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The understanding of basic cellular processes has been greatly
facilitated through investigation of the behaviour of mutant forms. In
a similar way the mechanisms of genetic recombination may be clarified
by a study of strains which are known to show inherited differences in
recombination behaviour at meiosis. The haploid fungus Neurospora
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CHAPTER 1

INTRODUCTION

The stocks of Neurospora crassa which are used in laboratory

investigation today constitute an extremely diverse group with respect
to genetic endowment. This is partly due to the fact that strains of
this haploid fungus have been collected in the field from widely differ-
ing geographical habitats, and have consequently been subjected to dif=-
ferent selection pressures. Furthermore, diversity haé been introduced
secondarily into the gene pool of the fungus, through the widespr.ad
use of mutagenic agents for the purpose of obtaining mutant forms,
Consequently, a great deal of variability is expected in the

behaviour of Neurospora crassa with respect to basic cellular processes,

One such process in which variability has been extensively described is
recombination frequency at meiosis. This thesis represents an attempt

to understand the ways in which differential genetic endowment can af-

fect this process.

The frequency at which recombinant genotypes are produced at
meiosis has long provided the basis for genetic mapping. The under-
lying assumption of mapping is that recombination frequency is a function
of the physical distance between the markers concerned on their appro-
priate linkage group. Whereas this ten;t has been largely upheld in
practice, inconsistencies in gene order and linkage arrangements are by
no means uncommon, recombination appearing in fact to be also a function
of the ancestry of the strains used. Such inconsistencies seem to have

1



been minimised where all the markers used were induced into the same
strain,

Hence the importance of the "genetic background" of a strain
became acknowledged in dealing with linkage. Barratt (1954) was the first
to issue a word of caution in this respect. He pointed out that a large
number of Neurospora strains are derived from either C.C., Lindegren's
A and a wild-type stocks or from E,V. Abbott's 4A and 12a wild-types.
His compilation of available data on centromere distances of markers on
most of the linkage groups, led him to the conclusion that if one of
the parents in a cross is of predominantly Abbott ancestry, then centro-
mere distances significantly different from distances in Lindegren x
Lindegren crosses can be expected.

In crosses of Abbott 4A x Lindegren, he found significant
decreases in centromere distances for the markers thre-l, mt, al-l,
chol-1, nt and asco.

In crosses of Abbott 12a x Lindegren, he found significant

decreases for the markers thre-l and me-5, but not for arg-6 or me-3.

Crosses which were found to give centromere distances greater
than in a Lindegren x Lindegren cross for the markers mt, pab-l, aur
and al-2, were found to be essentially backcrosses in ancestry, of the
type (Abbott x Lindegren) x Lindegren or (Abbott x Lindegren) x Abbott.

No appreciable ascospore abortion was noticed in any of these
crosses, which suggests that a failure to detect recombinants because
of an elimination of crossover chromatids is an unlikely explanation of
the findings. It had been suggested by Singleton (1948) that failure

of synapsis at prophase 1 might account for the lowered recombination.



The failure to synapse would be due to some sort of heterozygosity
between Abbott and Lindegren strains, either at a genic level or at a
chromosomal level. This heterozygosity could then be decreased by back-
crossing and restored recombination frequencies might be expected. How-
ever, frequencies in excess of the Lindegren x Lindegren cross (such as
those observed), are not expected on this model. Possibly the Abbott
stocks contain genes which are able to increase recombination in a
situation where some degree of synapsis (or homozygosity) exists, as

in the backcrosses,

Thus the data in Barratt's review posed the question which was
to pervade future work on the control of recombination; that is, are the
heterogeneous recombination data due to quantitative gene control, or to
heterozygosity per se? Stadler (1956) designed experiments to decide be-
tween the two hypotheses. He had observed heterogeneity of second division
segregation frequencies of the asco locus on linkage group VI, and two
strains were selected which gave markedly different frequencies when
crossed to asco (10% & 36%). These two strains were then intercrossed
and the progeny from four asci from the cross were individually back=-
crossed to asco and scored for second division frequency for asco.

If the second division frequency differences were due to a single gene
difference, one might expect to see the segregation of this gene in all
the asci. However, no such patterns were evident, each ascospore giving
a frequency lying between the limits set by the original crosses. Al-
though this experiment assumes that the asco stocks used are isogenic
except for mating type, the results suggest that if there are genes con-
trolling recombination, the control is a complex one, possibly involving

several interacting gene products.



