decided, theréfore, to examine the possibiiity
that the genes controlling methionine synthesis in Neuro-

spors crassa provide examples of functionally related




groups of genes closely linked in order on the
chromosgome .,

The major part of this thesis is concerned with
the investigation of this possibility, By the isolation
and classgification of a large number of methionine mutants
it was hoped to discover any previously unknown loci, to
map the loei not previously located, and to study the

fine structure of one of these loci.



Materials and Methods
Muotants

The stocks of methionine mutants comprise twelve
of Beadle and Tatum's (1945) mutants at nine different
loeil and 172 new ones. The previously reported mutants
are 35809 at locus me-6; 38706 and 35599 (me-1); H98
and LBOOL (me-2); 3640L (me-3)}; 9666 and 8630L (me~5);
39816 (me-L4); 8L605 (cys—1); 38L01 (cys-2) and 39103
(no locus number given) (Emerson, 1950; Barratt et _al.,
195l; Stadler, 1956).

Of the new mutants 163 were isolated in this
laboratory following ultraviolet irradiastion of the
wild type stock, Emerson g. Fourteen of these were
obtained by Professor Catcheside and the remainder,
designated by the prefix 'P', by the suthor. The
other new mutants were obtained following w.v. irradiation
of the prototrophic stock, Y87L3, by Professor Catcheside
at Cambridge some years ago or, of gl 38a by Dr. J.R.S.
Fincham at Leicester. Al]l the mutants isolated after
W.V. irradiation of the Bmerson g stock were conidiate

and fertile, and readily formed a heterocaryon with an



isolation number

35203
30300
K74
K57
15, 300
27, 9L7
A30 and A36
L2061t
33757, L637T
H263
37301
5531
Y2198
Y8743
c102
C144
33933
3254
51602%
75001
815172

Table I
Locus number
ad-3
arg=3
hisg-2
his-3

a1-2

Linkage group
I

tr
it
r
L

IT

L

IIT

1t

1)

Lid
H
!

1

VI

"

H

VII



arginine mutant, K132 (arg-5), isolated after u.v.
irradiation of the same wild type stirain. Most of
the other new mutants and the stocks of Beadle's
mutents were relatively infertile and none formed =
heterocaryotic growth on minimal medium when tested
with K132, The reason for this was, presumably,
genetically determined incompatibility reactions
between K132 and the methionine mutants. Garnjobst
(1953, 1955) and Holloway (1955) have demonstrated
that the ability of two strains %o form a heterocaryon
is conirolled by a number of genes. Unless these genes
are present in the correct combinations, fusion of the
hycthae ie followed by a protoplasmic incompatibility
reaction which prevents heterccaryon formation (Garnjobst
and Wilson, 1956), The incompatible stocks were there-
Tore backerossed, in some cases for three to four
generations, to wild type (Emerson & and A) and
cultures selected which were conidiate, fertile and
heterocaryon-compatible with the test mutant, Ki132.
Other mutants used as mearker stocks were from
Proressor Catcheside's collection and are listed in

Table T. Strain numbers without letter prefixes refer
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to mutants in the original Beadle and Tatum (19U5)
numbering system. Capital letters preceding mutant
isolation numbers refer to the original source as
follows: A, Professor M. Ahmad; C, California
Institute of Technology; E, Dr. Sterling Emerson;
H, Dr. Frank Hungate; KX, Professor D.§. Catcheside;
L, Dr. J«B.5. Fincham; 8, Stanford University since

1945 and Y, Yale University.

Medie

The standard minimal medium used, which is a
synthetic medium failing to support satisfactory growth
of a prototrophic strain of Neurospors if any single
ingredient is omitted, was that of Vogel (1955). The
storage medium consists of:

Sodium citrate (Na306H 2H20) 127 g.

0.
577
Potassium dihydrogen phosphate

(KH?PDh.anhydrous) 250 g,
Ammonium nitrate (HHHNOB.anhydroua) 100 g.
Magnesium sulphate (MgSOu.?HZO) 10 g.
Caleium chloride (Ca012.6H20) 75 g,

Biotin C.25 mg.



Trace element solution 5 ml.
Water 770 ml,
Chloroform (preservative) 2 ml,

This was used as required to make the minimeal
medium by dilution fifty times with glasgs distilled
water and addition of sucrose to give a 2% concentration.
When necessary the medium was solidified by 1.5% agar
(Ionagar II supplied by L. Light and Co.). If it was
desirable to induce a colonial growth of Neurospora
either from ascospores or conidia the 2% sucrose was
substituted by 0.5% sorbose and 0.1% sucrose unless
stated otherwise. Tatum, Rerratt and Gutter (1949)
gshowed that this was & satisfactory way of inducing
colonial paramorphism.

Crosses were made on Westergaard's medium (Wester-
gaard and Mitchell, 1947) which differs from Vogel's
medium in that potassium nitrate replaces ammonium
nitrate as the nitrogen source. The pH of this medium
was adjusted to 6.5. In some cases where pyrimidins
stocks were used as markers and partial or complete

sterility was observed a modification of Westergaard's



medium (Suyama, Woodward and Sarackek, 1959) was used
in which the pyrimidine supplement, cytidylie acid, was
increased to 50 mg./100 ml. and the sucrose concentration
lowered to 0.2%.

The appropriate supplements were added to the

minimal medium at the following rates:

L-arginine monohydrochloride LOO mg./litre
Choline oL "
+DL~=allo~cygtathionine 500 1 "
Cystelc acid 200 9w oW
L=cysteine 000 M "
Cytidylic acid 100 "
L-histidine monohydrochloride 300 1" 1
DL-homocysteine 200 "
DL-methionine o50 M "
Pantothenic acid (calcium salt) 0 # n
Para-amino-benzoic acid 0.01" o

All media were sterilised by auntoclaving at 10 1lbs
per square inch for 20 minutes. The supplements were
added to the medium before autoelaving except in the

cases of c¢ystathionine anéd homoeysteine. Thegse Were



sterilised by filtration of the sclutions which were

then added aseptically to sterilised basal medium.

General Methods

Unless stated otherwige all cultures were incubasted
at 25°C and stored at 5°C. Ascospore germination was
stimulated by heat treatment for 50 minutes in an oven
at 56°C.

Tests for precursor utilisation were carried out
on appropriately supplemented plates of Vogel's sorbose
mediume.

Heterocaryon tests were made by superimposing the
conidial components on plates of minimal sorbose medium,
Originally the conidia were transferred as dry inoculations
but later by adding aguecus suspensions dropwise from a
Pasteur pipette.

Preliminary linkage data for biochemical mutants
were obtained from counts of wild type and mutant asco-~
spores germinated on plates of minimsl sorbose medium,
The occurrence of 25% of wild types indicates independent

segregation of two mutants i.e, 50% recombination. Less
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than 25% of wild types denotes linkage of the two.
Confirmation of linkapge wss sought from ordered
tetrads dissected according to the technique described

by Beadle and Tatum (1945),
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Isolation of New Mutants

An agueous suspension of conidia contained in
an uncovered 2 inch Petri plate was gently shaken
beneath an ultraviolet lamp (a2 low pressure mercury
vapour burner from Thermal Syndicate Ltd.) for thirty
seconds, Samples of the irradiated suspension were
inoeuiated into incubation tubes (29 x 200 mm.).each
containing 25 ml, of liquid minimal mediuvum. These
tubes were kept in the davk for an hour to prevent
photoreactivation (Kelner, 1949) and then incubsted
under forced aseration in a constant temperature bath
at 25°C. Sterile air from a compressor pump (output
1650 c.c. per minute at 15 cms. mercury) fitted with an
air filter was bubbled through the incubation tubes via
a glass manifold which enabled four tubes to be aesrated
simul tanecusly. The rate of flow of air was controlled
by means of screw clips on the rubber tubing connecting
each incubation tuhe to the manifold. The a2ir entered
the tubes through a Pasteur pipette, the tip of which
only just cleared the bottom of the incubation tube so

that thorcugh agitation of the conidial suspension was
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ensured.

The suspensions were passed through cotton wool
filters {Catcheside, 1954) after approximately twelve
hours incubation by which time the medium had become
denser in appearance dne to0 the germinastion and growth
of the wild type conidia. The filter retains the
mycelium of the germinated conidia and allows the
majority of the ungerminated conidia to pass through.
This filtration was repeated three times per day until
there were no visible signs of growth within the tubes.
This was after approximately 72 hours of incubation.

A final filtration of the conidial suspensions was

made before plating out in sorboee medium supplemented
with methionine and after 24 to L8 hours &ll the resuliant
colonies were transferred to slopes of Vogel's medium
similarly supplemented. The aconidiate isolates were
discarded and the remainder tested for growth on minimal
medium, The mutants kept made no or very little growth
on minimal medium (i.e. they were 'non-leaky' mutants)

but good growith on medium supplemented with methionine.

Cysteine was added to two of the incubastion tubes



Table IT

Suppie- 1
Experi- | Nunber | ment inSupple-~| Total Numbex Number |Mutants
ment of in~ | incuba-~|ment in| number | of aconi- of ob~
nunber lcubation tion plating of - diate isolates{ tained
tubes tube medium [igolateg| isoletes teated
I 2 - methio~ 185 33 152 64
nine
1 - sul- 10 3 7 0
phite
IT 1 thio=- cys-—- 25 5 20 0
sulphate| teine
2 cysteine jmethio-| 610 75 535 88
nine
1 - sul-= 26 5 31 0
II1 phite
1 thio~ cys~- 32 3 29 0
sulphate| teine
Total 149




-17=

in Experiment II (see Table II) for HExperiment I
yielded & preponderance of cysteine mutants. This
method was also modified, by appropriate supplementation
of the media, to select for classes of mutants not
represented in the yield from the unselective technigues.
In an attempt to isolate sulphite and cysteine mutants
irradiated conidisl suspensions were incubated in
minimal (sulphate) and in thiosulphete medium and
plated in sorbose medium supplemented with sulphite
respectively
and eysteinqk This method was repeated but both ex~
periments failed to yield any non-~leaky sulphite or
cysteine mutants giving good growth on supplemented
medium.

The yields of mutants obtained by this filtration

technigue are listed in Table II.
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Growth Assavs

At the beginning of the work a number of
methionine stocks reverted for they were found to
be capable of growth on minimel medium. A possible
explanation was back or suppressor mutation followed
by selection through growing the stocks on insufficiently
supplemented medium. It was, therefore, decided to
determine the optimum concentration of methionine for
maximal growth as found by dry weight assays of mycelial
pads after four days growth in liguid medium at 25°C,

Portions (20 ml.) of Vogel's medium supplemented
with methionine at varying concentrations were pipetted
into 250 ml. conical flasks. After autoelaving the
flasks were inoculated with one drop of conidial sus-
pension. To keep the mycelium submerged and to prevent
conidiation the flasks were swirled three times a day
until the harvesting of the mycelium after 96 hours of
growth. The mycelial pads were washed with distilled
water and the excess water removed by filter paper before
drying the pads for five hours in an oven at 80°C, The

pads were guickly transferred to a vacuum desiccator and



Dry weight in mg,

Fig } Mean dry weights of yields plotted apeinst concentestion of

methionine sunplement.
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weighed when cool.

Preliminary experiments with mutants 36104 (gme-3),
38706 (me-1) and X22 (me~5) indicated thet increasing
the methionine concentration above 100 mg. per litre
did not increase the dry weight yield.

Using mutant K22 the range of methionine con-
centrations was extended to include from 25 to 800 mg.
per litre and four replicates were used for each cone-
centration. The results listed in Table III confirmed
the earlier indication and are represented graphically
in Fig. I.

For mutant K22 there is, apparently, no significant
change in mycelial yield when the methionine concentration
is varied between 50 and 800 mg. per litre, The routine
concentration subsequently used was 250 mg. per litre,

but for storage stocks this concentration was doubled.
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This large standard deviation is dus to the ons
low value obtained, namely 34.8,
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. Physiological aspects of methionine nmtants

1. BIOSYNTHESIS

Introduction

At the present time methionine mutants may be
placed in one of four groups on the basis ¢of precursor
utilisation. One group specifically requires methionine
for growth, another can utilise either methionine or
homocysteine, a third makes use of both of these and
cyetathionine and the fourth group any ¢f the sbove in
addition to cysteine. This suggests that cysteine,
cystathionine and homocysteine are intermediates in

methionine synthesis in Neurospora cragsa and that they

are produced in the above sequence (Horowitz, 1947).
Farther evidence for cyetathionine as an intermediate
results from the discovery (Horowitz, 1947) that the
homocysteine mutant, H98, accumulates cystathionine in

the mycelium whereas other mutants, blocked at a preceding
step, can utilise cystathionine to satisfy their methio-
nine reguirement. The recent identification of the

enzymes cystathionase I and II by Fischer (1957) with
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the demonstration that cystathionase I is absent in
a cystathionine mutant, 4894, whilst the homocysteine
mutant, E98, lacks cystathionase II econfirms the in-
dications of the circumstantiel evidence.

