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Chapter I

INTRODUCTION

The phenomenén of genetic recombination is basic
not only to the study of genetics but also to the
evolution of species throughout the biological phyla,
yet it remains one of the least understood of biological
phenomena.

The possibility of recovering all the products of
meiosis has placed the ascomycete fungi, and particularly
those which produce linear asci, in the forefront of
recombination research. It is mainly from evidence
obtained from gene conversion in such fungi that the
various models proposed for the molecular mechanism of
recombination in eukaryotes have come, e.g. Holliday (1964),
Whitehouse and Hastings (1965), and Paszewski (1970).

The common features of these models are that: recombination
is initiated at single DNA sfrand breaks; disruption of

base pairing adjacent to the breaks follows, with formation
of hybrid DNA between recombining chromatids; ligases

rejoin remaining breaks, and any mismatched base pairs
resulting from.mutations being included in the hybrid

region may be corrected. Details of the models vary;
Whitehouse and Paszewéki postulate DNA synthesis,

distinct from any synthesis necessary for correction of
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mismatched base pairs, and degradation of some DNA.
Whitehouse and Hastings have interpreted the data on
polarity of intragenic recombination as indicating that
recombination is initiated at specific sites. That such
models may have general validity for eukaryotes is

suggested by recent observations of gene conversion in

Drosophila melanogaster (Smith et al., 1970), (Ballantyne
and Chovnick, 1971) and possibly maize (Salamini and
Lorenzoni, 1970).

The geneticist's normal method of studying a
process by isolation and study of mutants affecting that
process has been sadly unproductive in the field of
eukaryotic recombination. Possibly such mutants disrupt
meiosis to the point of sterility, allow a lethal
accumulation of mutations or cause extensive DNA damage.
In bacteria and phage the method has been more productive,
see reviews by Davern (1971) and Echols (1971), and
Barbour et al. (1970).

As an alternative to the artificial production of
mutants, geneticists studying recombination have depended
mainly on natural variants, e.g. the meiotic mutants of

Drosophila melanogaster (Sandler.gE al., 1968), the fine

controls of recombination in Schizophyllum commune

(Simchen, 1967), (Simchen and Connolly, 1968), (Stamberg,

1968) , (Simchen and Stamberg, 1969%a), and (Schaap, 1971),



and in yeast (Simchen et al., 1971), and the rec genes

in Neurospora crassa (Jessop and Catcheside, 1965),

(Catcheside, 1966), (Jha, 1967, 1969). The observation
that the Neurospora rec genes affect the polarity of
intragenic recombination events (Smith, 1966), (Thomas
and Catcheside, 1969), (Smyth, 1971) is consistent with
the hypothesis (Catcheside and Austin, 1969) that a £gg+
gene produces a repressor capable of binding at a
specific site, or sites (Catcheside and Austin, 1971),
and inhibiting the initiation of recombinase action. It
is also consistent with the hypothesis (Threlkeld,
personal communication) that EEE_ genes are.deficient in
production of specific ligases which would be expected
to result in a high frequency of single strand breaks.
Such a mechanism has been observed recently in T4 phage
(Krisch et al., 1971). The cog mutant controlling
intragenic recombination at the hist-3 locus and intergenic

recombination in the hist-3 to ad-3 region of Neurospora

crassa, and postulated by Angel et al. (1970) to be a
mutant binding site for a recombinase, might then
correspond to some feature of DNA replication.

From their work on Schizophyllum, Simchen and
Stamberg (1969b) have suggested a general classification

of recombination controls into coarse and fine. A



modification of their Table I is given below:

Table I

SOME PROPERTIES OF COARSE AND FINE

CONTROLS

OF RECOMBINATION

Coarse control

Fine control

Magnitude of effect
Extent of effect
Natural occurrence

Selective advantage

Functions affected

Observed in

Examples

extreme

entire chromosomes
rare

harmful

overall ﬁechanisms
of synapsis,
recombination,
separation, etc.
pro- and eukaryotes
bacterial rec
mutants (Davefn,
1971)

Drosophila meiotic
mutants |
(Sandler et al.,
1968)

Tomato desynaptic
mutants (Moens,
1969Db)

Fungal uvs mutants

(Schroeder, 1970)

small

localised regions
very common
beneficial
specificity of

coarse functions

eukaryotes
Schizophyllum fine

controls

Neurospora rec

genes



One natural variant of Neurospora seems to lie
somewhere between these definitions in that it appears
to affect a large, about 15%, portion of only linkage
group I. Fincham (1951) studied the relative controls
for recombination in this chromosome in N. crassa and
N. sitophila using mutant loci transferred from N. crassa
to N. sitophila by repeated backcrossing. ' Marked regions
.close to the N. sitophila centromere showed a large
increase in recombination frequency relative to the
N. crassa controls, but the effect decreased with distance
from the centromere. Fincham suggested the linkage group I
centromere was responsible for control of recombination
in adjacent regions. Later work by Threlkeld (1961a)
and Scott-Emuakpor (1965a) confirmed Fincham's work in
general, but failed to show an effect for markers closely
linked to the centromere (Fig. 2b Chapter 3, section XV)
leading Scott-Emuakpor to suggest factors close to the
centromere, rather than the centromere itself, were
responsible. Both workers showed some changes in
recombination frequency for other linkage groups with
markers transferred to N. sitophila, but no pattern
could be discerned.

Since comparisons were being carried out between
species, Fincham, Threlkeld and Scott-Emuakpor were unable
to exclude the possibility of different amounts of DNA

between the markers in the two species, or of heterozygosity



in the N. sitophila crosses. Using a hist-2 mutant to
mark the centromere of N. crassa, and the hist—2+ allele
for the N. sitophila centromere, Newcombe (1969)
attempted to transfer the linkage group I centromere
proximal region from N. sitophila to N. crassa. The
resulting hybrid showed recombination frequencies similar
to those obtained previously in N. sitophila (Table 49,
Chapter 3, section XIV), and confirmed that some dominant
controlling factor(s) had been transferred from

N. sitophila.

This study was undertaken to characterise Newcombe's
hybrids further, and if possible suggest a mechanism for
the control. Two main lines of investigation were
followed:

I. a further study of changes in recombination
frequency, particularly with respect to centromere distances
and effects on other linkage groups, caused by the factor(s)
originating in N. sitophila.

IT. a search for possible effects of the N. sitophila
factor(s) on recombination between N. crassa genomes when
the hybrid and normal genomes are combined in a heterokaryon
and crossed to a marked N. crassa strain.

Tﬁe rationale for the second experiment was that a
recombination frequency for the normal N. crassa x N. crassa
component similar to that for hybrid x N. crassa controls

would demonstrate the synthesis of a diffusible gene



product by the controlling N. sitophila factor(s). To
avoid the possibility of excluding cytoplasmic
determinants of recombination from this experiment the
hybrid, or hybrid/N. crassa heterokaryon, was used as
protoperithecial parent. Three types of perithecia were
expected to be recovered from this experiment: those
containing asci of exclusively N. crassa x N. crassa type
crosses, those containing asci of exclusively hybrid x

N. crassa type crosses, and those containing both types
(genetically mixed perithecia). See Chapter 3, section X,
for a review of observations by other works on genetically
mixed perithecia.

It was decided to use dissection of asci as a
general means of study, rather than the less time
consuming isolation of random spores, since this would
provide: more accurate centromere distances than could
be obtained by use of hist-2 as a centromere marker; a
more reliable means of following the segregation of the
factors influencing recombination; a check on chromosome
aberrations; a means of following chromatid interference,
and would help to avoid errors due to differential
germination of mutant spores.