Stadler went on to explore the possibility that heterozygosity
of the parents in a cross could lead to lowered recombination” frequen=-
cies. A cross of rib-l;A (riboflavin) to asco; a gave a low second
division frequency for asco of 12.6%. Progeny from this cross of the
genotype rib-l; A were crossed to the original asco, a and second divi-
sion segregations ranging from 12% to 34i% were observed. A cross show-
ing a 24% frequency was selected and rib-l; A progeny from this cross
were again backcrossed to asco. The range shown by these progeny varied
from 30% to 37%. The cross showing the highest frequency of the original
range (34%) showed a range of 36% to 48% on backcrossing. These results
indicate that heterozygosity of some kind is responsible for the criginal
low frequency, and that the reduction of heterozygosity due to backcross=-
ing is facilitating recombination, In no case did the frequency of
second division segregation fall with backcrossing. This behaviour of
asco on backcrossing was confirmed by Toweb(1958) who was able to com-
pare the linkage map of the asco - centromere region in the parent cross,
with that produced by the first backcross. The parent cross was

asco, a X cys,ylo,ad;A, and the backcross was of one of the cys,ylo,ad;A

progeny to the asco,a parent, (The backcross was selected for its high
second division segregation frequency for asco.)

Parent cross: asco - 6,02 - cys - 3.46-ylo-3.61-ad~0.60-centromere

Total 13,69 map units

First backcross: asco-7.48-cys-7.13-ylo-8.37-ad-0,62-centromere

Total 23.60 map units

(The figures quoted-here are not from Towe 1958, but from revised data

(Stadler & Towe {1962)). It is of interest to note that not all marked



regions are affected to the same degree by backcrossing: there is a
more than twofold increase in the cys-ad region, while there is little
if any increase in adjacent regions.

Frost (1961) has extended the type of analysis found in Barratt's
review, In a survey of published data on crosses of various types of
ancestry, with each type individually showing homogeneity of data, he
finds that the mating type (gg) to centromere distances fall roughly into
three groups of values,

Ak x L 2.31 units

=t
»
o

(Ab x L) xL
Al2 x L

4,07 = 8.59 units
Cx1L

(Ak x L) x C

N N N NN NN NN\

(Ab x C) x L

(A4 x L) x A4

(Al2 x L) x L
11,43 - 16,27 units
(A12 x L) x (A12 x L)

N NN NN/

(Ak x L) x A12

(AL = Abbott 4 A ancestry: Al2 = Abbott l2a ancestry: L = Lindegren
ancestry: C = Chilton ancestry.)

From these data, he concludes that only A4 x L can give reduced
distance compared with the L x L control, whereas either AL or Al2 can
give rise to increased distances in a manner that defies interpretation

on the basis of a simple recombination gene hypothesis or a heterozy-



gosity hypothesis. (Frost has evidence that Chilton strains behave
similarly to Lindegren wild types.) Frost had no data on A x A crosses,
but later work (Lavigne & Frost 1964) has shown that these crosses give
lower distances than L x L. These data largely confirm Barratt's
findings on the mt locus, but Frost also enlarged on the data on other
linkage groups. Although the latter data are considerably less exten-
sive than that for mt, it appears that where data are available, other
markers in general confirm the mt findings. (It appears that the reduc-
tions of distances found by Barratt in Al2 x L crosses are exceptions
rather than the general rule.) However, several exceptions to the mt
patterns exist which make overall generalisation difficult. An interest-
ing exception is that in A4 x L crosses, markers which are close to the
centromere show a significant reduction, whereas distal markers show no
effect. Also inm (A4 x L) x L crosses distal markers show an increase
whereas proximal ones do not. (The role of the centromere in governing
recombination frequency will be discussed below.)

As a simple heterozygosity explanation seemed to be ruled out,
Frost explored the possibility of the segregation of factors controlling
centromere distance. One ascus was chosen from an Al2a x LA cross and
each spore pair was used in a backcross to one of the parental strains.
Due to the segregat;on of the mt locus in the ascus, not all spore
pairs could be crossed to the same parent; however, the results proved

interesting:



Spore pair 1 (A) x Al2a mt - centromere 7.02 units
Spore pair 2 (A) x Al2a mt - centromere 14,37 units
Spore pair 3 (a) x LA mt - centromere 7.69 units

Spore pair & (a) x LA mt - centromere 14,49 units

The differences between spore pairs 1 and 2, and between pairs 3 and 4
are significant at the 5% level. Hence, it appears as though a genetic
factor responsible for centromere distance is segregating at the second
division in this ascus. Furthermore, spore pairs 1 and 2 also showed

different centromere distances for asco when an asco,a strain was cross-

ed to them,

1 A x asco,a, 11,67 units ) X* gives
)

2 A x asco,a, 16,72 units ) P < 1%

All the data on mt - centromere distances cannot be explained
by a one factor difference such as the above, and Frost suggests that at
least three genetic factors are involved since tﬁe mt distances fall
broadly into three groups. However, this conclusion must be regarded
as speculative at this stage.