It seems likely that the carbon chains of both
threonine and methionine are derived from homogerine,
for one mutant strain (51504) which requires homoserine
will grow on mixtures of threonine and methionine, threo~
nine and homocysteine or threonine and cystathionine
(Teas, Horowitz and Fling, 1948). Cystathionine
formation probably results from the condensation of
cysteine and homoserine (Fling and Horowitz, 1951).

Intermediates between homoeysteine and methionine
have not been found (Emerson, 1950). Three eclasses of
matants, each of which blocks the methylation of homo-
cysteine, are distinguished by Zalokar (1950) on
physiclogical grounds based on selenite reduction.
Zaloker is slso able to place these mutants into three
groups, summarised in Table IV, according to the response
of the double sulphanilamide, methiocnine mutant (sfo, me)

to methionine and the antagonism by sulphanilamide (SA)
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or threconine.

Table IV

Group Mutants Response of double mutant to methionine

38706 Will not grow in the presence of methio-
I L4704 nine at any concentration except in the

L7806 presence of SA or threonine.

Grows on low concentrations (2 x 10"5M)
I1 37603 but on high concentrations (2 x 10"3M)

only in the presence of SA or threonine.

32213 Initial growth on low and high con-
I1T 35809 centrations but persistent growth only

L8003 in the presence of SA or threonine,

Members of group I reduce selenite in the presence
of additional methionine. Groups II and IIT fail to
reduce selenite whilst a mutant 36102, not listed above,
is always able to reduce selenite, A Ffurther differentiatior

between groups II and III is poseible for mutant 37603
ig able to ntilise either methionine or choline as a sole

supplement.

The evidence, therefore, indicates that four different



genetically controlled reactions are involved in
the methylation of homoecysteine.

That the methyl group of methionine comes from
choline is further indicated by the ability of two
choline mutants to utilise methionine as a partial
replacement for choline (Horowitz and Beadle, 1943;
Horowitz, Bonner and Houlshan, 19L45; Horowitz, 1946).

The initial stages of methionine synthesis which
result in the formation of cysteine from inorganic
sulphate are comparatively obscure. Early work using

Ophiostoma multiannulgtum (Fries, 1946) indicated an

inorganic reduction of sulphate via sulphite and thio-

sulphate to cysteine. In Neurospora the data of

Phinney (1948) suggest the coupling of sulphate to an
organic compound, possibly alanine, to give cysteie

acid and the reduction to cysteine via cysteine sulphinic
acid. Horowitz (1955) does not confirm that cysteine
sulphinic acid can replace thiosulphate but finds that

it has the same growth promoting activity as the further
oxidised cysteic acid and, therefore, suggests that the

initial steps of the pathway involve only inorganic ions



Fig 11

Outline of methionine synthesis.
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until the sulphur has been reduced to the state of
thiosulphate. This is substantiated by studies on

a variety of mieroorganisms including Escherichia coli

(Lampen, Roepke and Jones, 1947); Aspergilius nidulans

(Hockenhull, 19L9); Aspergillus niger (Steinberg, 1941)

and Salmonella typhimurium (Clowes, 1958). However,

Shepherd (1956) has isolated certain mutants of
Aspergilius nidulans which are incapablie of growth on
sulphite and, in some instances on thiosulphate, but which
are able to utilise either cysteic acid or cysieine
sulphinic acld. He, therefore, postulates alternative
organic and inorganic pathways of sulphur reduetion in
which either serine, pyruvate or cysieic acid could act
as carbon sources,

A summary of the proposed synthetic pathway is

represented diagramatically in Pig. I1.

Experimental

All the methionine mutants were tested to determine
wvhich of the reported intermedistes would support their
growth, Cysteine sulphinic acid was not available but

all cysteine mutants were tested for their ability to



Fig il Cutline of methionine
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nntil the sulphur has been reduced to the state of
thiosulphate. This is substantiated by studies on

a variety of mierocorganisms including Egcherichia ¢oli

(Lempen, Roepke and Jones, 19L7); Aspergillus nidulans
(Hocxenhull, 1949); Asgpergillus niger (Steinberg, 1941)
and Salmonella typhimurium (Clowes, 1958), However,

Shepherd (1956) has isolsted certain mutants of
Agpergiilus nidulang which are incapable of growth on
sulphite and, in some instances on thiosulphate, but which
are able to utilise either cysteic acid or cysteine
sulphinic acid. He, therefore, postulates alternative
organic and inorganic pathways of sulphur reduction in
which either serine, pyruvate or eysteic acid could sct
as carbon sources.

A summary of the proposed synthetic pathway is

represented diagramatically in Fig. II.

Experimental

All the methionine mutants were tested to determine
which of the reported intermediates would support their
growth, Cysteine sulphinic aeid was not available but

all cysteine mutants were tested for their ability to



solation numbers of -utents referred to in Table V,

39816, 38L04, 8LsO5, X7, KB, K36, 1C, P4, P7, P&,
rS, P10, P11, P1l, P15, P46, P17, P18, P1G, P20,
P21, P22, P25, P26, P27, P23, P29, P30, P31, P32,
P33, P34, P35, P36, P37, P38, P39, PLO, P41, PLZ,
pL3, PLh, PL5, PL6, PL7, PL8, PLS, P50, P51, PSe,
D5k, P55, P56, P57, PS5, P60, P82, P120, F121, P128,
P160, P170.

¢666, 36104, 39103, 86304, K22, Ku8, X55, KE2, K65,
K79, L97, P5, P12, P6Lh, P71, PS1, P100, P102, P14,
pil4, P150, P155, P167, P171.

998, 48004, K5, K18, K23, KL3, Kih, K49, K76, K36,
K98, P2, P24, ®71, P72, P73, P78, P8O, P81, P85,

P88, P95, P99, P101, Pi07, P140, P113, P118, P125,
P131, P132, P133, P1LO, P143, P145, P1L7, P151, P152,
P153, P15k, P139, P182, P169, P17h.

35599, 35809, 38706, K59, K66, Li134, P3, P4, P6,

P13, 23, P53, P58, P61, PR3, P65, P67, P68, P70, P74,
p76, P77, P83, P8L, P86, P8Y, P93, P9L, P96, P97,

P98, P105, P108, P112, P114, p117, P119, P122, P23,
P125, P127, P129, P13L, P135, P136, P138, P14, P1L8,
P149, P156, P158, P165, P168, P175.



ntilise cysteic acid. All mutants were tested on
homocystine and those blocked between homocysteine
and methionine on media supplemented with choline and
para=aminobenzoic acide.

The sulphite and thiosulphate media were made by
replacing the sulphate of the stoeck medium by equivalent
amounts of sulphite and thicsulphate respectively.

The tests were carried out as stated in the general

methods using medium supplemented at the usual rates.

Results

Sulphite, homocystine, choline and para-aminobenzoic
acid did not support the growth of any of the mutants.
Mutant P120 (cys-7) made a very slight growth on cysteic

acid. The remainder of the results are given in Tgabhle V.

Table V
Number Growth on Methiaﬁiﬁé_ﬁrecursors
Mutggts thiosulphate |cysteine|cystathionine| homocysteine
622 + + + +
¢ 0 + + +
2&b 0 0 + +
LL© 0 0 0 +
5,4 0 0 0 0
+ = growth 0 = no growth



IT. HETEROCARYON COMPLEMENTATION

Introduction

Two strains of Neurospora crassa of the same
mating type may undergo a vegetative fusion to form
& heterocaryon (dicaryon). This is not always the
cagse, for incompatibility factors have been shown to
prevent the establishment of the heterocaryotic
mycelium (Garnjobst, 1953, 55; Holloway, 1955). If
two compatible mutants involved in heterocaryon
formation are recessive and not allelic they form =
phenotypically wild type (prototrophic) heterocaryon.
Conversely, if the mutants are defective at the same
locus the formation of a prototrophic heterocaryon
would be unexpected. T™is test of non-sllelism is
comparable with the phenotypically wild type test
shown by a diploid heterozygous for two recessive
non-gllelic mutant genes. By the heterocaryon tests
mutants can be so grouped that members of a group will
not form prototrophic heterocaryons with members of
their own group but do sc with all members of all

other groups. Using these theoretical considerations
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it is possible to differentiate between allelic and
non-ellelic mutants blocked between the same pre-~

cureors.,

Experimental

All the methionine mutants were heterocaryon
compatible with an arginine mutanit, K132. It was,
therefore, argued that they should be compatible with
each other, '

By means of the heterocaryon test all the
mutants blocked beitween the same precursors were
grouped so that members within a group 4id not coni-
plement most other members of their group.

The presence of complementation was socught in sll
the«EL%le possible pairs of combinations within a
group of n mutants, The method used (Catcheside,
personal communication) involved the inoculation of
prlates of minimal sorbose medium with an agueous sus-—
pension of conidia from a finely drawn out Pasteur
pipetie. The drop-wise inoculation was controlled
by menipulation of & rubber teat, The base of each

Petri plate was marked out in a grid of #* inch squares



Fig T1

()

Orientation of Fetri plates for
intra~group heterocaryon tests.
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arranged in five rows of five so that twenty-five
pairwise combinations of mutants were.tested on each
plate. The orientation of the plates was facilitated
by labelling one side of the zrid with s letter and the
adjacent one with a number. The plates were aligned
as shown in Fig. IITI so that in turn each first com-
ponent was taken rapidly along the approprisate horizontal
row and one drop put centrally in each square of the
row. The water of the inocula was allowed to become
absorbed into the medium hefore the second components
were added in a similar fashion along the vertical rows,
In this way it was possible to meke all the
intra-group heterocaryon tests for any one group in a
day. Formation of a prototrophic heterocaryotic growth
was easily detecited one to four days after inoculation.
Positive resulis were re-tested using one plate for
each test together with the control tests of the com-
ponents. All the tests were performed at least three

times and were found to be coneistently reproducible.

Resulte

The results azre summarised in Table VI and the



Table VI

P ————————
. ; Inter-
Bl Y Previously| " o2 | o17elie
simplest Locus | reported
sulphur i tante mutents| comple=
requirement ad studied {mentation
cygs=1 8L605 1 -
cys=21 38L01 24 -
thicsulphate |ecys—-U - 9 -
cys~7 - 1 -
cys~8 - 1 -
me~lt} 39846 1 -
me-3] 36104 2 -
9666
cystathionine| me-5 15 -
86304
me-7{ 39103 7 -
homocysteine | me-2 §H98 L +
L800L.
me-1| 38706 14 -
me~6} 35809 L -
methionine
me~8| possibly 35 -
36102
me~-9| Posgivly 4 -
_ 36102

+ = present

-~ = abhsent




isolation numbers of the mutants at each locus
listed in the descriptive index of mutants(}aﬂtésj-

Complementation within the group of methionine
mtants at locus me-8 was weak and restricied to two
combinations as a result of which the mutants are
divisible into three groups A, B and C. Members of
group A show no complementation with members of either
group B or group C but group B and C members complement
each other. Figure IVa represents these results in a
two dimensional pattern of reaction and Figure IVb is
a one dimensional interpretation in which each mutant
exerts a given range of influence. These ranges of
defective action are so drawn that overlapping ones
occur where the heterocaryons do not grow on minimal
medium and non-overlapvring ranges where complementeation
results in prototrophic growth of the heterocaryons.

The pattern of complementetion at the homocysteines
locus, me-2, is more complex but can be represented as
shown in Figure V.

The distribution of the me-2 mutants amongst the

complementation classes is shown in Table VII.



Interallelic Complementation Charts

Locus me-8 Number in
each chss
B @ — mess——— L B 2
C I ot C |
a). b)
Fig IV

Locus me-2

BCDEF
AOOCOOO A 32
5000e 5 |
D@O "B >
EO e E 4
F — S— 3 a

a)
Figy P

O no complementation
® complementation
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Table VII
Group A K5, kK18, KL3, Ki9, x76, P2, P24, P71,
F72, P73, P78, P80, P85, P88, P95,
P101, P407, P110, P113, P118, P126,
P131, P132, P1L3, P1L7, P151, P152,
P153, P15L, P159, P162, L8004,

B {or C) P169.

(or B) P81,

(or E) Khl, K98.

(or D) P99, P174, H98, K86.
K23, P133, P140, P1L5.

H O BH OO O

The complementation map drawn in Figure V is
only one of a number of possibilities. The presence
of group F whose range of defective action includes
those of groups D and E enables the latter two groups
to be allocated to adjacent sites. The absence of
other overlsapping groups makes it impossible to decide
whether mutant P81 or P169 represents group B and,
similarly, whether P99 or Khil represents group D.