The term "rec-s" has been used in place of more
cumbersome alternatives to denote the specific factor(s)
controlling recombination which originated in N. sitophila;

"rec-c" specifies the alternative factor(s) from N. crassa.



No strains of exclusively N. sitophila origin were

used in this study.



Chapter 2

MATERIALS AND METHODS

Section I:

Notations and Abbreviations

To avoid the introduction of errors the notation
used during this work has been retained in this thesis.

Crosses are denoted by C followed by the cross
number, e.g. Cl070. Where crosses are described in the
format, strain A x strain B, the first strain is the
protoperithecial parent.

Original Fungal Genetics Stock Centre (FGSC,
Humboldt State College, Arcata, California 95521) strains
are denoted by their stock number. See Table 2,

e.g. FGSC 667.

Strains derived by persons other than the author
carry the original designation. See Table 3,

e.g. CC2 R128‘

Strains isolated by the author as random spores
carry the cross number followed by R and the spore number.
e.g. Cl070 R33.
Strains isolated by the author from asci carry

the cross number followed by A and the ascus and spore

numbers. e.g. C1070 Ajg_7-



10,
Where strains originate as conidial isolates the
appropriate notation is followed by a dash and conidial
isolation number. e.g, FGSC 667-11, C1l070 Ayy g 5e
The following abbreviations have been used:
in the text:
mt - the mating type locus.

m.u. - map units, a measure of the frequency

of recombination between linked

markers.
OR - an Oak Ridge strain or background.
p - probability, 0 < p < 1, unless

otherwise defined for special purposes.

sC - a rec—-s x rec-c type cross, similarly
CS,; CCy; S5S.
SC (Het) - the SC component of a heterokaryon

cross, similarly CC (Het).

-0~ - a centromere. Used in e.g. mt -o- to
denote the region of the chromosome
between mating type and the centromere.

in tables only:

co. - crossover
n.co. - non crossover
n.s. - not significant, in statistical tests.

Other abbreviations are defined as necessary.
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Section II: Strains used in this study.

The stock strains used in this study are shown
in Tables 2, 3 and 4 below.

Stocks were maintained on solid glucose medium
at -17°C, with the exception of the fluffy mating type
testers which tend to die at low temperatures and which
were maintained at 7°C.

The Oak Ridge standard wild types, OR% and OR, »
were replaced during the study by ORa-l~3 and ORA_1.-1
when they were shown to be heterokaryotic for female

sterile mutants (Mylyk, 1971). O was later

Ra-1-1

replaced by OR when it was found to be heterokaryotic

A~-5~1

for osmotic mutations.

Section III: Media.

Double distilled water was used in all media.

Crosses were made on Westergaard and Mitchell (1947)
medium consisting of 2% sucrose as carbon source, inorganic
salt solution and 1.5% Bacto Difco agar. The inorganic
salt solution, autoclaved and stored at 4x strength at

7°C consisted of:

KNO3 4.0 g
KH2PO4 4.0 g
MgSO0, . 7H,0 2.0 g
CaC12.6H20 0.4 g

NaCl 0.4 g



TABLE 2

Original Fungal Genetics Stock Center (FGSC) strains used in this study.

See Neurospora Newsletter #16, June 1970

Stock # . Locus Allele Linkage group |mt Ancestryl Notes
414 N. sitophila |HSS fl 32 aPC A
“wild type
987 N. crassa 74-0R23-1A A OR = ORA
wild type
460 hist-3 Y175M614 IR a | SL»>SL Requires histidine
462 hist-3 Y155M261 IR A | SL-»SL Requires histidine
667 hist-2 Y175M611 IR a |SL-»SL Requires histidine
668 higt—2 Y152M43 IR -A | SL»SL Requires histidine
678 ad-5 Y175M263 IL a | SL»SL Reqguires adenine
679 ad-5 Y112M192 IL A | SL»SL Reqguires adenine
1125 leu-3 Rl§6 IL a |Mixed-+SL2 |Requires leucine
1690 £ =il IIR a SL Fluffy
4 lys-=5 DS6-85 VIL a |Mixed Requires lysine
yio=1 Y30539y VIL Yellow conidia
246 ad-5 Y152M40 IL a |Mixed Requires adenine
hist-2 Y152M14 IR and histidine
gr B123 Crisp
° Mixed-»SL2 denotes mutant originated in a strain of mixed ancestry and was

backc

rossed twice

to St. Lawrence wild types.

"CT



TABLE 3

Stock strains derived prior to this study

Designation Locus Allele |Linkage| mt ObtaiTed Notes
group from™*
ORa N. crassa a ShaBsHi T An Oak Ridge wild type of
wild type uncertain origin.
2-17-186A ad-3 A 2-17-186 IR A A.J.G. Requires adenine. Excretes purple
- pigment. Induced in and
S backcrossed to OR.
D11 . arg—5 27947 IIR a O.M. 7th Backcross to OR of FGSC 274.
. Requires arginine.
D12 - pyr=1 H263 IVR a 0. M. 5th Backcross to OR of FGSC 72.
Requires a pyrimidine.
D25 - pan-2 B3 VIR a 0.M. 7th Backcross to OR of FGSC 469.
Requires pantothenic acid.
D26 y1lo~1 Y30539y VIL a O.M. Yellow conidia, requires pantothenic
pan-2 B3 VIR and anthranilic acids.
tryp-2 75001 VIR 6th Backcross to OR of FGSC 469.
D35 nie=3 . ¥31881 VIIL A QO M. 8th Backcross to OR of FGSC 129.
: Requires nicotinamide.
D36 nic-3 . ¥3188l1 VIIL a O.M. 8th Backcross to OR of FGSC 129.
. Requires nicotinamide.
D41 aur . 34508 IR a R:E <8 Synthesized from FGSC 540 and
1ys-3 . 4545 IR FGSC 17 and backcrossed to OR.
g Aurescent conidia, requires lysine.
1-3-a fs . 1-3-a = a O0.M. Female sterile (Mylyk, 1971).
18-1-A fs . 18-1-A = A 0. M Female sterile (Mylyk, 1971).

€L



Designation Locus Allele |Linkage |mt Obtaiﬁed Notes
group from™*
202-1 ad-5 Y152M40 IL a ReD.N. Requires adenine and histidine.
hist-2 Y152M14 IR
cr Bl23 IR Morphological. 2nd Backcross to
_ OR of FGSC 246. See Fig. 10.
P369 hist-2 Y1l52M14 IR A K.D.N, Backcross to OR of 202-1.
cr Bl23 IR
CC2 R128 ‘ad-5 Y152M40 IL a K.D.N. Intercross between P369 and an ad-5
= Sy
progeny also from 202-1 Backcross
to OR.
K110xX4 #5 hist-2 ? IR A SF:H:Ts Isolated as a contaminant.
ox B123 IR See section V, Chapter 3.
14-5 al-2 15300 IR a S.F.H.T. Albino, requires adenine and
ad-1 3254 VIL pantothenic acid. Of mos?!ly
pan-2 BS VIR OR background.
30JA-5 rec-s I A K.D.N. High recombination. 5th Backcross
of FGSC 414 to N. crassa. See
Fig. 10. -
K4 ‘ad-5 Y152M40 IL A K.D.N. High recombination. 6th Backcross
rec-s I of FGSC 414 to N. crassa. See
cr B123 IR Fig. 10. B
L. Inftials used are: A.J.G. A. J. Griffiths
0.M. 0. Mylyk
Ka«DsNs K. D. Newcombe
R.E.S. R. E. Subden _
S P HoTe S. -F. Threlkeld

7T



TABLE 4

Stock strains derived during this study

Designation Locus Allele |Linkage |mt Notes
- group
ORa-1-3 N. crassa a Vegetative reisolate from ORa.
wild type
ORA-1-1 N. crassa A Vegetative reisolate from FGSC 987.
wild type
ORA=5~-1 N. crassa A Vegetative reisolate from FGSC 987.
wild type
C481 R13 pyr-1 H263 IVR a Backcross of D12 to ORA.
Cc484 Rl7 vio-1 Y30539y VIL a Backcross of D26 to ORA.
pan-2 B3 VIR
tryp-—2 75001 VIR
€595 R12 ad=>5 ¥175M253 IL a FGSC 678 backcrossed to ORA and once
to ORa.
C605 R6 ad-3 A 2~17-186 IR A 4th Backcross of 2-17-186 A to ORa.
734 Rl hist~2 Y175M611 IR a FGSC 667 Backcrossed twice to ORA and
once to ORA-1-1.
C734 R12 hist-2 Yl;SMGll IR A As for C734 R,.
833 Ry F1 £1 TIR A | Backcross of FGSC 1690 to ORA-1-1.
C834 R hist-2 Y175M611 IR a FGSC 667 Backcrossed to ORA and twice
12
to ORA-1-1.
cl038 R24 hist-3 Y175M614 IR A Backcross of FGSC 460 to ORA-5-1.
Cc1l100 R48 aur 34508 IR a Backcross of D41 to ORA-5-1.
Ccl226 R46 hist-2 Y152M43 IR a Backcross of FGSC 668 to ORa-1-3.
C860 RlO lys-5 DS6-85 VIL a FGSC 4 Backcrossed once to ORA, once to
ORa-1-3 and once to ORA-1-1.
c873 R20 leu-3 R156 IL a FGSC 1125 Backcrossed once to ORA-1-1

and once to ORa-1-3. -
(6]
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Biotin 16.0 ug
Trace element solution 1.0 ml
Distilled water up to 1000 ml

The trace element solution consisted of:

Na2B4O7.lOH20 0.01 g
CuSO,, . 5H,,0 0.1 g
FePO4.2H20 6.2 g
Mnso, . 4H,0 1 0.02 g
ZnSO4.7H20 2.0 g
NaZMoO4.2H20 ' 0.02 g
Distilled water up to 250 ml

All other work was carried out on Vogel's medium N
(Vogel, H. J., 1956). Trial crosses on Vogel's medium
showed a tendency for some growth of the conidial parent.
The Vogel's inorganic salt solution was made up at 50x

strength and stored at room temperature without prior

autoclaving. It consisted of:
Na,C H 0. 5%H,0 150 g
KH,PO, 250 g
NH4NO3 100 g
Mgso0, . 7H,0 10 g
CaC12.2H20 5 g
Trace element solution 5 ml
Biotin solution 250 ug
Chloroform 2 ml

Distilled water 750 ml
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The trace element solution consisted of:

Citric acid.lHZO 5.0 g
ZnS0, . 7H,0 ' 5.0 g
Fe(NH4)2(SO4)2.6H20 1.0 g
Cus0,.5H,0 0.25 g
MnSO4.lH20 . 0:5 g
H3BO3 0.5 g
NaZMoO4.2H20 0.5 g
Distilled water ) 95 ml

For vegetative growth Vogel's medium was supplemented
with appropriate biochemicals and 2% glucose as carbon
source and solidified with 1.5% Bacto Difco agar.

For tests for auxotrophic markers two media
were used:

Low sorbose medium, for tests on strains carrying
the crisp marker, consisting of Vogel's salt solution,

0.4% sorbose, 0.1% fructose, and 0.1% glucose solidified
with 2% Bacto Difco agar.

High sorbose medium, for strains other than
crisps, consisting of Vogel's salt solution, 1% sorbose,
0.05% fructose and 0.05% glucose solidified with 2% Bacto
Difco agar.

The high sorbose medium was also used for prototroph
plating. It has been shown (Brockman and de Serres, 1964)

that the sorbose-fructose-glucose combination minimises



variations in sorbose toxicitr.

All media was autoclaved at 15 1lbs/sqg.in.

atmospheric pressure for 15 minutes.

above

The following concentrations of biochemical

supplements were used:
adenine
L-arginine HC1
anthranilic acid
cytidine
L-histidine HC1
L-leucine
L-1lysine HC1l
nicotinamide

calcium pantothenate

50

200

100

100

100

100

100

100

50

mg/1
mg/1
mg/1
mng/1
mg/1l
mg/1
mg/1l
ng/1

mg/1

18.


http:lbs/sq.in

Section IV:
METHODS
a) Crosses

Crosses were carried out in 150 x 15 mm test
tubes on 5 ml slopes of Westergaard and Mitchell medium.
An inoculum of the protoperithecial parent was allowed
to grow for 7 days at 25°C before addition of the
conidial parent and a few drops of sterile distilled
water to aid in spreading the cénidia. Where a crisp
strain was used as the protoperithecial parent 11 days
were allowed before conidiation.

For crosses using a heterokaryon as protoperithecial
parent the heterokaryon was formed either directly on the
minimal crossing medium, or transferred to it after
formation on glucose minimal medium. No attempt was
made to control nuclear ratios in heterokaryons, though
there is some evidence (Pittenger and Atwood, 1956) that
the final nuclear ratio may be influenced by extreme
input ratios. However, since pan-2 spores from crosses
on medium lacking pantothenic acid are pale and germinate
less well than dark pan-2 spores (Threlkeld, 1965) the
later heterokaryon crosses, Cl1170 and Cl1248, were
conidiated with the addition of 1 mg of calcium
pantothenate in the spreading water, which might be

expected to affect nuclear ratios immediately prior to

= 18 =
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fertilisation.
Crosses were incubated at 25°C.

b) Isolation of random spores

In crosses from which recombination data was
sought from random spores the spores were left on the
walls of the cross—-tube to mature for at least 4 weeks
after conidiation. Spores were transferred from the
tube to the surface of a block of 4% agar using a
loopful of sterile 10% sucrose solution. Under 35x
magnification from a binocular ﬁicroscope, an 18 s.w.g.
tungsten wire needle, sharpenea in molten sodium
nitrite, was used to transfer each spore to its own
1 ml slope of vegetative medium. To ensure random
selection of spores, all the spores in one region of
the agar were transferred before proceeding to another
region. The isolates were heat-shocked immediately
in a 60°C water bath for 40 minutes té kill any conidia
transferred and to induce germination of the spores.
Crisp spores sometimes germinated only after several
heat shocks. The isolates were grown at 25°C.

c) Isolation of asci

Crosses varied from 2 to 10 days in the length
of time taken to shoot off the majority of their spores.
For this reason isolation of asci was started as soon as

possible after spores were first noticed on the wall of
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the cross tube, even though immature ascospores sometimes show
poor germination.

Perithecia were isolated to individual pools of
sterile 10% sucrose solution on a flamed microscope slide
and were cut open using tungsten wire needles. Rosettes
of asci possessing mature, black ascospores were
transferred away from the perithecial debris to fresh
pools of sucrose solution using the capillary action of
a Pasteur pipette. The rosettes were then broken up
into sections of up to 10 asci,Aeach section being
transferred by Pasteur pipette to a block of 4% agar and
left to dry. At the stage of dryness when the asci
suddenly clumped together individual asci were separated
from the clump and dragged to an adjacent spot on the
agar. Individual ascospores were then isolated in order
from each ascus starting at the end distal from the base
of the rosette and using very sharp needles at 100x
magnification. Each spore was transferred to its own
1 ml slope of vegetative medium.

A record was kept of the spore colours in each
ascus, of the perithecium from which it originated and of
the presence of aborted or colourless spores when they
occurred.