Purthermore, it is conceivable that groups B and C



Table VIIT

Groups B B D G B

Isolation| P133 P14C P145 K23| P99 P17h K86 HO8| Kul K98| P81 | P16
Numbers

P169 1 1 4 1 1 1 1 1 1 2 n -
Pg4 y 1 1 2 1 1 1 1 2 3 -

K98 - - - - L L b b - -

Khl, - - - - 2 3 3 L - -

Chart of time (in days) taken for inter-allelic heterocaryons Lo become

visible.
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are not adjacent but separated by the groups D ang E.
Woodward, Partridge and Giles (1958) found that

the greater the distance between two ranges ('ecistrons')

as represented con the linear map, the more vigorous was

the heterocaryotic growth. More recently Wocdward (1959)

has confirmed this indication hy enzyme assays on the

in vitro complementation at the ad-l4 locus. He found

a steady increase of enzyme activity with increasing

map distance up to a separation of about four Yeistrons"

af'ter which no further significant incresse in activity

is observed. If this were the general rule then P169

and P81 must be very close together for they complement

gach other but weakly, P169 could be assumed to represent

group B and P99 group E. Mutant P169 forms hetercearyons

with group D more readily than does P81, and P99 forms

heterocaryons with group B and C more readily than Kil,

The figures in Table VIII indicate the days taken for

the prototrophic inter-sllelic heterocaryons to become

visible. The mutanits are arranged such that those giving

the most wvigorous prototrophic heterocaryons are the

most widely separated.
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It is noticeable that of the two group D mutants
Khly gives better complementation than does K98. ‘This
ie true for four stocks of K98 obtained as single spore

isolations from & back cross to wild type,

Discussion

The results of the precursor utilisation tests
are consistent with the present outline of the pathway
‘of methionine synthesis, although it is surprising that
no sulphite and cysteine dependent mutants were obtained.
It is conceivable that traces of sulphite and sulphide
in the incubation medium are able to support the growth
of these mutants so that they are lost on filtration.
None of the cysteine mutants of Neurospora crassa tested
by Fischer {Emerson, 1955) were blocked in the synthesis
of the carbon skeleton of cysteine for all were able to
utilise sulphide or elemental sulphur which is repidiy
reduced to sulphigde.

Large numbers of mutants eble to utilise thiosulphate
but not sulphite were obtained and on the basis of
heterocaryon tests these mutants were divisible intoe

seven groups of which probably only three have been
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reported previousiy. If the early stages of methio-
nine synthesis can be represented by a simple pathway
of reduction the presence of seven blocks between
sulphite and thiosulphate wonld appear excessive.

One possibility is the presence of traces of sulphide

in the thiosulphate medium sufficient to support the
growth of those mutants unsble to reduce thiosulphate

te sulprhide. The sulphide could be present as an
impurity in the magnesium thiosulphate or it could
result from a decomposition occurring during auto-
claving although this seems improbable. In an attempt
to differentiate between mutants able to utilise thio-
sulphste and possible ecysteine mutants growing on traces
of sulphide, thiosulphate medium was made by adding
non~zutoclaved sterile sodium thiosulphate (A.R,.)
aseptically to autoclaved minimal sorbose medium to
give a concentration of only 10 pg. of thiosulphate
sulphur per mi.. Representatives of five of the seven
groups of mutants made good growth on this medium but
two previously reported thiosulphate mutants, 39816 (me-L)

and 84605 (cys=-1) made only a little growth. Stadler



(1956) also found that cys-1 mutante responded much
less to thiosulphate than do ¢ys-2 members and this
mey be a situation comparable to the one found by Clowes

(1958) for Salmonella ityphimurium where the cys-B mutants

require 4 mg, of thiosulphate sulphur per ml. but the
cys-E mutants only 10 pg. per ml,. The available

evidence does indicate, therefore, that in Neurospors

crassa there are seven different genetic blocks between
sulphite and thiosulphate.

All the cystathionine mmtants fell within the three
previously reported groups. Recently an enzyme, cysta-
thionese I, Which cleaves cystathionine to yield cysteine,
has been isolated by Fischer (1957). A cystathionine
mutant, 4894, which is probably an allele of 39103 (me-7),
lacked cystathionase I except in the presence of & sup-
Pressor genece. Fischer gives evidence for a reversible
transulphuration pathway between cysteine and methionine
and it will be of interest to establish the relation of
the three genetic blocks, between cysteine and cystathionine,
to the enzyme cystathionase I and the condensation of

cysteine and homoserine to yield cystathionine. Recently
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evidence for three unlinked loci functioning in the
synthesis of tyrosinase has been obtained (Horowitz
et al., 1959). Alleles at one locus determine different
forms of tyrosinase whilst mutant alleles of the other
two loci are characterised by their lack of the enzyme.
This three gene systsm concerned in cystathionase I
produection might he similar in nature to the tyrosinase
exd mple
situation forl&l—tem&-ta‘.—"ﬁel—y—locus, me-~7, may funetion in
the synthesis of cystathionase I whilst the other two
loci are concerned with accessory factors.

The homocysteine mutants were all placed in one
heterocaryon group. Fischer (1957) has shown that one
member (H98) of this group lacks the enzyme cystathionase
1T which catalyses the in vitro production of homocysteine
from cystathionine. The biosynthesis of homocysteine is
probably catalysed by one enzyme, cystathionase II, the
production of which is associated with a single locus,
me—2.

The heterocaryon tests indicate four genetic groups
of mutants blocked between homocysteine and methionine
none of which are able to utilise choline. Two of these

groups {(me-1 and me~5) represent two of the classes
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distinguished by Zalokar (1950) on physiological
grounds and a third of the four groups may be equivalent
-to Zalokar's physiolcgical class represented by mutant
36102, The presence of as many as four genetic blocks
is not unexpected, for the transmethylation of homo-
cysteine could invelve a number of methyl acceptor-donors
and possibly an energy producing resction, It would be
necessary, however, to assume that{ these were specific,.
The finding of inter-allelic complementsztion is in
agreement with the recent work of a number of authors
(Pincham and Pateman, 1957; Giles, Partridge and Nelson,
1957;:; Catcheside and Overicn, 1958; Lacy and DBonner,
1988 ), In the first two of these studies the analysis
has been extended to the enzyme sysiems concerned and
an enzyme activity of up to, but not exceeding, 20 per
cent of that of wild type has been found in inter-allelie
heterocaryouns. This behaviour, which appears to be
fairly widespread, is of significance in relation to

the mode of gene influence on enzyme formation.
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. Magging and linkage data

Introduection

The primary purvose of this study was to look
for evidence of the clustering of methionine mutants
in linkage group IV and of cysteine mutants in group
vi. It wag known that locus me-5 was situated in the
right arm of linkage group IV (Barratt et al., 1954}
and that two cysteine loci, cys-1 and -2, were located
very close to each other in linkage group VI (Stedler,
1956), The two other methionine loci previously
identified were me-3 (3610L) in group V and me-6 (35809)
in group I (Barratt et al., 1954). It was, therefore,
decided to assign the previously unlocated mmtants ‘o
linkage groups by means of preliminary data from
random spores. More detailed and accurate information

could then bhe obtained from studies on ordered tetrads,

Theory of Methods

Linkage between two mutanis was detected when the
frequency of wild type recombinants, amongst the random
Progeny of & cross involving the two factors in the

repulsion phase, was significaently below 25 per cent.



(A frequency of 25 per cent is taken as an indication
of’ 50 per cent recombination for the two recombinant
classes must be produced with equal frequency.)

Confirmation of the preliminary indication of
linkage was sought in the analysis of data from ordered
asci. Such an analysis is also able to provide dats
for the estimation of recombination frequencies between
a gene and either another gene or the centromere, and
to establish the position of a locus with respect to
the centromere and other markers,

During meiosis the centromeres of the paired
chromosomes separate undivided at the anaphase of the
first division, Hence, if no cross~over occurs between
a gene locus and the cenitromere the gene segregates with
the centromere at the first division. Where a cross=—over
occurs between the locus and centromere the segregation
of that locus occursat the second division, The frequency
with which second division segregation occcurs for &
particular locus is & measure of the frequency of
crossing-over proximal to that locus and hence of the

centromere distance.
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In a chromosome interval delimited by itwo genes
a single cross-over results in two parentzl and two
recombinant chromatids (i.e. 50 per cent recombination)
for oniy two of the four chrometids are involved in the
Cross—over. An interval in which an average of one
Crosg-over per ascus occurs is defined as having & mep
distanee of 50 units and this, neglecting the occurrence
of multiple cross-overs, is equivalent to either 50 per
cent recombination or 100 per cent of second division
segregation.

From a c¢cross of Ab x aB three itypes of ascus com-
rositions are possible neglecting differences due to
spore order: Ab, Ab, aB, aB, (parental ditype); Ab,
ab, aB, AB, (tetratype) and AB, AB, ab, ab, (non-parental
ditype}. These are abbreviated to PD, T, and NPD
regpectively throughout the text. If factors A end B
are on the same chromosome a PD ascus represents either

crosg—-over
the non cross-over or the two-~strand doubleLelass and
a T ascus would result from either a single cross-over
or a three~strand double cross—over between the two loci.

The production of & NPD ascus would be evidence of a
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four~strand double cross-—over and this class is,
therefore, expected to be rare. Alternatively if the
two locl are on separate chromoscmes FD and NPD asci
will result when both loci segregate at the first
division and these two classes are expected to occur
with equal frequency. A significant excess of PD over
NPD asei, therefore, is only possible if the twe loel
are on the same chromosome. The ratio of NPD to T
can not exceed 1:L if the two genes are linked for
NPD segregations of linked genes can result only from
ﬁ of double exchanges + % of triples + ;é of gquadruples
+ 3% of quintuples etec,. If the genes are on separate
chromosomes there is no upper limit to the NPD to T ratio.
From the analysis of spore arrangements in the asci,
particularly where the unmarked intervals are not too
long, it is possible to deduce the cross-overs which
mist have taken place at each meiosis for any given
order of genes and centromere. Such an analysis
(Whitehouse, 19L42) can be made for each possible
arrangement of the merkers and the one reguiring the

simplesgt cross-over patterns is the most likely.
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Tnitial experiments were designed to detect
linkage between cysteine mutants and markers in
linkage group VI and methionine mutants and markers
in group IV. Where no evidence of linkage was obtained,
ordered asci were dissected from a cross of the mutant
to a third marker in another linkage group and the
centromere distance estimated as half of the precentage
of second division segregation frequency. (The gaté
from these tetrads elso served to detect linkage, if
present, between the mutant and the third marker.)
Where the centromere distance was fairly small mapping
proved relatively simple and crosses were made between
the unlocated mutant and markers close to the centromeres
of the other five linksge groups. Preliminary indication
of linkage was confirmed by analysis of cordered asci.
Where segregation of the mutant locus was independent
of the centromere, location of the mutant was more
tedicus. Crosses were made, wherever posseible, to
markers in both arms of each chromosome and evidence of
linkage sought smongst data from the resuiting spores.

The allelism of members of a heterocaryon group



was confirmed by the absence of wild type recome-
binants amongst the progenies of intra-group crosses.
Conversely, the non-allelism of mutants from different
heterocaryon groups was shown by the presence of wild
type recombinants amongst the progenies of inter-group
crosses, Wherever examined, and usually by the assign-—

ment of the mutanits to different chromosome regions.

Experimental Details
The frequency of wild type formation in the progeny

from a cross involving two biochemical markers was
estimated from counts of prototrophic and asuxotrophic
ascq:spores germinated on plates of minimal sorbgse
medium. In practice it was found that this method can
yield erroneous results for certain stocks were found
to carry deleterious Tactors affecting viability. Such
Tfactors either prevented the growth of the germinated
ascospore or, more specifically, prevented the growth
in the presence of sorbose. In either case the effect
was to decrease the estimate of wild type frequency and
hence give a false indication of linkage.

When outcrossing to wild type failed to remove these



factors data from random spores was obtained by &
more relisble method in which the ascospores were
germinated on appropriately supplemented plates of
sorbose medium and the growing spores were itransferred
to tubes of similearly supplemented Vogel's medium.
The genotype of each isolated culture was then ascer-~
teined in the usual way. A sBignificant excess of
parental type over recombinant spores was taken as
evidence for linkage.

Tetrads were discected sccording to the method
of Beadle and Tatum (1945) but using mounted nickel-—
~plated sewing needles. The ascospores were trans-—
ferred singly, on blocks of agar medium, to tubes of
supplemented Vogel's medium, but in some cases sdjacent
pairs of spores were transferred together to the same
tube. Uniess stated otherwise the data used is from
those asci where at least one member of each spore

pair germinated.

Results
(i) Mutants blocked between cysteine and cysta-
thionine.

Locug me-5 (represented by mutant K22), This




locus was known to be in the right arm of linkage
group iV. In an attempt to ascertain the position
of me~5 more precisely, ordered asci were dissected

from the cross K22 x Y2198, 5531 (tryp-L, pan-1) which

involved two markers in the right arm of group IV thereby
incereasing the possibility of detecting multiple cross-
~OVErS. Amongst bli asei no recombination was observed
between the pan-1 and me-5 loci hence it was impossible
to order these two loci with respect 1o the centromere.
Considering the me-5 and tryp-4 loci, only, the
results are tabulated in Table IX according to the
segregation classes (Catcheside, 1951) outlined below,
Classe I Division I segregation for both loeci with
genes in parental combination.
IT Division I segregation for both ioci with
genes recombined.
ITY Division I segregation for 100usi(g§-5) and
Division IT segregation for b (tryp-L).
IV Division II segregation for locus a (me~5)
and Division I segregation for b (iryp-1i).
v Division II segregation for both loeci with

genes in parental combination.
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Class VI  Division II segregetion for both loci with
genes recombined,
VIT Division II segregation for both loci

giving four spore *types.