Racks of asci were stored at room temperature

in polythene bags for 14 days to mature before being
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heat-shocked in a 60°C water bath for 40 min. Further
heat shocks were given as necessary and the cultures
grown up at 25°C.

d) Isolation of prototrophs

Several authors have described methods of
obtaining prototrophs which give statistically reproducible
results (e.g. Griffiths and Threlkeld, 1966; Catcheside,
1970). In this work prototroph analysis has been used

only during the characterisation of K110 x K, #5, in

4

which the occurrence, rather than the frequency, of

prototrophs in crosses to hist-2 alleles was important.

For this reason a relatively crude method was employed.
Ascospores were left to mature for at least a

month after fertilisation. They were then transferred

to 2 ml of sterile 0.1% agar using loopfuls of the agar

solution until a concentration of about 4000 spores

per ml was reached. Spore concentration was estimated

from the number in one drop from a sterile Pasteur

pipette. The suspension was vortexed vigorously for

2 minutes to break up spore clumps and ensure homogeneity.

An aliquot of approximately % ml of suspension was

added to each of several flasks containing 20 ml minimal

liquid high sorbose medium maintained at 60°C in a water

bath. After thus being heat shocked for 45 minutes the

suspension was poured into a petri dish and allowed to

solidify.
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After 24 hrs an estimate of the number of spores
per plate and percentage germination was obtained for
each plate by observation of several fields under the
microscope. After 72 hrs prototrophs were scored.

e) Tests for auxotrophic markers

Cultures were tested for their biochemical
requirements by inoculating them onto appropriately
supplemented Petri plates of sorbose medium. All
biochemical mutants tested unambiguously with the
exception of ad-5 and ad-1l which showed a slight
additional requirement for histidine, see appendix II,
and tryp-2 which become leaky after 48 hrs. With
experience, and the introduction of the low‘sorbose
medium for crisps, accurate scoring became routine with
these mutants.

f) Complementation tests

Complementation tests were carried out on
sorbose plates, minimal with respect to the markers
being tested, divided into 4 quadrants. Two quadrants
were each inoculated at the same point with both strains
whilé each of the other quadrants was inoculated with
one of the strains as a control. Plates were scored
after 4 days.

g) Mating type tests

Mating types were determined using the aconidial

fluffy testers FGSC 1690a and C833 Rl A. Westergaard
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and Mitchell sucrose plates with 2% agar were inoculated
with either FGSC 1690 or C833 Rl and incubated for 5 to
10 days at 25°C. Cultures to be tested were then
inoculated onto fluffy lawns of both mating types using
a slight spreading motion. The plates were incubated
for a further 3 to 10 days until perithecia were
abundant when the mating type of the culture tested was
scored by production of perithecia on only one of the
two plates.

It was found that fluffy strains maintained by
serial sub-culture tend to become female sterile so
several vegetative lines were maintained. One guide to
the presence of female sterility was found to be the
increase in heavily pigmented protoperithecia-like bodies
in the fluffy lawn.

Where it was necessary to test other strains
for female sterility Mylyk's method was used (Mylyk, 1971).
The strain to be tested was grown for 7 days on a 1 cc
slope of appropriately supplemented Westergaard and
Mitchell sucrose medium, and was then conidiated with a
suspension in sterile distilled water of both 1-3-a and
18-1-A female sterile testers. The absence of perithecia

after 7 days confirmed the female sterility.



" Chapter 3
" RESULTS
Section I:

Method of presentation of  data and their statistical

analysis

The results consist of data from 21 main crosses
which have been analysed by asci, and a number of
subsidiary crosses analysed by asci, random spores or
prototrophs. The main crosses have been arranged in
6 types: rec-s x rec-c SC, rec-c k reg—s €5, rec-s8 X
rec~8 58; rec=¢c X rec-c CC, rec-¢ X rec—c¢ component of
heterokaryon crosses CC (Het] and rec-s x rec-c
component of heterokaryon crosses SC (Het). See Table 5.

The recombination frequency between two linked
markers in Neurospora depends on the genetic background
of the strains used and on the conditions of crossing.
The pooling of data from several crosses of one type
which differ slightly in the origin of their parents
should give recombination frequencies more representative
of the type than might be expected from any single cross.
However, particularly when relatively few crosses are
pooled, it is important to avoid a strong bias in the
totals due to one highly aberrant cross. The presence
of such a cross may be tested for by a statistical test
for heterogeneity. However, in the crosses presented

- BE -
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there is no a priori reason to assume the cross causing
heterogeneity is any less representative of that type
of cross than are the homogeneous crosses. For this
reason the bias due to heterogeneity has been discussed
as required rather than the aberrant cross rejected
automatically.

For each cross type a table is given of the total
crossovers observed in each crossover region of each cross,
and of the map distance, * standard error, based on the
total crossovers for that region from all crosses of
that type (Tables 6, 10, 16, 17, 25, 29, 44). The
dotted boxes indicate groups of data for which heterogeneity
tests are given. For these tests the data have been
arranged to give cross totals in the margin equal to
the number of asci scored for that cross (see legend
opposite Table 7).

The traditional test for heterogeneity has been
the X2 heterogeneity test. However, the application of
X2 methods to tables larger than 2 x n, where n = 1, is
extremely tedious and the X2 values obtained are only
approximately additive and approximately distributed
as X2- The G test largely overcomes these objections
and has been uged throughout this work. Since G tests
have been little used until recently an outline of

their principle is given below.
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The basis for most statistical tests is the
comparison of some function of the data with an expected
function, which may be assumed a priori or calculated
from the data. The GH (H for heterogeneity) test uses
such a comparison between observed probabilities,
calculated from the data on the basis of the multinomial
distribution, and expected probabilities,'calculated
from the marginal totals of the data on the basis of the
multinomial distribution. Thus a liklihood ratio L may

be defined as:

1
L Plfl P2f2 ... pat®
] 1 1
£t Egl sef & o
L =
S T
A g A og ~ fa
£o1 2,0 wasf ) PyT1 B2 4. PR
a 3

P, ... Pa are observed proportions of the

where: Pl, 2

various classes.

>

17 P2 ... Pa are expected proportions of the
various classes.

and i fa are frequencies of the various

IR
classes.
G is defined as 2 1ln L and is distributed as x2
with the same degrees of freedom as would be used in a
conventional X2 test. It can be shown that the above

formula for G reduces to the more convenient computational

form:
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(Sokal and Rohlf, 1969, p. 654)
The precise method of calculation is given in
Appendix I.

In 2 x 2 G tests of the form:

a b a+b
o d. . . ct+td
a+c b+d n

a Yates correction has been applied: if ad > bc, % has
been added to b and to ¢ and % subtracted from a and
from d, if ad < bc, % has been added to a and to d and
3 subtracted from b and c¢. Grizzle (l967)lhas shown
that the Yates correctioh in 2 x 2 X2 tables leads to
an unduly low frequency of type I error - low frequency
of rejection of homogeneous data as heterogeneous, and
high type II error - high frequency of acceptance of
heterogeneous data as homogeneous. Because of the
normally high variation between Neurospora crosses
Yates correction has been used in 2 x 2 G tests, but
not in larger tables since it leads to loss of
additivity of G values.

Each cross was checked for extreme variations in
recombination frequencies between perithecia, though in

most cases sample sizes were too small for statistical

analysis. In addition the total data from randomised
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asci from each cross were checked for reciprocality
of crossover classes and for 1:1, mutant to wild type,
allele ratios. Details have not been presented except
as anomalies require. In many cases such anomalies

can be accounted for by what will be referred to as

"an inflated sample size". Consider the ratio of the
reciprocal classes for two unlinked mutants my and m,
in a sample of 20 randomised asci. Ideally the

mlmzzml+:+m2:++ ratio should be 40:40:40:40. If the
segregation in one ascus were different, however, the
ratio might become 36:44:44:36. Such inflated sample

sizes will give inflated G values. The point is discussed

further by Cooke (1966).