Table IX

Ascus Division II segregation
class|{I [T |IXI| IV|V (VI |VII|Total| of me-5 of tryp-L

M- Jawfo| 5| 9l48| of o | su | 27 (50.0%)|21 (38.9%)

The centromere distances are 19.45 units for itryp-i
and 25 units for me-5, hence the distance between the
two loci, obtained by difference, is 5,55 units. The
distance between these two loci calculated as half the
percentage of asei in whicﬁ a cross—-over occurs between
me-5 and tryp-4 1s 15-E100 which equals 11.1 units.

The difference between these two values is due to the
three representatives in cless III which show {irst
division segregation of me-5 as the result of a two-
or four-strand double cross-over between me-5 and the
centromere.

Locus me~5 is distal to tryp~-U on the basis of their

centromere distances and from consideration of the ascoe-



spore arrangements, for if it were proximal, the nine
members of class IV, instead of the three members of

class III, would have to be formed by two— or four-sirand
double cross—overs with one cross-over between the centro-
mere and me-5 and one between me-5 and Lryp-h.

No datumis available for intra-group crosses as
they were almost sterile,

Locug me=7 (represented by mutant 339103). Pre=-
liminary linkage data suggested that locus me-7 was in
linkage group IV for wild type freguencies of approxi-
mately 10 per cent were obtained from counts of gpores
from crosses between mutant 39103 snd a number of linkage
group IV markers.

0f 23 asel dissected from the cross 39103 x Y2198,
5531, considering only the me~7 and tryp-4 loci, there
were 9 NPD, 3 PD and 10 T type asci. Furthermore, locus
me-7 showed no second division segregstion and it was
concluded that me~7 is not in linkage group IV.

Random spores were examined from crosses of 39103
to markers close to the centromeres of the other linkage
groups. Only one wild type recombinant was observed

amongst 2,000 viable svores from a cross 39103 (me-7)



x 15172 {sfo, in linkage group VII).

Ordered aseci were dissected from this cross but
as the spores were not very viable the results were
based on those asci with s minimum of one of each of
three spore pairs germinating. A1l the fourteen asci
dissected showed PD segregation.

Of LL asci dissected involving locus me-7 all
have shown division I segregation of this locus.

Locus me-7, therefore, is situated in linkage group VII
with a centromere distance not exceeding (%b, where

(1 - )i ,—.E%), 3.3 units at the probabiliiy level of
5 per cent or L,.,9 units at the 1 per cent probability
level,

No wild type recombinant was observed amongst
approximately 3,000 viable spores from an initra-group
crogs,

Locus me-3 (mutant 36104). This locus had pre-
viously been shown to be in the right arm of linkage
group V. No further datum was obteined.

An intra-group cross was not very fertile but no

wild type recombinant was observed amongst 300 viable

spores,
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(ii) Mutants blocked between eystathionine and
homoeysteine.

Locus me-2 (represented by mutant K23). The
mutant K23 had been produced in a stock (Y87hu3c) carry-
ing col-1, which is in the right arm of linkage group
IV, and it was soon found that these loci were closely
linked. The classgification of 59 ordered asci, from
the crosses K23 col-1ga x Bm A and K23 col-1A x Em a,
according to the classes listed on pagesll and L5, is
shown in Table X where me-2 represents locus a and col~1,
locug b,

Locus me=~2 is proximal to col-~1 Tfor otherwise the
gight members of class III, assumed to be formed by a
single cross-over between the two loeci, would result
from two- or four-strand double cross—-overs with one
eross~over between the centromere and col-1 and one
between col-1 and me-2. The former assumption is in
agreement with the centromere distances. The centromere
distance of K23 is 22.9 units and of col-1 is 29.7. The
distance between the two loci calculated from the number
of cross-overs detected between them is §§§§x 100 _

_LG units,



Tabhle X

Locus Ascus classes Total |Pivision 11 Segregation b?niiggﬁh
b T IITI[IV ] VVIVIT| Famber| "o me=2 | of Toou® ® | np o oo
pyr=3 | 3{0|0 | 5| 6] 0|1 15 12 7 20,0
trgp-bijzs | 10 | u|6lof 1] uo 1 7 8.75
pen-1 126 [ 0|3 | O[11} Ol O Lo i1 14 3.75
col~-1 241 0| 8 | 0{26] O 1 59 27 35 763
his-4 |14} 0| 4 | 0 9% 0| O ol g 13 8.33
got {7l0lL ]| 3 oy 11 21 10 11 19,05
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Locus me~2 provided a good example of inter=-
-allelic complementation and inter-allelic crosses
were guite fertile yielding abundant ascosporses ususlly
with approximately 50 per cent germination. it seened,
therefore, that this locus would be a useful one to
study in an attempt to correlats complementation and
site maps. Crosses were made between K23 and a number
of markers which might be close to the me-2 locus. By
enelysis of ordered esci dissected from these crosses,
it wasg hoped not only to position locus me-2 with respect
to the centromere and the markers, but also to find two
suitable markers situated one on either side of the
locus.

The analyses of these crosges are shown in Teble X,
The recombination freguencies listed in the table are

asci web

ealeculated as half of the percentage chcross-overs
occurring between me—-2 and the marker., From consideration
of ascospore arranéﬁents locus me~-2 is distal to pyr-3

and tryp-4, but proximzl to pan-1, gel-1, his~L and co

e —

Of a total of 229 ascl dissected involving locus

me~2 92 (L0.2 per cent) showed second division segregation
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LI bl

P as found by he 1ty x2's
Betwoen |Between t?g%.u__

Mating L____f . Newerof %
type [erossas o | samples|germinating | Reeombination
Allele of different of eaeh|spores from|prototrophs E_zn x 100! |semplea different resi~ | Rotween
stoak (stoeks of the| eross [esch cross (n) m of same(stoeks of (proeal |alleles
same allele (m) stock (same allele crosses
K5 A 1 b 2370 58 1,87 2350 ] }
. 1 " 2071 34 3.3 ;;’_g,iﬁ 01
K18 3 108 3% 17.4%% N }
A 2 R .95
é 2645 84 6. «30~.20; g
2 1 8 2126 152 13" ¢ «0
K23
» 1 2 1351 3% 5.3 030
HoB A 1 1 60 10 he3 /

ot results disecerded and mot used in further calgulations besause of heterogeneity betwaen samples.

*2 Jemults disosrded and not used in further csleulations decause of hetarogensity between crosses.
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corresponfling to a centromere distance of 20.3 units.

The pan-1 and iryp-l4 loeci were chosen as suitable
markers for the investigation of recombirnation within
locus me-2.

It seemed possible that the loecl me-5 and me-2
formed part of the cluster of methionine loci postulated
by Horowitz (Demerec, 1955). During the early stages
of this study, therefore, crosses were made between
mutant K22 (me-5) and & number of homocysteine mutants
to determine whether or not these two loci were closely
linked, The date were obteined from counts of wild type
(recombinant) and mutant sascospores, germineted on mini-
mal sorbose medium, vefore the difficulty due to vigbility
Tactors had been encountered, It is now realised that
the data (Table XI), obtained in this way, are suspect
but the result of deleterious viability factors not
preventing germination, would be a decrease in the re-
combination frequency thereby giving a false indication
of the proximity of the loeci. The data are als¢o im-
perfect for two other reasons. FPirst, the recombination

frequencies of the different crosses are not homogeneous.



This is due entirely to the two crosses which gave

the highest values of recombination for both showed

low fertility of the ascospores, and in one case different
samples of the same cross were heterogeneous, Buggesting
some environmentally caused variation of germination.

If these two sets of data are eliminated the remsining
crosses, which showed better fertility, are homogeneous.
Secondly a proportion of the proiotrophs were pseudo-wild
types (Pittenger, 1954). Indeed 25 out of the 76 which
were successfully tested were pseudo-wild types (PWT).
The apparent recombination frequency, excluding the

heterogeneous data and corrected for the presence of

222 x 2 X 51 x 100 _
8871 x 76 -

value is not consistent with the two loci being adjacent.

PATs, is 3.3 per cent. This
The data from inter-allelic crosses are considered
fully in Seetion V.
(iii) Mutants blocked between homocysteine and

methionine.
Locus me~1 (represented by mutant 38706), Since
Horowitz (personal communic&tion to Professor Catcheside)

found that locus me-1 was close to the centromere of
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linkage group IV, asci from a cross of 38706 to =a
mutant H263, at locus pyr-1, situated fairly close
to the centromere but in the right arm of linkage
group IV, were dissected, The analysis, according
to the segregation ciasses used previously, of the
twenty asci dissected is shown in Table XIT where
hyr-1 is locus b.

Table XIT

Ascus class Division II segregation

I|rz|zrx|avivivI|viI|motal| of me~1 | of pyr-1

16| 0} O 2121 O Cl 20 L 2

If the two loci are in opposite arms of the
linkage group the twc class V members are the result
of two-strand double cross-overs with one cross-over
between each locus and the centromere. Assuming
that there is no chromatid interference and using
the data in Table XITI the expected freguency of the
above event would be only 5% X'Eg X ﬁ x 160 = 0,5
per cent. Furthermore, if the loci are in the same

chromosome arm with pyr-1 distal to me-1, two occurrences

of two— or four-strand doubles with one cross-over
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between me-41 and the centromere and one between pe-1
and pyr~1 must be postulated to account for the two
members of class IV. The simplest interpretation of
the data is that pyr-1 and me-~1 are in the right arm
of linkage group IV with locus mg-1 distal to pyr-1,
and that the menbers of class IV result from & single
crosg—-over between the two loci.

Locus me-6, No information was obtained for this
locus which had previously been reported to be in the
right arm of linkage group I (Barratt et al., 195L).

Locus me-8 (represented by mutants K66 and P61).
Preliminary linkage data indicated that me-8 was not in
linkage group IV. Asci were dissected from c¢rosses of
either K66 or P64 to the linksge group I markers, 35203
(2d-3) and K74 {his-3)., Since 16 PD, 12 NPD and 6 T
type asci constituted the 34 asci analysed, and only
five of 45 asci dissected, involving locus me-8, showed
second division segregation of this locus it was conecluded
that locus me~8 is fairly close to the centromere of a
linkege group other than I. Crosses were made of me-8

mutants to markers close to the centromeres of the other
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linkage groups and the spore progenies =xamined.

No wilg type recombinant was observed amongst
approximately U50 random spores from a cross to
mutant 4,602t (locus ad-L), in the right arm of
linkage group III. The analysis of the 24 viable
ascl dissected from this cross is shown in Table XIII
where locus b is gd-l.

Tsble XTIT

Ascus class Division II segregetion

Total

T |13 |TIaf Iv]V v |VII of me=8 | of md~l

23] O| © Ool1] 0 © 24 4 1

No recombination was observed between the two
loeci. The simplest Interpretation of the ascospore
arrangements is that both loecl are in the right arm of
linkage group III and that the class V member arose as
the result of a single cross-over between the centromers
and the more proximal of the two locl.

Locus me=9 (mutant P156). Mutant P156 showed no
linkage to mutant 38706 (locus me-1, linkage group IV),
for of 185 spores germinated on minimal sorbose medium
equevalent & vecombination

R0 q?u per cenqp were wild type. Examination of the

progenies from crosses of mutant P156 to mutants 35809
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(locus me-6) and P61 (locus me-8) revealed recombination
fregueneies of approximately 50 per cent.

The data, therefore, do not permit the allocation
of mutant P4156 to s linkage group but do confirm that
mutant P156 is defective at a locus me-9, distinct from
the three other loeci (me-1, me~6 and me-8), which are

agsociated with the methylation of homocysteine ito methionine.

(iv) Mutents blocked between sulphite and

thiosulphate.
Locus me~-l (mutant 39816). Preliminary linkage

data from s croes of 39816 to the group VI marker,
51602t (locus rib-1), indicated that locus me-4 was
probably in linkage group VI and ordered asci were
dissected from this cross. The vigbility of these
asci was poor and the results anslysed are based on
those tetrads in which a minimur of one of each of
three spore pairs was viable. Twelve such asci were
dissected and of these 3 showed PD, 3 NPD and 6 T type
segregation and five of the twelve asci showed second
division segregation for me-it. Of a further 8ix asci
dissected from a cross of 39816 to a linkage group I

marker, K7L (locus his-3), 2 were NPD and 4 T type in
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segregation pattern. The latter four asci showed
second division segregstion of me-i and, hence, of a
total of 18 asci dissected 9 showed division II segregation
of thie locus. It was concluded that locus me-U was
not in either linkage group I or VI and that it was
not close to a centromere.

Estimates of recombination frequencies based on
random spore counts from crosses of 39816 to markers
in a number of linkage groups were approximately 20 per
cent suggesting that the stocks of this mutant carried
deleterious viability factors leading to false indications
of linkage. However, a recombination freguency of
approximately only L per cent was obtained, using the
same method, for a cross involving 39816 and the linkage
group V mutant, 36104 (locus me-3). Spores were, there-
fore, germinated on plates of sorbose medium supplemented
with methionine and the growing colonies isolated, Only
12 of the 119 colonies isolated were found to be wild
type, although if the 1oci me-4 and me-3 were unlinked
a ratio of one prototroph to three auxotrophs would be

expscted. The obegerved values of 12 wild types to 107



mutants were tested for deviation from the expected

values of 29.75 wild to 89.25 mutant types and a total

xZ, for one degree of freedom, of 13,73 was obtasined

(TPable XIV).

Table X1V _
Class Number | Number |[Deviation X2 _ é a—mn 23
observed expected| (a-mn) mm
(2) (rm )
Prototrophs 12 29.75 =175 10.3
| Auxotrophs 107 89.25 +17.5 33
| Total 119.0 | 119,00 0.00 13,75

The probability of obtaining the observed x2 velue
by chanece is mych less than .04 and it is concluded that
locus me-L does not recombine indevendently of locus me-3.

The recombination frequency calculated from the
number of wild type spores is 127%§g x 100 = 21.6
per cent.

Locus me-li, therefore, is probably in linkage group
YV but confirmation by analysis of data from ordered ascil

has not yet been sought.

Loci eys-1 and cys-=2Z. These loci are situated

very ciose to each other and to the centromere in the



and A30 (locus tryp-3), and to the biochemical group
I markers, 35809 (me-6) and 35203 (ag~3), were infertile.
A cross of P29 to the morphological mutant 15300 (al-2, in
linkage group I} was fertile and spores from this cross
were germinated on plates of sorbose medium supplemented
with methionine. A total of 175 growing ascospores were
isclated and tested for growth on minimal medium. The
recombinants, elther muntant or wild tyve with respect to
both the gys-3 and al-2 markers, totalled 70 as opposed
to 105 parental type spores. If the loci were unlinked
the two classes should be expected with equal frequency
(i.e. 87.5 in each class). The x° value for the deviation
from the expected is 2 x (%%%%) = 7.0 for one degree of
Treedom. The prcbability of obiaining such a value by
chance is less than 0.01 and the data, therefore, indicate
that the two loci are linked,
The recombination frequency between the two loci is
L2 x 100 = 40 per cent.
175
Thug the g¥s-3 locus is probably in linkage group I
put confirmation has not yet been obtained.
ngggﬁggg:ﬁ (representeg by P33). Preliminary

estimates of linkage between P33 and a linkage group V1
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marker 75001 (locus itryp~2) indicsted that eys-4

might be in this lirkage group. Ordered asci were
dissected from this cross but viability was poor and
the data are based on asci in which & minimum of one
of each of three spore pairs was viable, 0f 18 asci
dissected 1 showed PD, 1 NPD and 16 T type segregation
giving no evidence of linkage and 11 of the 18 asci

showed second division segregation for locus ¢ys-U.

Cropges were made 6 a8 number of markers and the

data from random gpore counts are summarised in Table XVI.

Table XVI
No. of
Marker viable spores
Isolation linkage| wild % Recomb-
No. Locus no. group type total ination
35809 me-~6 I Lo 146 56
27947 arg-5 1T 31 128 L8
uh602t ad-l IIT 52 238 Ly
o JI his-L IV 25 108 L6
3610L ] me-3 v 38 255 30
75001 * Lryp-2 | VI 56 308 36

No progress has been made in the

alloecation of




locus cys-U4 to a linkage group.

Intra-group crosses between mutants K7 and K8 gave
7 prototrophs in apyroximately 9,600 spores and between
P1 and K8, 3 prototrophs in approximately 5,000 epores,

Loecl cys-H and.EEE—G. Btocks of mutants at these
loci were not avaiiable and there is no published data
concerning the mapping of such mutants,

Locus cys-7 (mutant P120). Amongst 22L random
spores, germinated on minimal sorbose medium, from a
cross between mutants P120 ang L6 (locus gys-2), 36
(16 ver pent) wild type recombinants were observed,
From this evidence ii 18 concluded that locus cys-7 is
not situsted close to0 the gys-1 and -2 loci in linkage

group VI.

Locus cys—8 {mutant P4160). Amongst 142 random
spores, germinated on minimal sorbose medium, from a
erose between mutants P160 and 81605 (loeus gye-1)}, 30
(21 per cent) wild type recombinents were observed. Tt
is, therefore, concluded that locus ¢ys—~8 does not form

part of a linkage group VI cluster.



Discussion

Two loci concerned in the meitsbolic pathway
eysteine me-> cystathionine me-2 homocysteine have
been associated with & fairly shorit region in the
right arm of linkage group IV. A third locus (me-1),
which is concerned with the methylation of homocyeteine
to yield methionine, is situated in the same arm of
this linkage group, but much closer io the centromere,
Therefore, the linkage group IV cluster, indicated by
Horowitz, is not a close one with the genes adjacent
to one another,

A second locus (me-7), concerned in the condensation
of cysteine and homoserine to form cystathionine, has
been identified in linkage group VII and locus me-8,
mutation of which causes a blcockage in methylation of
homocysteine, has been allocated to linkage group III.
Mutant P156, locus me-~9, also associsted with the methy-
lation of homoeysteine, has not bheen identified with any
chromosome region but linkage data confirm that mutant

P156 is defective at some locus other than me-1, me-6

or mg~8. As the loci, me-3 and me-£, had been identified



previously, three cystathionine, one homocysteine
and three methionine loci can now be associated with
particular chromosome regions.

The mepping of the cysteine leoci has been much
iegss complete for atitention was concentrated on the
methionine mutants. Stocks of mutants ungble to reduce
sulphate to sulphite (locus gys-5) and mutants unable to
reduce thiosulphate to sulphide {locus gys-6) have not
been available for study. Of the seven groups of
cysteine mutants studied, the cys-1 and e¢ys-~2 loci had
been identified in linkage group VI by Stadler (1956)
but no Turther indications were found for the location
of any other mutants in a linkage group VI cluster, The
previously reported locus, me-ii, is probably in linkage
group V and it seems likely that the remaining four of
the seven groups of cysteine mumtants, all unsble to
reduce sulphite to thiosulphate, represent loci that
have not been reported previously. Evidence has been
obtained that locus cye-3 is in linkage group I but the
cys~b, cys-7 and cys-8 loci have not been associated
with any linkage groupb.

A summary of the information obtained with respect



to the precursor utilisation and location of the
methionine mutents is given in the form of a des-
ceriptive index compiled on the lines of that of
Barratt gt al. (1954). The isolation numbers of

the alleles at each locus, based on heterocaryon tests,

are included.



Locus
designation

eys—~4

Lys-5

gys-6

cys—7

-6~

Description

Linkage group unknown.

P33, Utilises thiosulphate:; cysteine;
cystathionine; homocysteine or methionine
but not sulphite.

Alleles: K7, K8, P1, P45, P55, P82,
P121, P128.

Linkage group unknown,
35001, Utilises sulphite; thiosulphate;
cysteine; cystathionine; homocysteine or

methionine (Phinney, 194L8).

Linkage group unknown,
86801, Utiliises cysteine; cystathionine;
homoeysteine or methionine but not thio-

sulphate or sulphite (Phinney, 19L48).

Linkage group unknown.
P120. Utilises thiosulphate; cysteine;
cystathionine; homocysteine or methionine

but not sulphite,



Locus
designation

cys-8

me-1

me-2

-67-

Description

Linkage group unknown.
P160, Utilises thiosulphate; cysteine:
cystathionine; homocysteine or methionine

but not sulphite,

Linkage group IV, right arm.

Order; distal to pyr-t.

38706, Utilises methionine but not
homocysteine,

Allieles: 35599, K59, L134, P23, P58, P63,
P8l, P89, P97, P98, P105, P117, P14,

Linkage group IV, right.arm.

Order: distal to pyr-3 and tryp-4 dut
proximasl to pan-1, his-l4, col-1 and got.
HOS8, Utilises homocysteine and methionine
but not cystathionine.

Alleles: L8oolk, K5, K18, K22, K43, Kuk,
K49, K76, K86, K98, P2, P24, P71, P72,

r73, P78, P8O, P81, P85, P88, PO5, F9I9,
P4101, P107, P110, P113, P118, P126, P131,
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Locus L
designation Description

P132, P133, P44O, P143, PIL5, P1L7,
F151, P152, P153, P154, P159, P162,
P169, Pi74.

me-3 Linkage group V, right arm (Barratt gt _al,,
1954) ,
36104, Utilises cystathionine; homocysteine
or methionine but not eysteine.
Allele: P155.

me~L Probably linkage group V.
39816, Utilises thiosulphate (at higher
concentrations); cysteine; cystathionine;
homocysteine or methionine but not sulphite.

me-5 Linkage group IV, right arm.-

Order: distal to tryp-i.

9666, Utilises cystathionine; homocysteine
or methionine but not cysteine.

Alleles: 8630L, x22, K48, K55, K62, K65,
r75, P91, P10O, p102, P141, P1L1, P167, P171.



Locus
designation

me-6

Ie~7

me-8

Descrigtion

Linkage group I, right arm (Barratt et al.,
1954).

35809, Utilises methionine but not homo-
cysteine,.

Alleles: P67, P108, P135.

Linkege group VII, close to centromere,
39103, Utilises cystathionine, homocysieine
or methionine but not cysteine.

Alleles: K79, L97, P5, P12, P6L, P150.
Comment: Probebly allelie to L89L (Fischer,
1957)

Linkage group III, right arm.

o1, Utilises methionine but not homoeysteine.
Alleles: K66, B3, P4, P6, P13, P53, P65,

P68, P70, P7L, P76, P77, P83, P86, P93, PO,
P96, P112, P114, P119, P122, P123, P125,

P12y, P129, Pi34, P136, P138, P148, P145,

P158, P165, P168, P175.

Corment: Could be allelic with 36102 (Emerson,

1850} .
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Leoecus ' '
designation Degcrivtion

me-9 Linkage group unknown.

P156, Utilises methionine but not

homocysteine.

Comment: Could be allelic with 36102,
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g. Intragenic recombination

Introduetion

The term "gene" has been used to signify the
hereditary determinants which are passed from parents
to offspring and which are in some wey responsible for
the developiment of the observed charsacters of an
organism, The more precise definition of the gene
states that the gene is the smallest unit of inheritance;
the ultimate unit of phenotypic difference; and the
unit of mutation. The first of these criteria indicated
that the gene was indivisible by recombination or chromo-
some breakage; the second that the gene Ccould be
associated with 2 single primary metabolic function;
and the third that it was the smallest part of a chromo-
some which, when changed, would be replicated in the
changed form.

From analysis of the "scute" region of Drosophila
melanogaster, Raffel and Muller (1940) concluded that
the three definitiong of the gene need not be co-extensive,
The discovery of recombination between the two physiolo-

gically allelic mutants "Star" and "asteroid" in Drosophils

-V ————



(Lewis, 1945) and, more recently, between zlleles

at loeci in Aspergillus nidulans (Pritchard, 1955);

Neurospora crassa (Giles, 1951, 19563 Mitchell, 1955);

»

and yeast (Roman, 1956), suggest that the ability of
physiologically alleiic mutants €o recombine may be
the general rule rather than the exception.

Pritchard (1955), studying a number of vhysiologically

allelie adenine mutants of Aspergillus, has been able to

place the alleles in a linear order interpreting the
locus a8 comprising a number of sites of mutation
separsble by crossing-over. Pritchard's analysis was
controlled by markers on either side of the adenine
locus, In general, recombination within the lcocus was
aggociated with recombination of the outside markers and,
therefore, prototroph formation was explicable asg the
result of a single cross~over between the defective sites
of thie locus. Such a cross-over would produce one normal
and one deoubly mutant chromatid strand and Pritchard was
able to recover the doubly mutant recombinant. Other
prototrophs, of parental phenotype with respect to the

outside markers, could not be interpreted as the products



of single intra-genic cross—overs but were, perhaps,
comparable with the prototrophs from crosses of

allelic pyridoxin mutants of Neurospora (Mitchell, 1955=,
1955b) formed as the result of what Mitchell termed
"aberrant recombination". Mitchell studied aberrant
recombination in ordered asci and found that prototroph
formation was not accompanied by the formation of the
reciprocal double mutant as would be expected if =&
double crogss-over had taken place,

The evidence thus suggests that two processes may
be involved in inter-allelic recombination, The first
is intra-genic crossing-over demonsirated by Pritchard
(1955) and the second is the unidirectional transfer in

heterozygotes described in Saccharomyces cerevisgiae

(Lindegren, 1953; Roman, 1956); in Neurosporas crassa
(Mitchell, 195ha, 1955b; Case and Giles, 1957) and in
Schizosaccharomyces pombe (Leupold, 1957).