The pooled data from different cross types were
compared using 2 x n GH tests for each crossover region
in turn.

Multiple crossovers, abortéd épore pairs and
the mixed perithecia from the heterokaryon crosses are

considered separately.

Section II:

SC type crosses

Data from SC type crosses are summarised in
Table 6.
Randomised asci from cross C651 showed apparent

linkage of ad-5 and arg"5+, p < 0.001. Since arg-5 is



TABLE 5

Crosses Analysed by Asci

Cross Type Protoperithecial parent Conidial parent Asci isolated
C651 5c C419 A, _ D11 15
A; ad-5; rec-8, cr a, rec-c; arg-5
C661 le Cc419 Al—8 D11 60
A, ad-5, rec-s, cr a, rec—-c; arg->
C663 SC Cc419 Al—8 D36 18
A, ad-5, ret-s, cr a, rec-c; nic~3
C666 SC C419 A C481 ‘R 20
1-8 13
A, ad-5, recC-s, cr a, rec—c; pyi-l
€703 cs D25 C419 A1—8 32
- a, rec-c; pan=2(B3) A, ad-5, ret-s, cr
C967 ce K110 x K4 #5 Cc484 R 9 104
A, hist-2, rec-c, cr a, rec-c; Eo—l
Lp 4 r > G T Y ’
pan—-2(B3) , tryp-=2
ClQ78 cs As for C703 As for C703 56
Cl085 SC (ORa x K4) A Cl009 R 46

a,

ad-5, recgg

A, hist-2, rét-¢, cr,

al-2

*0€



- 3d-T, pan-2(B5)

. Cross. |Type . Protoperithecial parent |. . Conidial parent Asci isolated
Cll28 |Het. (C973 R, + C703 A22~l) C967 A 8-
a, hist=2,. rec-c¢, Cr; A, rec-c; yZo—%, tryp-2 Cs 10
" ad-1, pan~2(B5) ce 75
+
a, rec-s, cr; pan-2(B3)
Cl130 |Het. As for C1128 As for C1128 cec 19
Cll148 |Het. As for Cl1128 As for C1128 cC 78
Cll70 |Het. As for Cl128 As for C1128 cs 23
CC 199
€cl1182 CS C860 R C703 A
- a, rec-c; l%g—S A, rec-s, 356“1 26
Ccl183 Cs C873 R C703 A 104
. 20 26-1
leu-3, a, rec-c A, rec-s, cr
Ccll1l98 SS 30JA-5 C703 A 130
. . . . 25=5
A, rec<s a, ad-5, rec=s, cr;
" 'pan—-2(B3)
cll99 Cs Cl1l00 R C703 A 98
A .48 ‘ R 3—; ,
a, rec-c, aur A, ad-5, rec-s, cr;
" pan-2(B3)
Cl206 CcC C973 R C967 A 8- 177
" a, hist-2, rec~<c, cr; " A, rec-c; yio—%, tryp-2

“TLE


http:P.~o.j:o.p.eri.�i.~ci.al

Cross -Type Protoperithecial parent Conidial parent Asci isolated
Cl207 85C C703 Ayq_ C967 A 8- 50

a, rec-s, crij pan-2(B3) A, rec-c; yio—i, tryp-2
cl219 £e Cl096 Ay _q Cl085 A 57 60

a, rec-c, ad=3"A A, ad-5, his%=2, rec-c,

cr, al-2
Cl248 Het. As for Cl1128 As for C1128 Mixedl' 23
CC 83
SC 64

€1253

As foxr Cl1207

As for C1207

‘Total asci from

genetically mixed perithecia.

“CE
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close to the linkage group II centromere, linkage could
only be explained by the phenomenon of affinity of
centromeres originating in the same parent. Affinity
has been found in mice (Wallace, 1953) and possibly in
cotton and tomatoes (Wallace, 1960a and b). In fungi it

has been demonstrated in Saccharomyces cerevisiae (e.g.

Shult and Lindegren, 1962), in Ascobolus immersus where

the locus controlling affinity was separable from the
centromere (Surzycki and Paszewski, 1964), and in

Neurospora crassa (Prakash, 1963). The C651 data are

not supported by C661, however, and are probably a
result of inflated sample size. A similar effect is
seen with C703 (section III), p < 0.001, which is

also unsupported by its replica Cl078. Since affinity
does not seem to be specifically related to rec-s it
will not be considered further.

Cl1l207 and C1253 both show a high frequency of
asci containing aborted spores (see section XII). In
the absence of C1085, discussed below, Table 8 shows a
trend towards heterogeﬁeity, 0.1 > p > 0.05, which seems
to be due to the high -o- cr distances of C1207 and
ci253, 35.9 = 7.7 m.u. and 38.1 £ 6.1 m.u. respectively,
as compared to'the "without C1085" SC type overall value

of 33.2 £ 3.3 m.Ns
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LEGEND FOR TABLES 6, 10, 16, 17, 25, 29, 44

Asci containing one or more aborted or colourless
spore pairs. Details are presented in section XII.
Where scorable they have been included in the
appropriate crossover class.

Calculated as the % germination of spores from

scored asci.

Numbers in brackets have been calculated from the sum
of the crossover asci for the two separate regions,
less twice the number of two strand double crossovers,
less the number of three strand double crossovers.

For each two or three strand double crossover 1% is
subtracted, for each three or four straﬁd 3.

In some crosses al-2 strains have not been backcrossed
to determine the presence of ylo-l. Hence asci
scored for ylo-l may be fewer than asci scored for
other markers.

The total asci, n, scored from all crosses for that
crossover region.

Map units, p, * standard error, calculated 2 % 100 %

as
total crossover asci/total asci scored, n iv/p(IOOn— p)

Where no second division asci have been observed for a
marker amongst n asci, the upper limit given is the
upper 95% confidence limit p, where p is given by

T%ﬁ p)n = 0.05 (modified from Catcheside and

Rustin, 1971).

{d. =



TABLE 6

'REC-S X REC-C TYPE CROSSES
TOTAL CROSSOVERS BY REGIONS

Cross Cce51 C661 C663 C666 C1l085 | C1207 | €l1253|Totals

Perithecia - 13 " - 6 9 8 > 39

Asci isolated 15 60 18 20 46 50 64 273

Asci scored 14 58 16 19 45 39 63 253

Aborted asci 2 4 2 2 0 5 6 21

% germination 75 90 86 . . 86. . a3 . 61 86 . 81

Crossovers Asci5 m.u.*S.E:

CTTTTTTTT T T T TGrowp AT T T T T
mt - ad5 16 24 8 10 20 Veemqem---eomn 68 152 122.4+3.4
ad5 -o- ! 3 5 4 4 14 i 1 ! 30 | 152 | 9.9%2.4
-o- cr D6 ____31___._10____"10___(4)1 qon2s 48, | 153 | 254 [30.1£2.9
[ ' !
mt -o- ; (7)3 (28) (11) (13) (34) é:lS 29! 137 254 (27.1x2.9
e il et T Tl

-o- hist2 4 12 { 4 45 | 4.4x3.1
hist2 -cr 10 i ' 10 45 (11l. 24,7
cr -al2 21 £ - 21 45 |23.3%6.3
ylol -o- s 7 Fr 14 102 6.9+2.5
-o—- pan2 ) 4 61 10 102 4,.9£2.1
pan2 - tryp2 1 8 17: 25 | 102 (12.323.2
Miscellaneous ro- arg5 -o- arg5 —o— nic3 <o- pyrl t Group C |

|

o« | o] > |

“GE
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The rec-s parent of (1085 is most dissimilar to
the rec-s parents of other SC crosses. This may be
the cause of the trend towards heterogeneity, 0.1 << p < 0.05,
shown by C1085 in Table 7. Both the high mt -o- distance,
37.8 £+ 7.2 m.u., and the low -o- c¢cr distance, 15.6 * 5.4
m.u., of Cl085 relative to the overall SC values of
27.1 + 2.9 m.u. and 30.1 * 2.9 m.u. contribute to this
heterogeneity.