Various hypotheses have been developed to deseribe
the possible mechanism of "aberrant recombination'.
These include the directed mutation or Ycoaversion"
hypothesis (l.indegren, 1953; Strickland, 1958) the copy

choice model of alternative replication (Lederberg, 1955);
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the "switch" theory (Chase and Doermann, 1958;
Freese, 1957), combining the copy choice model and
the concept of "effective pairing" (Pritchard, 1955),
and recombinstion between side chains (De Serres, 1958),
In the light of recent evidence the gene has a
nunber of matable sites arranged in a linear order and
recombination
separable byﬁea&ssé&g—eﬂaa. Alleles defective at
different sites, heterocalleles (Romé%, 1956), might be
expecied to differ in their mmtation rates or physiolo=-
gical expression and it seems possiblie that there may
be a number of alternative alterations at any particular
gsite. The former expectation a2t least is realised for
whilst some alleleB of a biochemicel mutant may make
no growth on minimal medium, others make a little, and

yet others will grow at one temperature but not at

anoc ther., At the td locus of Neurospora (Yanofsky, 1956:

Yanofsky and Bonner, 1956) allele specific suppressor
genes have been identified and some alleles are dis-
tinguishable by their ability to use a certain precursor,
or by their ability to dProduce a detectable derivative.

Alleles at another locus (Giles, 1951, 1956) have been
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shown to have different but characteristic rates of
reversion,

Inter-allelic complementation, yet another
criterion by which alleles can be shown to be differ-
ently defective, has been demonsirated in the hetero-

zygote of yeast (Romen, 1956) and Aspergillus (Pritchard,

1955); in the heterocaryon of Neurcspora {Fincham and

Pateman, 1957; Giles, Partridge and Nelson, 1957) and
by the abortive transduction in Salmonells typhimurium
(Ozeki, 1956).

In the second part of SBection A of this thesis

inter-allelic complementation, in Neurospora, has been

discussed with particular reference to the locus me-2,
which was divisible into four sub-units. If these
four sub-units couid be irgnslated into linear segments
of the locus then it ssemed probable that a correlation
should exist between the map exvressed by the pattern
of complementation and that obtained by recombination
between the mutated sites of the locus although recom-
bination by uwnidirectional transfer may mask such a

correlation. Suitable markers have been located on
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either side of locus ge-2 and inter-allelic crosses

are fertile. The one disadvantage in the choice of

this locus for studies on the fine structure of =

gene, is that the identification of the enzyme cysta-~
thionase II (Fischer, 1957) depende on the chromato-
graphic separation of the cysitathionine cleavage

product and cystathionine is expensive and not easily
obtainable in a pure form. This section is, accordingly,
restricted to the study of intra-genie recombination at

locus me-2,

Theory of Methods

The analysis of recombination within a short region
of the chromosome, in this case within a locus, is con-
trolled by the use of outside markers situated close to,
and on either side of, the region to be studied. To
study recombination at a locus, m, crosses of the type

+ + 2

rn1 b xa m b are made where g and b are mutant

[ N L —

* and g* their corresponding wild

biochemical markers, a
type alleles, and Q1 and mQ independently occurring alleles
at loeus m. Recombinants prototrophic for the m locus
are selected and their genotypes analysed with respect

to the a and b merkers.



If recombination oceurs by cerossing-=over between

1 2

the alleles m and m~ it ie accompanied by recombination

of the markers g and b in the absence of unexpected
additional cross—overs between the m locus and the

outside markers. An excess of reecombinants of the

1

genotype & m' b would indicate the order glgz m b and

conversely an excess of the recombinant genotype at ot ot

1 .2

would indicate the order am' m Db.

Where recombination is the result of unidirectional
transfer the distribution of the g+ recombinante amongst
the four types of outside marker combinations (g b, z b',
érh, g+ g*) is approximately one of equality. Should
recombination by this method be sufficiently fregquent it
is likely to obscure the resulis of intra-genic crossing-

-0ovVer 3

Experimental Methods

The loei tryp-4 and pan-% were chosen as outside
markers and a repreasentative section of alleiles at the
me~2 locus were crossed to a stock, Y2198, 5531, mutant

at both marker loci. Prom these crosses fertile cultures

of the genotypes Iryp me Eaﬁ*é, tryp me Daﬁkg, trxg+ me pan

&



and gxng me pan &, were selected. Crosses were then
made of the type tryp me’ pan® x tryp” me” pan where
mg1 and gg2 are alleles at the me-2 locus. Similarly
marked, self-crosses were made as controls.

A1l the crosses were made in two inch deep Petri
disheg containing appropriastely supplemnented Westergaard's
medium in which was embedded corrugated filter paper.

The dishes were partially sealed by "sellotape', to
prevent excessive drying of the medium, and incubated

Tor approximately two weeks, At this stage spore shedding
usually begen and czch Petri dish lid was replaced by a
clean one, re-sealed, and the dishes then incubzted for

a further two weeks in an inverted position. In this

way large nwibers of ascospores, almost free of mycelial
contamination, were deposited on the Petri dish 1lid.

The spores were washed off the 1id as a suspension in

0.1 per cent agar, for agscospores remain evenly distributed
in this concentration of agar.

The number of spores per ml. of suspension was
estimated by counting the number of spores in a 0,01 ml.
drop of suspension on a microscope slide. A drop of

this size could be conveniently enclosed by a cover slip



and lines were dreawn on the under gide of the slide

to facilitate counting. From this count e2nd a rough
estimate of the sprore viability the dilution necessary
to give spproximately 20,000 viable spores per ml, was
calculated. The appropriately diluted svore suspension
wag treated Por Tifty minutes in an oven at 56°C,

Large numbers of spores from each cross werse
screened by use of a layer plating.technique similar to
that employed by Fewmeyer (1954)., A lower layer of
approximetely 15 mli. of 1 per cent sorbose medium, supple-
mented with tryptorhan and pantothenic acid at the usual
concentrations, was pourced into Petftri plates. These
were kept usually for three days to allow the surface
of the medium to dry before the upper layer was added.
Aliquots (0.1 ml.) of heat treated spore suspension were
transferred to tubes containing approximetely 2 ml, of
molten 0.5% agar medium and the contents of each tube
were evenly digstributed as the upper layer of a plate.
A1l plating was carried out on & level sheet of glass.

To estimate the number of visble ascospores screened

some plates were supplemented with methionine, tryptophan



and pantothenic acid, The uprer layer of these plates

—
10
the previous concentration. The spores making growth

contained 0.7 ml. of spore suspengion diluted to of
on these pletes were counted. Thyree or four such plates
were counted for each experiment and the average number
(x) of viable spores per plate obtained. The number of
spores in one piating experiment was estiméted as 10 x X x n
where n i8 the number of plates screened.

The plates were incubated and after LO hours the
majority of the methionine independent colonies were
first visible %to the naked eye. A one per cent con-
centration of sorbose produced compact sasily identifiasble
colonies and obgervation under the microscope confirmed
that these colonies were growing from single ascospores.
Each colony was transferred to a slope of Vogel's mediwun
suppiemented with tryptophan and pantothenic acid. The
plates were re-—-examined after a further 8 hours incubation
and eny additional colonies were isolated.

Wherever heterocaryon complementation had heen
detected erosses involving these alleles yielded pseudo-
~-wild types (PWT). In most crosses PWT's were not

detectable umtil after three or four days incubation and
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PWT cultures did not prodnce conidia within seven
days of isolation on medium lacking methionine.
However, PWT's from a cross between the alleles P169
and P99, which complement well in & heterccaryon,
were first detectable after 48 hours of incubation
and when isolated on medium lacking methionine they
were not noticeably different from true wild types.
All isolates from crosses involving these two alleles
were tested to determine whether they were true or
PWT with respect to the methionine locus.

Conidiea, from each isolate, were spread on sorbese
medium lacking methionine but appropriately supplemented
with tryptophan and panthothenic acid. A number of
conidia failing to grow on this medium were transferred
to medium supplemented with methionine in addition to
tryptoprhan snd pantothenic acid, It was then determined
which, if anhy, of these three supplements was necessary
for the growth of easch extracted culture, Where cultures
of both me~2 alleles were recovered, it was concluded
that the isolate was a PWT rather than a prototrophic

recombinant. Conversely no methionine auxotrophs were
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extracted from isolates of true wild type recombinants.

Results

The mutants used in this study and the complementation
groups which they represent are listed in Table XVII.
Group A contains the mutants which gave no complementation
with any of the alleles studied. Groups B, C, D and E
are defective in the four respective sub-units or segments
into which the locus was divided, and group F is defective
in the D and E segments.

Table XVIT

Complementation group. Mutants siudied.
A k5, P2
B P169
C P&
D Kl
E H98, P99, P17hL
Iy K23

(i) self-ecrosses. Some of the self~crosses were not

very fertile due mainly to the poor viability of the
spores, but this is probably the result of associated

viability factors rather than a proverty of the Foeus genes
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tLe.m.s elves
Li%se}ﬁ. The number of viable spores screened for

each self~cross is given in Table XVIIIL, in all
the crosses only one prototroph was observed and
since this carried the vpan-1 marker it was probably
not a contaminent, but it is not kmown whether the
prototrophy was due to & change at the me-2 locus or
to & matation at a suppressor locus.

Table XVIIT

Mutant Number of
viable spores| prototrophs
K5 %1,620 1
P2 88,980 0
P169 32,513 0
P& 95,526 o
KLk 47,709 0
HO8 73,800 0
P99 120,776 0
P17h 50,630 | o
K23 48,275 | 0

The results of the self-crosses indicate that the

alleles studied, with the possible exception of K5, are
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Ko, of prototrophs in

Ltz prototrophs the four olasses x2 for deviation of \l
Cross aroups No. of Yecotibinent olasses | Probabil
P1 x P2 represantad | viable sporea nmmber | frequancy prrentsl | cross-over from equality iy
Pq P2 ++ |pan tryp !

P81 Dap x P169 Ligp| Cx B 528 ,LL0 9 0017 e 2| 7 0 7.0 < .04
P169 pagp x P81 Lryp | B x C 311,520 7 .0023 2 2 o 3 340 W10 = 0%
P69 pan x PO LLyp| B x 80, 248 6 0075 2 h 0 4,0 ‘& .05
P99 pag x Pt69 tryp EXB 276,417 14 <0051 3 o 7 7.0 << .01
KLis pan x H9B Lpop DxR 202,886 M LOUS 6 | 39 6 Lo 25.0 < L0t
HS8 pap x X23 ypvn ExP 2hb, 306 103 «0L2 N2} 13 3¢ 18 3.0 L0 = 05
K23 pap x ROS Lryp x 334,590 109 +033 17 38 | 17 37 7.h < .01

. T -
Kis pap x X23 4pyp | DX P 81,384 M oa7 1 ol o @ . a0 < .05 ]
P8t pap x Kulh ipyp Cx 181,200 ay U7 w1z N 11 9.5 = .01 l
K4l pap x P8ILEYD DxC 133,630 78 -058 g 3 7 28 12.6 << .01
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stable and that prototroph formation in inter~allelic
crosses would be the result of some mechanism other

than reversion. It would, however, have been desirsbhle
to obtain more significant results by screening con-
siderably greater numbers of spores,

(ii) Crosses between mutants representing different

complementation groups. The analyses of these crosses

are shown in Table XIX. The ovrototropvhic colonies
obgerved in esch c¢cross were all isclated and tested.

{(a) Intra-genic crossing-over. The significant

excess of methionine prototrophe in one of the two
cross—over classes, and a reciprocal relationship in
reciprrocal crosses, is evidence for a linear order of
alleles. By calculation of x°s it is shown that for
gix of the ten crosses there is a significant deviation
of the recombinent classges from a 1:1 ratico at the 0.01
probability level. From three (P81 tryp x P169 pan,
P169 pan x P99 tryp and K4l pan x K23 tryp) of the four
other crosses, insufficient nunbers of prototraﬁgigiere

isolated to obtain inegualities in the cross—overiwhich

were more significant than those listed in Table XIX.
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However, in the reciprocal crosses of the first iwo
of these, sulficiently large numbers of prototrophs
were isolated in each cese to give a significant
excess of the exnected cross-over type. In the
remaining cross, F98 pan x K23 tryp, the excess of
one of the cross-over classes is almost significant
at the 0.05 probability whilst in the reciprocal cross
the alternative cross~over class is significantly in
excess at the 0,01 probability level.

Prom these date it is concluded that there is a
linear order of the alleles and the sequence of the
alleles and their outside markers can be determined.

The order derived is tryp-b, D, B, B, C, pan=1 with the
group F representative, K23, loecated close to Kul {grounp

D)., This is in agreement with one of the possible
arrangements based on heterocaryon complementation,

which requires groups D and E to be adjacent, Quanti-
tative estimates of complementation from either growth

or enzyme assays of heterocaryons have not been obitained
and the only criteria by which the extent of complementation
may be judged are the times taken for pseudo-wild type

or heteroecaryotic.growths on minimal medium %0 become
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visible and the extent of such growth in the absence
of methionine. The order anticipated if heterocaryons
between mutants in adjacent grouvs give a weaker growth
than those between further sevarated mutants is B, C,
D, E. The heterocaryon of mutants P169 and P99

(group B + group B) forms particularly guickly and
both heterocaryon and corresponding ovsendo-wild type
make very good growth in the absence of methionine, but
recombination data indicate that groups B and E are
adjacent and the frecuency of »rototroph formation
between mutents P169 and PSS is only 0,0056 per cent.
Conversely, mutants P81 (group C) and KLi (group D)

are the most widely separaigd according to the recomw-
tination data and yet PWT's extracted from crosses
between these alleles make Very slow growth in the
absence of methionine.

(b} "Conversion”. The cross H98 pen x K23 tryp
was the first cross to be studied and a notable feature
of the results was an unexpscted, marked asymmetry in
the distribution of the non-recombinant vroitotrophs

between the two parental classes, Spores from this



Table XX

Analysis of non-recombinant prototrophs from crosses between alleles of

different complementation groups.

Cross No., of prototrophs in for deviation of T
P1 x P2 non-recombinant classes|P1:P2 from a 1:1 ratio
71 P2

HO8 pan x K23 tryp L2 13 153 + 01
K23 pan x HO8 iryp 17 38 8,02 .01
Kbly pan x P81 iryp g 34 14,5 O
] P81 pan x Ki4 tryp 30 12 77 .1
Ky pan x H98 tryp 6 39 2l 2 .01

Khly pan x K23 tryp 0 0




eross were germinated on medium supplemented with
methionine, pantothenic acid and tryptophan, and
growing sporss were igolated atf random. The genotypes
of the isolates were tested, but there was no excess
of either the pan-1 or tryp-4 marker, thus indicating
that differential viaebility of the markers was not
responsibie for the asymmetiry.

In the cross P81 ngé x Khlf pan a similsr asymmetry
was encountered suggesting that the ineguality was not
the result of chance. The results of the two reciprocal
crosses {Table XX} confirmed the unegual distribution,
but in each of these crosses the excess of prototrophs
was in the alternate parental class, indicating that
the effect was a characteristiec of the me-2 alleles
rather than the markers or any associated factors.
Recombination by unidirectional transfer apparently
occurred more frequently at some sites than others.

The mutants HO98 and P81 appeered more prone to con-

version than mutants X232 and XKili,

If mutants mﬁ and m2 have low conversion rates
and a mutant m5 a2 high conversion rate then in the
1

crosses i1ryp m p_an+ X trzp+ m3 van and iryp m2 gan+ X
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> pan a marked asymmetry in the distribution

tryp® =
of the non-recombinant prototrophs would be expected
with the excess in the parental class carrying the pan

marker., Recombination by conversion would be expected

1 nan& X trzg+ m2 pan,

and asymmetry in the two parental classes, if ovresent,

less frequently for the cerossg tryp m

would be less distinct.
At this time litile information was available con-

cerning the genetic map of locus me-2 and mutants K23,

XLy and H98 were chosen as m1, m® and m’

1 X m3 has already been discussed, for it

respectively.
The cross m

indicated & high conversion rate for the m3 allele,

3

The cross m2 X m” showed, as anticipated, a much more

frequent conversion at the m3

m2 site. Cross m' X m2 provided no relevant information,

site compared with the

for few prototrophs were obtained.

In order that a test of the type outlined above
may be performed it will be necessary to choose thres
mutente with sufficient recombination between any two
of them to allow isolation of zdequate numbers of

prototrophs from each of the three crosses., This may



Fig VI Genetic map of locus meg-~2
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Distances are expressed as the frequencies of methionine prototrophs per ten
thousand viable spores plated.
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be possible using the mutants TG8 and P81 as alleles
with high conversion rates and either Kib or K23 as
the allele with a low conversion rate.

(e} Mepoine within locus me=2. ging the data

in Table XIX the genetic mar of the locue me~2, showmn
in Fig. VI, hes been construcited. The dletances hetween
alleles are exnressed in terms of the fregusncy of
methionine prototroohs per iten thoussnd vieble srores,
Where data are svailable for the reciprocel c¢rosces in-
volving two alleles, the frequency of »rototrophe
formstion is calculzsted z2s the weighted mean. =~ The
data lack results from the crcse P99 (group E) x Kib
(group D) and i%t is, therefore, not possible to sum

the constituent recombinetion frecuencies P8&81(C) =z
P169(B) + P169(R) x P9o(E) + P99(®) x E4L(D) for
comparicon with the frecguency obtained from the cross
P81(C) x Kuh(D). A larger value is obtained for the
latter cross then for crosses between any other alleles
and it exceeds the sum of the availsble congstituent
crosses, Thus, it seems »Hrobeble that the prototroph
formation frequencies are additive and not markedly

distorted by additional factors effecting recombination



Tabhle XXI

Analysis of prototroph freguencies from crogses betweepn alleieg of the

same complementation group.

Hot - No. of prototrophs
etero- c. oF in the four classes
Cross caryon viable me~-2 prototrophs SoR =
P1 x P2 group spores |Number [Frequency [grogg-over cross-over
P1 P2 ++ [pan tryp
x5 pap X F2 tryp A 179,0801 59 ,033 17 16 | 18 8
p2 pan X K5 iR 146,220 62 ou2 [ 19 | 25| 8| 10
i p17L pan ¥ P99 Lryp B LL8,367 7 L0016 | 2 3 1 1
L?'/,/" —'\[




frequencye.

The boundaries between the segments of the locus
are chosen arbitrarily as being mid-way between neigh-
bouring representatives of adjacent segments. More
precise infermation concerning the positions of such
boundaries, if definite boundaries exist, reguires the
mapring of additional alleles,

(1ii) Crosses between mutants within the same group.

The results from crosses between alleles in group A
and between alleles in group E are given in Table XX7J.
Methionine prototrophs were isolated from each of the

three crosses.

Disgussion
Consideration of the markers carried by the

methionine prototrophs isclated from inter-allelic
crosses at the me-2 locue indicate that recombination
occurs by intra-genic recombination and by unidirectional
transfer with approximately equal freguency. An excess
of methionine prototrophs in one of the cross—over
classes with the excess in the alternative cross-—-over

class when the croes is reciprocecally marked, is evidence
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for a linear order of alleles. This property has
been utiliised in the determination of the sequence of
the alleles studied.

The functional test of heterocaryon complementation
divided the locus into four sub-units and evidence from
the genetic test of crossing-over suggests that the
complementation map can be correlated with the genetic
map. Alleles in the same complementetion group are
localised in the same region of the genstic map and
genetic data sfford an arrangement of the four sub-units
in & linear order which complies with one of the possible
orders suggested by the complementation data.

A genetic map (Figure VI) of the me-2 locus has
been constructed and, =zlthough only a small number of
alleles can, as yet, be represented on this map the order
from cross—-over data is in agreement with the order
derived from consgideration of the prototroph frequencies,
The present data are in agreement with the vrineiple of
additivity expected if recombination is the result of a
genetic exchange. If the prototroph freguenciegs are in
fact an estimete of the linear distance between alleles,

the sub-units of the locus must vary in length, for in



locus me-2 grour B must be small in comparison with
group D and, or group E. The essumbtion that the
genetiec length of a segment mey reflect the number of
mutational sites appears guite reasonable and may account
for the finding that of the twelve alleles capable of
complementation two were located in grouprs B and C,

and ten in groups D, E and the overlapping group F.

That some complementation groups are represented by
many &elleles and others by only & few may be a general
occurrence, and has been observed for example at the
his~3 locus {Catcheside, 1959}, the arg~1 locus (Catche~
side and Overton, 1958) and locus ad-L (Woodward gt al.,

1958) in Neurospora crassa. Differences in rmtation

rates, in the numbers of mateble gites, or in a com~
bination of these two factors could be responsible for
these distridbutions.

The ocecurrence of a high protoiroph fregquency in
the cross between two group A zlleles (X5 and P2) sub-
gtantiates the view (Roman, 1956) that slleles in group
A do not in general carry overlapping deficiencies,
Furthermore, the proteotroph frequency observed in this

cross indicates that these two allelesg are not confined



to a short region of the locus. This is in agreement
with the finding of Case and Giles (1958) that the
group A mutants are scattered throughout the length of
the locus 2nd some may even be homoallelic with the
complementing alleles of groups B or C. Data from
recombination and complementation tests at loci with
more than two sub-units suggest that a8 mmtation within
a segment B may result in a mutant which falls within
group A, group B, or a group E that overiaps segment B
and one or more adjacent segments. An example of the
latter type is furnished by mutant K23 (group P) located
in segment D, but whose range overlaps segmenis D and B.
These findings may be interpreted as evidence that both
the precise location of 2 mutation and the nature of the
mutational change determine the form and degree of
alteration of the gene produets funection.

Prototroph formation in a cross between ftwo group
E mutants confirms that these mutants have not got
overlapping deficiencies in segment E. The recombination
data generally substantiate the conception that the
mutants, whether capable of complementation or not, are

each defective at one of the many possible linearly
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arranged sites within a chromosome region (i.e. the
locus) which specifies a unitary function.

The hypothesis ol Roman (1958) that the determinants
of different genetic functione may overlap, s¢ that
mutation in the common segment can affect two different
functions, is not tenable at a locus, such as me-2, for
here a group A mutation would necessitste three simul-
taneous mutations, one in each of the three possible
common segments.

Roman's hypothesis is even less applicable to the
interpretation of the ad-L locus of Neurosvora erassga
(Woodward, Partridge and Giles, 1958) which has been
represented by a complementation map of seven sub~-units.
Mutants at this locus lack edenylosuccinase but the
production of this enzyme in quantities of 3 — 25 per
cent of that found in the wild type has been demonstrated
with an approximatejcorrelation between level of activity
and distance of separstion on the complementation map.
Woodward {(1959) reports a similar relationship from
studies on enzyme complementation in vitro between

zdenylosuccinaseless mutants, and stresses the importance



of this correlation with the finding of a maximum
engyme activity of 25 per cent. He offers these
data as evidence Tor a recombination process between
zene productis. Recombination between two templates
could yield a maximum of 25 per eent of wild type
templates. Further, the greater the distance beiween
two defective sites, the grester is the probebility of
recombination.

The evidence available suggesis that there is no
correiation between map distance and restoration of
enzyme sctivity =t locus ne-2, Fowever, in the absence
of enzyme and growth assay deta a definite conelusion
cannot be reached. From studies of the effect ol am

mutantis of Neuroeporas crassa on the formation of

glutemic dehydrogenase Fincham (1955) provided evidence
for the ovresence of "hybrid" enzymes in heterocaryons
comprising mutants capeble of complementation. The
formation of a "hybrid" enzyme, with properties different
from those of wild type glutamic dehydrogensse, excluded
& process of recombination at the gene product level

vielding a wild type product or ftemplate capable of

o
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catalysing the synthesis of sn enzyme not gualitetively
different from that of the wila itype.

& Tfurther importaznt aspect of prototroph formation
in inter-allelic crosses is the mechanism of recombinztion
by unidirectional transfer. The observation that some
alleles at locus me-2 give rise to prototrophs by a
non—conventional mechanism more freguently ithan others,
Tavours a conversion hypothesis. However, the additivity
of prototroph frecuencies suggests that regardless of the
mechanism of this recombination, the probebilily of its
occurrence ig a function of the distance\between the two
matant sites involwved. This additive pehaviour is ob-

served at the pan-2 locus in HNeurospors cressa (Case and

Giles, 1958} and ot the ad-7 region in Schizosaccharomyces

pombe (Leupold, 1958). Recombination of a pon-reciprocal
type probably occurs at both of these loci and these data,
therefore, suggest that sberrant recombination involves
a transfer of genetic material,

Additional evidence favouring a copy-~choice hypoihesis
rather than directed mutation is given by Giles {1958)

from studies at the 2d-4 locus of Neurospora. Enzyme

assays on cultures derived by reversion at the ad-L locus



indicated that certain mutationel changes may place
permanent upper limits on the degree to which enzyme
restoration can be achieved. ?rototrophs gssumned to

be formed asg the result of "conversion" exhibited

enzyme activities equivalent to that of wild type,

thus supprorting the view that reverse mutations in
conidia arise by & mechanism different from non-reciprocal
prototroph formation at meiosis.

A surprising festure of the disitribution of the
prototrophs within the four classes was the relatively
high number of prototrophs within the less frequent
cross-over class, for if the outside markers are close
to the locus, the number of protoitrophs in this class
should be negligible. Extension of these studies of
random spores in conjunction with data from ordered
asei may help in the elucidation of the mode of origin
of both the unexpected reciprocal recombinants and the
non—-reeiprocal recombinants. Confirmation should alsoc
be obtained that at least some of the excess cross—over

class arise by intra-genic recombination.



BETERENCES

Barratt, R.W., Newmeyer, D., Perkins, D. & Garnjobst, L.

1954, Map construction in NeurosSpora crassa.

Adv. in Genetics 6:1.

Beadle, G.W, & Tetum, E.L. 1941, Genetie control of

biochemicel rescticns in Neurospora. Proc. Nat,

hcad, Sci., Wash. 27:499,

Beadle, G.W. & Tatum, E.L. 1945. Neurcspora IJ.