The extreme overall GH value for Table 8,
p < 0.001, is thus due to the opposing effects of C1085
and C1207 and C1253, even though no one of the three
crosses shows extreme deviations from the overall map
distances. The pooled totals of Table 6 are therefore

probably representative of SC type crosses.

Section III:

CS type crosses

Data from CS type crosses are summarised in
Table 10.

Cross C1l199 causes significant heterogeneity,
0.01 < p < 0.001, in both Tables 11 and 12. The
heterogeneity is apparently due to low crossing-over
in the mt to centromere regions, and high crossing-over
in -o- cr. One possible explanation is that the aur

parent originates from only the second backcross to OR of

an aur, lys-3 strain of predominantly Lindegren background.
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LEGEND FOR HETEROGENEITY G TESTS

TABLES 7; 8, 9, 11, 12, 18, 19, 20, 21, 26, 27, 30

To take into account the total asci scored for
each cross it is necessary to arrange for the marginal
total for each cross to be equal to the total asci
scored.

The asci from a cross with three crossover
regions, 1, 2 and 3, may be distributed in the following
8 classes: non-crossover, region 1, region 2, region 3,
regions: 1+2, 2+3, 1+3, 1+2+3. The sum of the classes
will be the total asci scored. No information seems
to be available on the minimum size permissible for any
cell in a heterogeneity G test table. As a safety
precaution any class with several cells < 5 has been
pooled in such a way as to preserve both the distribution
of crossovers and the marginal total of the cross. In
the above example a single ascus in class 1+2+3 would be
distributed as 1/3 to each of classes 1, 2 and 3. The
data in the GH test tables have been obtained in this

manner.
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TABLE 7

TABLE 6, GROUP A, HETEROGENEITY G TEST

Cross ! C651 | C661 | C663 . .|C666 |Cl085 |Totals
N« COs 4 6 1 4 5 20
mt - ad5s 2.5 | 11 3333 |5.333] 186 38.166
ad5 -o- 2 4.5 | 2.833 |1.833] 11.5 | 22.666
-0- Cr 2.5 |24.5 {4.833 |3.833 8.5 44.166
mt - ad5, -o- cr 3 12 14 4 4 27
Total Asci 14 158 16 19 45 152

G, = 22.28, d.f. = 16, n.s.

H
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TABLE 8

TABLE 6, GROUP B, HETEROGENEITY G TEST

Cross C651 | C661 | C663 | C666 .1C1l085({C1l207, C1253 |Totals
N COx 5 6 ! 4 5 7 8 36
mt —-o- 3 15 5 5 26 4 . 65
-0- CY 2 24 4 2 7 17 26 82
mt -o- cr 4 13 . |..6 ... 8. | .7 1.11 | . 22 71
Total asci | 14 58 16 19 45 39 63 | 254

GH = 52.17, d.f. = 18, 0.001 > p

Without C1085: GH = 24.96, d.f. = 15, n.s.
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TABLE 6, GROUP C, HETEROGENEITY G TEST

Cross 81207 . . C1253 Totals
N COw 3 5 8
mt -o- 4.75 8 12.75
-0— CY 12.083 23.166 35.25
ylol -o- 3.416 2:75 6.166
-0- pan? 2.833 2.166 >
pan2 - tryp 2 1.916 6.916 8.833
mt -o- cr 7 i [N 18
-0- Cr, pan2 = tryp2 |. 4 ...... 4 .8
Total asci 39 63 102

G, = 3.22, d.f. = 7, n.s.



TABLE 10

REC-C X REC-S TYPE CROSSES
TOTAL CROSSOVERS BY REGIONS

Cross C703 | C1078 |Cll99 | Cl182 | C1183*%) C1183 | Totals

Perithecia - - 7 3 7 10 > 29

Asci isolated 32 56 98 26 51 53 316

Asci scored 1 31 Bl 93 24 49 34 282

Aborted asci 2 2 1 i 6 3 15

% germination 91 86 88 74 82 49 81

Crossovers Asci5 Mo tie £8 . B
7 "Group A T T T

mt - ad5b 114 18 14! 46 175 13.1%2.6

ad5 -o- , 8 9 11 28 175 8.0+£2,;1

-o- pan2 L_2____4 _ _—_ _61 12 175 3.4+1.4
r s T T T T T T T T T Group BT T T

-0~ Cr 122 3 34 - 69 13 32 29 199 282 35.3%2.8

mt -o- jg})__}g?)____g%ﬁl____}p_______“_____;§J 98 233 21,052 .7

Cr = aur 53 93 28.5x4.7

*The first 51 asci of Cl183 were scored only for crisp.

See p.

34 for legend.

‘1P



TABLE 11

TABLE 10, GROUP A,” HETEROGENEITY G TESTS

42.

Cross - C703 C1078 | . €1199 .| Totals
Ns COs 3 10 14 27
mt - adbs 4.333 3 2.666 10
ad5 -o- 3.333 4.333 5.666 13.333
-0- Cr 8.666 12..833 535 75
-o- pan2 0.666 1,833 3.166 5.666
mt - adb, -o- cr 8 15 7 30
adb -o—- cr 3 4 6 13
Total Asci 31 51 92l 174

GH = 28.88, d.f. = 12, 0.01 > p > 0.001.

Without C1199: G._. = 3.66, d.f. = 6, n.s.

1 One ad5 -o— OR

H

-o0o- cr 4sd ascus has not been included.



TABLE 12

" TABLE 10, GROUP B, HETEROGENEITY G TESTS

Cross C703 | C1078 § C1199 | C1182 | c1183 | Totals
B GO, 3 10 16 6 4 39
mt =g~ 7 7 8 5 i 28
-o- cr 8 14 53 8 14 97
mt -o- cr 13 . %, . .20 16 5 15 69
Total asci| 31 51 93 24 34 233
G, = 32.29, d.£f. = 12, 0.01 > p > 0.001

H

Without C1199: G 13.50, d.f. = 9, n.s.

H
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The aur mutant was chosen as being part of the albino
complex (Subden and Threlkeld, 1970) so that map distances
involving it would be comparable to distances obtained
with al-2. Recent evidence, however, places aur about
2.5 m.d. distdal to‘gl:z with'é;g:g, and possibly EEJ in
between (Perkins, 1971). The resulting error has been
taken into account when comparing different cross types,
section VIIT.

In addition to heterogeneity tables 11 and 12 a
check was made for heterogeneity in the -o- cr data
between the first 51 asci of Ci183, which were scored
only for cr, and the last 53 asci, which were scored
for cr and mt: GH (Yates) = 3.29, d.f. = 1, not
significant.

The randomised data from C703 show possible
centromere affinity, p < 0.001, between linkage groups I
and VI, but this is not supported by the replica cross,
Cl078, and is probably due to an inflated sample size.

See previous section.

c703 A has a crossover between mt and ad-5

30

and a four strand double crossover between either ad-5

and centromere or centromere and cr. If rec-s is assumed
to lie right of the centromere (see section XI) it
becomes possible to distinguish the two possible four
strand double crossovers, see diagram below, by

backcrossing.
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A ad-5 rec-s cr A ad-5 rec-s cr
- : X \Xi’“”b . | : o____ ‘I3
3 : 176 = C 1 Q L
a + e a +
Both crisp spores must Both, one, or neither of the
carry rec-s crisp spores carry rec-s.