Metkods of producing angd detecting mutants concerned

with nutritional reguirements. Am, J, Bot. 32:678.

Case, M. & Giles, N.H. 1958. Evidence from tetrad analysis
for both normal and aberrant recombinstion between

alielic mutants in NHeurcsrors cragega. FProec., Nat,.

Acad. Sci., Wash. Lli:378.

Catcheside, D.G. 1951, The Genetics of Microorganisms.

Pitman & Sons. London.
Catcheside, D.G. 1954, Isoletion of nutritional mutants

of Heurosyora crassa by filtration enrichment. Jda

Gen. Microbiol. 11:34.
Catcheside, D.G. 1959, Microbial Genetics, Relation

of genotype to enzyme content. (in press).



Catcheside, D.G. & Overton, Anne. 1958. Complementation

between alleles in heterocaryons. Cold Spr. Harb.

Symp. Quant. Biol., 23:137.

Chase, M. & Doermann, A.H. 1958, High negative inter-
ference over short segments of the genetie structure
of bacteriophage., Genetics 43:332.

Ciowes, R.C. 1958. Nutritional studies of cysteineless

mutants of Saimonella typhimurium, Je Gen. Micro-

biol. 18:1LO.
Demeree, M. 1955. Structure of gene loci. Enzymes:
Units of bioclogical structure and function. Acad,

Pregss Inc. 13L.

De Serres, F.J. 1958. Reecombination and interference in

the gd-3 region of Neurospora crassa. Celd Spr.

Harb, Symp. Quant. Biol. 23:111.

bodge, B.O. 1929, The nature of giant spores and

segregation of sex factors in Neurospors. Myco—

logia 21:222.
Dodge, B.O. 1930. Breeding albinistic strains of the
Monilia bread mould. Mycclogia 22:%,

Dodge, B.O., 1931, Inheritance of the albinistie



-100-

non-conidial characters in inter-gpecific hybrids

in Neurospora. Myecologia 23:1.

Emerson, S. 1950. Competitive reactions and antagonisms

in biosynthesis, Cold Spr, Harb, Symvo, Quant.
Biol. ih:40.

Pincham, J.R.3. 1951, The occurrence of glutamic de-

hydrogenase in Neurospors and its apparent absence

in certain mutant strains. J. @Gen. Microbiol. 5:793.
Fincham, J.R,S. 19593, On the nature of the enzyme
produced by inter-aliele complementation at the
am loeus in Neurofspors crassa. J. Gen. Microbiol.
21:
FPincham, J.R.S5. & Pateman, J.A. 1957. Pormation of an
enzyme through complementary action of mutant "alleles™
in separate nuclei in a heterocaryon. Nature 179:711.
Fischer, G.A. 1857, The cleavage and synthesis of cysta-
thionine in a wild type and mutant strains of Neuro—

spora crassa. Biochim. Biophys., Acta. 25:50.

Fling, M. & Horowitz, N.H. 1951, Threonine and homoserine

in extracts of a methionineless mutant of Neurcspora.

J, Biol. Chem. 190:277.

wreese, BE. 1957. 'The correlation effect for a histidine



~101~

locus of Neurospora crassa. Genetics L2:671.

Fries, N. 1946, X-ray induced parathioctrophy in

Ophiocgtoma. Svensk, Botanisk Tidskrift. 40:127.

Garnjobst, L. 1S53. Genetic control of heterocaryosis

in Neurospora crassa., Am. J, Bot, 40:607,

Garnjobst, L. 4S55. IMirther snalysis of genetie con-

trol of heterocaryons in Neurogpora orsssa. Am.

J. Bot. L2:hil,

Garnjobst, L. & Wilson, J.F. 195€, Heterocaryoslis and
protoplasmic incompatibility in Nesurospors crassa,
Proc. Wat. Acad. Sci., Wash. 42:613,

Giles, N,H. 1951. Studies on the mechanism of reversion

in biochemical mutants of Neurospora crassa. Cold

Spr. Harb. Symov. Quant, Biol. 16:283.

Giles, N.H. 1958, Forward and hack mutation &t specific

loei in Feyrospora. Brookheven Symp. Bicl. 16:283,

Giles, N.H, 1958. Mutations at specific loeci in Keuro-

spora. Proec. Xth Int. Congr. Genetics, Montreal

1:261,
Giles, N.H., Partridge, C.W.H. & Nelson, N.J. 1957. The

genetic control of adenylosuccinsse in Neurogpora

crassa. Proc. Jat, Acad, Sci,, Wash. 43:305.




~102-

Hartman, P.E, 1956, Linked loeci in the control of
consecutive steps in the primary pathway of his-

tidine synthesis in Salmonella tyobimurium. Genetic

studies with Bacteria, Carnegie Tnst, Washe. Publ.

612:35,
Hoekenhuwll, D.J.D. 1949, The sulphur metasbolism of

mould fungi. The use of viochemical mutant strains

of Aspergillius nidulans in elucidating the bicsynthesis

of eystine. Biochim. Biophvs. Acta. 3:326.

Hollowey, B. 1955, Genetic control of heterocaryosis in

Neurospora cragsa. Geneties LO:117.

Horowitz, ¥,H. 1946, The isolation and identification
of & natural precursor of choline. J. Biol, Chem.,
162:413,

Horowitz, N.H. 1947, Methionine synthesis by Neurospora.

ge Bicl, Chem. 171:255.

Horowitz, N.H. 1950, Biochemical genetics of MNeurospora

CraSBa. Adv, in Genetjes 3:33,

Horowitz, N.H. 1955, Discussion, Symposium on Amino
Acid Metabolism, Baltimore; Johns Hopkins FPress,

Horowitz, N.H. & Beadle, G.W. 1943, A microblologicsl



“103-

method for the determinetion of choline by use

of a mutant of Weurosvora. J. Biol. Chem. 150:325,

Horowitz, M.H®,, Bonner, D. & Houlahan, M,R. 1945, The
utilisation of choline analogues by cholineless

mutants of Neurosporsa. Je. Bigl. Chem, 159:1L5,

Horowitz, N.H. & Fling, M. 1953. Genetic determination
of tyrosinase thermostahility in Keurosvors. Genetics
381360,

Horowitz, N.H., Fling, I, kadeod, H.L. & Sueockas, N.

Multipenic control of tyrosinese synthegis in

Neurospora. In the press.

Kelner, A. 1949, Photoresctivation of ultraviolet ir-

radiated BEscherichis colji with special reference to

the dose-reaction principle and tc ultraviolet
induced mutation. J. Bact. 58:511.
Lacy, A.M. & Bonner, D.M. 1958. Complementarity between

alleles at the td locus in Heurosnors crassa, Proc.

X int, Congr, Genetics, Montreal 2:157.

Lampen, J.0., Roepke, R.R. & Jones, M.J. 1947, Studies

on sulphur metabolism of Escherichia coli. Arch,

Biochem. 13:55.



-4 Ol

Lederberg, J. 1955. Recombination mechanisms in

bacteria. J. Cell. Comp. Physiol. (Suwppl. 2)
L4575,
Leupold, U, 1857. Physiolcgisch=genetische Studien an

o

adenin~abhingigen Mutanten von Schizosaccharomyees

pombe. Bin Belirag zum Problem der Peeudoallelic.

Schweiz. z, alig. Path. Bakt. 20:535,

Leupold, U. 1958. Studies on recombination in Schizo-

saccharomyces pombe., Cecld Spr. Harb. Symo. guant.

Biol, 23:161,
Lewis, E.B., 1945, The relation of repeats to position

effect in Drosophila melanogaster. Genetiecs 30:137.

Lindegren, C.C. 1933, The genetics of Neurosvpora III,

Pure bred stocks and crossing over in Neurospora

crassa., Bull, Torrey Bot. Club. £0:133,
Lindegren, C.C, 1953, Gene conversion in Saccharomyces.
Js Genet., 51:625.

MeClintock, B. 1945. INeurcspora I. Preliminary

observations of the chromosomes of Neurospora crassa.

Am. J. Bot. 32:671.
Mitchell, H.E. & Lein, J. 1948. A Neurospora mutant

deficient in the enzymatic synthesis of tryptophan.



-t 05—

Jde Biol, Chem. 175:u81.

Mitchell, M.B. 19554, Aberrant recombination of
pyridoxine mutants of Neurospora. Proc. Nat,
Acad. Sei., Wash, 4i:215.

Mitchell, M.B. 1955b, Purther evidence of aberrant

recombination in Neurcsphora. Proc, Vat. Acad.

_$r0_j..tg Waﬁho &1_:935'

Newmeyer, D. 1954. A plating method for genetic analysis

in Neurcosporsa. Genetics 39:604,

Ozeki, H, 1956, Abortive transduction in purine-requiring

mutants of Salmonells typhimuriwm. Genetic studies

with Bacteris, (arnegie Inst., Wash. Publ. £12:97.

Phinney, B.0O. 1948, Cysiﬁne mutants in Neurospora.

Genetics 33:624,
Pittenger, T,H. 1954, The general incidence of pseudo-

~wild types in Neurpspora cragsa, Geneticg 39:326.

Pontecorve, G, 1959, Trends in genetic snalysis.
Oxford University Press, London.

Pritchard, R.H. 1955, The 1linear arrangement of a
series of alleles of Aspergillus niduylans, Heredity
9:343,

Raffel, P. & Muller, H.J. 1940.  ©Position effect and




-106-

gene divisibility considered in connection with
three strikingly similar seute mutations.
Geneties 25:541.

Roman, H. 1956, Studies on gene mutation in Saccharo-

myces. £Lold Eor, Harb. Symp. Quant. Biol. 21:175.

Roman, H. 1958. Sur les recombinaisons nonréciproques

chez Saccharomyces cerevisiae ¢t sur les problémes

posés par ces phéroménes . Ann. Genetique {:11.
S8ingleton, J.R. 1953. Chromosome morphology and the

chromosome cycle in the ascus of Neurospora crasssa.

Am. J. Bot. LO:124.

Stadler, D.R. 1956, A map of linkage group VI of

Keurospora crassa, Geneties l1:528,

Sheesr, C,L. & Dodge, B.0. 1927. Life histories and

heterothallism of the red bread mould fungi of the

Meonilis sitophila group. J. Agric, Res. 34:1019.

Sherherd, C.J. 1955. Pathways of cysteine synthesis in

Aspergilius nidulans. J, Qen, Microbiol. 15:29.

Srb, A. & Horowitz, N.X, 194k, The ornithine cycle in

Neurospora and its genetiec control. Je Biol. Chem,
1542129,
Steinberg, R.A. 19401, Sulphur and trace element nutrition




-] Q7=

of Aspergillus niger. J. Agric, Res. 63:109,
Strickland, W.N. 1958. Abnormal tetrads in Aspergillus

nidulans. Proc. Roy. Soc. B 118:533,

Suyema, Y., Woodward, V.. & Serackek, 4. 1958, Futrition

and fertility in Neurospora crassa. Microbial Genet,

Bull. 1_6_:290
Tatum, E.L., Barratt, R,%. & Cutter, V.M, 1940, Chemical

induction cf colonial paramorphs in Neurcsvora and

Syncephelastrum,. Science 109:209,

Teas, H.J., Horowitz, ¥.4. & Fling, M. 1648. Homoserine
a&s a precursor of threonine in Heurospora. Je. Biol,
Chem. 172:883,

Vogel, H.J. 1955. A convenient growth medium for

Neurospora. Microbial Genet. Bull, 13:L2,

Westergaard, M. & Mitchell, H,K, 1947. A synthetic
]

medium favouring sexual reproduction of Neurcspora.

A.n’f.. J. BO‘t. 5_&:573.

Whitehouse, H.L.K. 1242, Crossing-over in ¥eurosporsa.

New Phytologist b1:23,

Wilcox, M.S. 1928. The sexuality and arrangement of ths

spores in the ascus of Feurospora sitophila. Myeologig

20:3.



~108~

Woodward, D.0O. 1959. Enzyme comvlementation in vitro

between sdenylosuccinaseless mutants of Feurospora

cragssa. EProc. NWat. Aced. Sci., Wesh. L5:8L6.

Woodward, D.C., Partridge, C.7.H. & Giles, M.H, 1958.

Complementation at the ad-4 loeus in Neurosnors

cragsa, Proc. Net. Acad, Seci., Wash. 4li:1237,

Yanofsky, C. 1952, The effects of gene changes on

tryptorhen desmolase formation. Proc, at. Acad.

Sci,, Wash. 38:215.

Yanofsky, C. 1956. Irdole-3-glycerol vhosphate, an
intermediate in the biosynthesis cf indole,

Biochim, biovhyvs. Acte 201438,

Yanofsky, C. & Ponner, D... 1956. Gene intersction in
tryptophan synthetese formation. Geneties 40:761.
Zaloker, M. 1950, The snlrhonemide-recuiring mutant of

Feurosporsa: threonine-methionine entegonism. J e

Bact. £0:191.