The thickly drawn strands are the two strands backcrossed.

From the C1229 (Table 13) and Cl230 (Table 14)
backcrosses alone it seems that C703 A30_2 carries rec-c

and A30_4 carries rec-s placing the double crossover in
the -o- cr region. The only crosses from this work
available for comparison with C1229 and C1230 are C1219,
which appears to have the high (section V) mt - ad-3A
crossover frequency for a CC cross of 20.8 * 5.2 m.u.,

and the CC cross C1220 (Table 15) which is also high.
Further, C1229 has low germination and a trend towards

a high frequency of double crossovers. This is suggestive
of a chromosome aberration which might be responsible for
the low recombination, but no evidence of aborted spores
was found in the cross. The possible. role of aberrations

in controlling recombination is further discussed in

section IX. Hargrave has obtained a value of 36.5 + 3.4
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TABLE 13
cl229: C703 Az0-2 Backcross
Cc703 A30_2 X Clle4 R29
a, cr A, ad-3A, aur
Crossover type Genotype Random spores
Parentals a + cr + 30
A ad3 + aur 27
mt - ad3 a ad3 + aur 2
A + cr + 0
ad3 - cr a + + aur 0
A ad3 cr + 1
cr - aur a + cr aur 9
A ad3 + + 5
mt - ad3 a ad3 + + 1
cr - aur A + c¢cr aur 0
ad3 - cr a + +  + 2
cr - aur A ad3 cr aur 1
78 (germination 75%)
Region Total crossovers|m.u. * S.E.
mt - ad3 3 3.8 & 2.2
ad3 - cr 4 5.1 & 2.5
cr - aur 18 23.1 £ 4.8
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TABLE 14

Cl230: C70330—4 Backcross

Cc703 A30_4 X Clle64 R53
A, cr a, ad-3A, aur
Crossover type Genotype Random spores
Parentals A + cr + 22
a ad3 + aur 2
mt - ad3 A ad3 + aur 5
a + c¢cr + 10
ad3 - cr A+ + aur 3
a ad3 cr + 8
cr - aur A + cr aur 13
a ad3d + + 11
mt - ad3 A ad3 + + 1
cr - aur a + cr aur 1
ad3 - cr A + + + 1
. .CY = aur a ad3 cr aur 0
102 (germination 98%)
Region Total crossovers| m.u. * S.E
mt - ad3 A7 16.7 = 3.7
ad3 - cr 12 11.8 £ 3.2
cr - aur 27 26.5 £ 4.4
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TABLE 15

CC TYPE CROSS: C1220

Cl096 Al—l X Ccl1038 R24
a, ad-3A By bhist«3
. Crossover type Genotype Random spores
Parentals A hist3 + 98
a + ad3 97
mt - hist3 A + ad3 19
a hist3 + 18
hist3 - ad3 A hist3 ad3 1
a + + 3
236 (germination 86%)

Region Total crossovers | m.u. * S.E.
mt ~ higt3 37 15.7 + 2.4
hist3 - ad3 4 1.69 + 0.84
nt - ad3 41 17.4 * 2.5
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for mt - ad-3A from an SC type cross (section XIII) but,

if aberrations are excluded, the C1229 - Cl1230 comparison
is more likely to be meaningful than comparisons with
crosses of very different origins so the conclusion of a
—-o- cr four strand double is probably correct. It has

been included as such in the data.
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Section IV:

SS type cross C1198

TABLE 16

REC-S X REC-S TYPE CROSS C1198

TOTAL CROSSOVERS BY REGIONS

Perithecia 25

Asci isolated 130.

Asci scored 121

Aborted ascil 7

..%germination2 82 m.u.iS.E.6

Crossovers

mt - ad5 80 33.0+4.3
ads -o- 14 58%2:1
mt —o- (88)3 | 36.424.4
=0~ G 63 26.0%4.0
-0- pan?2 10 4 1%]1... 8

See p..34 for legend
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Section V:

CC type crosses

Data from the main CC type crosses are summarised
in Table 17.

An assumption inherent to the interpretation of
heterogeneity tests between.crosses analysed by asci is
that recombination frequency does not vary with the stage
of development at which the asci are isolated.‘ The
relationship between recombination frequency and the time
of expulsion of unordered asci from the perithecium -
which would be expected to be related to the degree of
maturation and, therefore, choice of ordered asci to be
dissected - has been studied by Strickland and Thorpe (1963).
Using linkage group V markers they found one perithecium
out of the 5 studied showing a significant change in
recombination frequency with time. Lamb (1967), however,
has shown that the observed changes in recombination
frequency among shot asci with time for markers on
linkage groups I, V and VI are due to differential
maturation and bursting of asci, and may be overcome by
early dissection of intact asci. 1In this study C1170
(section VI) and Cl206 (Table 18) have been studied for
changes in recombination frequency with time of
isolation of asci. The significant change in C1170 with

time may be due to one large aberrant perithecium.



TABLE 17

REC-C X REC-C TYPE CROSSES

TOTAL CROSSOVERS BY REGIONS

525

See p.34 for legend.

. Cross C967 | C1206 cl219 Total

Perithecia 12 9 3 24
Asci isolated 104 177 60 341
Asci scored 91 174 60 325
Asci for ylo 91 167 - 258
Aborted asci 8 3 0 11

. % germination 76 80 83 80
Crossovers Asci m.u.iS.E.6
mt - ad5s 18 18 60 15.0+4.6
ad5 -o- o ___8_ 8 60 6.7t3.2

: Group A :
mt -o- 1 19 27 (25): 71 325 10.9+1.7
-o- hist2 : 0 0 0 0 325 < 0.46
hist2 - cr LJ&L-__}Q____“.£§U 27 325 4,2+1.1
—o- cr (10)> (14) (3) 27 325 4.2+1.
} “Group B i
cr - al2 ' 65 _ _ _ 34, 99 234 21 2%
ylol - adl 15 15 167 4,5+1.6
adl -o- 2 2 174 0.6x0.6
vlol -o- 10 (15) 25 258 4.8%1.3
-0~ pan2 ' 5 13 | 18 | 265 | 3.4
pan2 - tryp2 1 30 54 84 265 15.8£2.2
| Group C J
Miscellaneous ad3-cr tad3-cr
l ‘ 3 3 60 2.5+£250



TABLE

18

Cl1206 HETEROGENEITY G TEST

Timet 0 hrs | 65 hrs |113 -hrs | 141 hrs | Totals
N CO. 19 15 1.2 1.3 59
mt -o- 3.833 4.333 3.333 6833 | 18:333
-0— Cf 2.666 2 3.5 24+5 10.666
cr - al2 4.833 8.833 15.333 8.833 | 37.833
pan2 - tryp2 8.666 6.833 5 6.833 8.833 | 31.166

|
cr - al2, 2 5 4 6 17
pan2 - tryp2 i
Total asci 41 42 45 46 174
G, = 12.03, d.f. = 15, n.s.

1

H

Time of opening of the perithecia,
opened at zero time.

the first being

53 .
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Table 18 shows no change with time for Cl206 frequencies.
The Cl1206 total crossover data (not given) did, however,
suggest an upward trend for the cr - al-2 frequency. This
was analysed by transforming the recombination frequencies
to arc sine (Sokal and Rohlf, 1969, p. 430) values and testing
for the significance of the regression against time. No
evidence for a change in recombination frequency with
time was obtained.
The low germination of C967 is mainly due to low
germination of crisp spores amongst the latter half of
the cross. Recombination frequencies are similar between
the two halves and the linkage group VI markers show the
expected 1:1, mutant to wild type, segregation amongst
the low germination half.
The protoperithecial parent of C967, K110 x K4 #5,
is, from the unambiguous evidence of C967, a histidine
requiring, rec-c, crisp type strain; Yet it was isolated
from a rec-s x rec-s type cross. Since C967 Roo 4 has
been used extensively in the heterokaryon crosses the
origin of #5 has been investigated in detail. Its parent
CYross was:
K110 X K4
A, rec-s a, ad-5, rec-s, cr
the rec-s character of both parents having been demonstrated

by Newcombe (199), and supported by this work. The K, ad-5

4
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allele Y152M40 appears to have an additional, and highly
variable requirement for histidine. This requirement is
discussed in detail in Appendix II and it now appears
highly unlikely that it is due to a separate gene. At the
time of isolation of #5 several histidine requiring loci
were in use in the laboratory, including hist-2's Y175M61l1,
‘Y152M43 and Y152M14, the latter beiné the only hist-2
used in linkage with cr (P369), of which £he only allele
in use was B123. #5 failed to complement with any of
the hist-2's and prototroph analysis of crosses between

#5 and the hist-2 alleles gave the results:

Known
Number of hist-2 germinating %
. crosses parent Allele spores germination | Prototrophs
2 FGSC 667-11 Y175M611 41,500 87 2
2 cl226 Rye Y152M43 58,500 88 2
1 P369 Y152M14 20,000 90 0

No control crosses were done amongst the "known"
parents and no data are available in the literature on the
positions of these alleles within the hist-2 locus so no
conclusions can be drawn other than that #5 is a hist-2.

The crisp allele of #5 was not tested for identity
with B123 though it has been recently shown (Garnjobst
1970) that two other crisp loci are located

and Tatum,

on linkage group I. These, however, are distal to B1l23

and would be expected to give higher second division
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frequencies than are found in C967. The most likely
origin for #5 would seem to be contamination by P369.

Garnjobst and Tatum (1970) have also demonstrated
a high spontaneous occurrence of modifiers of crisp -
an observation supported by this study. €967 Ayg-6-4
was isolated from a A, hist-2, cr strain which reverted
after 3 days of growth to a non-crisp, paie yellow and
largely aconidial strain resembling Garnjobst's m—-4. It

was backcrossed to OR and 50 crisp, 63 wild type

a-1-3
and 43 yellow-aconidials were recovered. Germination

was 83%. Since C967 A was not necessarily

10-6-4
homokaryotic this provides evidence only for a morphological
mutant dominant to crisp.

Cl1219 appears to have an abnormally high mt to
centromere crossover frequency (Tables 17 and 19) but normal
-o- cr frequency. On the basis of the latter the cross
has been classified as a type CC cross - in all cases
where cross types are unambiguous a large increase in

-0—- cr distance is found in crosses with one or more

rec—-s parents as compared to known CC type crosses. The

A, ad-5, hist-2, rec-c¢, cr, al-2 parent of C1219 inherits
its ad-5 to centromere region from C1085, an SC cross

which also shows abnormally high mt -o- crossover frequency
(section II). Unfortunately the data obtained during this

work do not provide further data for mt - ad-5 and ad-5 -o-
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frequencies than are found in C967. The most likely
origin for #5 would seem to be contamination by P369.

Garnjobst and Tatum (1970) have also demonstrated
a high spontaneous occurrence of modifiers of crisp -
an observation supported by this study. C967 A10*6—4
was isolated from a A, hist-2, cr strain which reverted
after 3 days of growth to a non-crisp, pale yellow and
largely aconidial strain resembling Garnjobst'é m-4., It

was backcrossed to OR and 50 crisp, 63 wild type

a-1-3
and 43 yellow—aconidials were recovered. Germination

was 83%. Since C967 A was not necessarily

10-6-4
homokaryotic this provides evidence only for a morphological
mutant dominant to crisp.

Cl219 appears to have an abnormally high mt to
centromere crossover frequency (Tables 17 and 19) but normal
-o—- cr frequency. On the basis of the latter the cross
has been classified as a type CC cross - in all cases
where cross types are unambiguous a large increase in

-0— cr distance is found in crosses with one or more

rec—s parents as compared to known CC type crosses. The

A, ad-5, hist-2, rec-c, cr, al-2 parent of C1l219 inherits
its ad-5 to centromere region from Cl085, an SC cross

which also shows abnormally high mt -o- crossover frequency
(section II). Unfortunately the data obtained during this

work do not provide further data for mt - ad-5 and ad-5 -o-
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TABLE 19

TABLE 17, GROUP A, HETEROGENEITY G TESTS

Cross C967 Cl206 cl219 Total
n.co. 64 134 32 230
mt -o- 18 265 25 69.5
—0— CY 9 13.5 3 25.5
Total asci 91 174 60 325
GH = 17.47, d.f. = 4, 0.01 > p > 0.001
Without C1219: GH = 1.39, d.f. = 2, n.s.
TABLE 20

TABLE 17, GROUP B, HETEROGENEITY G TESTS

Cl206 cl219 Totals
N.CO. 110 29 139
cxr - al2 64 31 95
Total asci 174 60 234
G,, (Yates) = 3.47, d.f. = 1, n.s.
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TABLE 21

TABLE 17, GROUP C, HETEROGENEITY G TEST

Cross C967 | C1206 | Total
n.co. 58 108 166
-o0— pan2 4.5 12.5 17 -

. pan2 f\trypg\ 285 .53.5{|...82
Total asci 91 174 265
GH = 0,52y defs = 2, Dn.5.

in CC crosses.
In C1206 and the heterokaryon crosses C1128,

Cl130 and C1148 al-2 strains from asci in which the

arrangement of ylo-1 and ylo—l+ markers was uncertain
were backcrossed to OR wild types and 16 random spores
isolated. 1In asci in which no ylo-1l's could be detected

by this method 6 a1-2" ylo—l+ spores were taken as

sufficient evidence of ylo—l+ in the parent.

A large amount of data on the cr - al-2 distance

in CC type crosses was obtained from these backcrosses

(Table 22). The G test shows significantly low cxr
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TABLE 22

cr - al-2 data from CC(Het) backcrosses

Genotype Observed random spores Expected
al cr 122 766.5
al + 254 236..5
+ gr 223 236.5
+ + 811 766.5
Total spores 2010

G = 14.97, d.£f, = 3, 0.01 > p > 0.001

"cx - al-2 map distance 23.73 % 0.95 m.u.

germination but the similarity of the cr, al-2: cr+, B Ygt

ratio (0.89) to the cr, al—2+: cr+, al-2 ratio (0.88)

suggests that this will have little effect on the map
distance.

The upper limit for -o- hist-2 map distance in
Tgbles 17 and 25 is the upper 95% confidence limit. A
total total of 3 apparent -o- hist-2 crossovers were
observed in CC and CC(Het) crosses: one was also second
division for mt, ad-1l and pan-2 in an asymmetric pattern

and was therefore probably due to nuclear passing
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(Howe, 1956); the other two asci contained an aborted
spore palir and could therefore be explained by assuming
the extra space in the ascus allowed slippage of spore
pairs.

Data from two subsidiary CC crosses are given
in Tables 23 and 24. Cl1009 map distances are in agreement
with other CC crosses, though the significant deviation,
0.01 > p > 0.001, from a 1l:1, mutant to wild type, allele
ratio for linkage group VI markers is unexplained.
Linkage group I markers are unaffected. Since germination
is 91% it seem unlikely to be éue to differential
viability. The reciprocal cross for C1009, C973, data not
given, gave only 83% germintion and a number of strains
of abnormal morphology suggesting that P<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>