Further data on the mating type linkage group has been provided
by Cameron, Hsu & Perkins (1966). Map distances after twelve genera-
tions of backcrosses to wild type have been compared with those in the
original cross to the same wild type. A multiply marked linkage group
I was used and selected for in each backcross. The results can Le

summarised diagrammatically as follows,



cr thi-1 mit-1 aur nic-1 os
; ; } ///////////// 4 backcross 12
// parental cross
0 20 4o 60 80 100
i : 1 } + i
Map units

Here too the marked regions are not all affected to the same degree,
although the differential is not as marked as in the results of Towe
(Stadler & Towe 1962). The data show a further resemblance to those of
Stadler & Towe in that a hint of a correlation of relaxed chiasma in-
terference with backcrossing (and, presumably, decreased heterozygosity)
was observed.

Analogous backcrossing experiments have been performed by
Nakamura (1966). He observed the second division segregation frequency
of ts (tan ascospore) on linkage group V on backcrossing. ts gives
different second division segregation frequencies when crossed to dif-
ferent wild type strains;

ts x P2a 21.3%

ts x 8a 47,0%

|5

x LT2a 58.0%
Nakamura performed backcrosses to ts in each of these three lines for

three or four generations by selecting §§f progeny that gave the highest



centromere distance, in a way analogous to Stadler's experiments on

asco (Stadler 1956).

P2a line

Generation of backcrosses Range of second division frequencies
for ts

First 22.0 to 45.3 mean 31.9

Second 32.1 to 52.9 mean 42,5

Third 344 to 52,7 mean 43,7

Fourth : 28.6 to 45.9 mean 39.6

It will be remembered that Stadler in no instance observed distances
lower than the previous generation, whereas in Nakamura's data the ranges
overlap after the first backcross generation. An analysis of variance
applied to the second, third and fourth backcross generations reveals

no significant difference, suggesting that an equilibrium level of second

division frequency has been attained after the first backcross.

8a line

Generation of backcrosses Range of second &ivision frequencies
for ts

First 53.0 to 57.1 mean 55.0

Second 47.8 to 57.5 mean 54.0

Third 54,0 to 69,9 mean 61.2

Fourth - 55.4 to 71.2 mean 65.0
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1T2a line

Generation of backcrosses Range of second division frequencies
for ts

First 60.0 to 68.5 mean 63.4

Second 58.6 to 73.4 mean 67.7

Third 64.2 to 80.1 mean 72.0

In these two lines there is a certain amount of overlap of the ranges,
and it seems as though equilibrium is attained less rapidly. However,
the general increase in map distance on decreased heterozygosity seems
to be borne out by the results., Furthermore, the data cannot be ex-
plained by the hypothesis of a single locus controlling recombination
which might predict two modes in the second division segregation fre-
quency range in the first backcross generation, one of which should co-
incide with the frequency of the parental cross., Here again, then, a
choice cannot be made between the two hypotheses of multilocus control
of recombination aﬁd heterozygosity per se.

In both Stadler's and Nakamura's data it is possible to test
whether the factors affecting crossing over are actually in the genetic
region under study or outside that region. In Nakamura's cross P2a x ts,
second division segregation frequency was about 20%; hence, if one
assumes only single crossovers in the centromere - ts region, then 90%
of the progeny from that cross would be expected to be parental for the
ts - centromere region. As the scored progeny were selected for §§+,
90% of the scored progeny should be identical in the ts - centromere
region to the P2a parent, and consequently 90% of the progeny should give

centromere distances of the ts x P2a type. This was by no means found
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to be true. Similarly, in Stadler's asco asci, the moderately close
linkage of asco to the centromere should result in several asci of
parental ditype with respect to recombination-controlling factors if
they are actually in the asco-centromere region. However, no asci of
such a type were found by Stadler; in fact no segregation patterns
were found at all in his data with respect to centromere distance.
Thus, it appears that the genes concerned are outside the regions studied.
De Serres (1958) performed experiments which throw light on the
problem of heterozygosity in the region under study. He made crosses
between heteroalleles of the ad-3 locus on linkage group I, and found
that different prototroph frequencies were produced depending on the
wild type strain in which the ad-3 mutations were induced. The rest of
the genome in these crosses was maintained more or less isogenic from
cross to cross by repeated backcrossing of mutants to a 74A wild type.

His results are summarised in the following table,

Cross Recombination Percentage
his-2 4 B
v . ® 0,09 - 0.11
+ A+
his-2 ___* __B_
2¢ X o 0.14 - 0,18
* A+ Homozygous
Heterozygous
his=2 + B
PR S 0.35 = 0.39
+ A %
his=2 A =
he o ox e emmmean 0.64 - 0.72
Jdis=2 ¥ _B
5‘ X 0063 & 0'69

= A+
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(A and B represent heteroalleles of the ad-3 region.

|

74A ancestry.
----- = Lindegren ancestry.

his-2 is an outside marker which remained constant.)

Thus it appears that heterozygosity in or near the ad-3 region can
stimulate recombination between ad-3 alleles, since the heterozygous
crosses 3, 4 and 5 give signifiéantly higher recombination values than
crosses 1 and 2.

De Serres also performed crosses between alleles induced in the
same wild type background, but outcrossed into a variety of backgrounds.,
Thus, purportedly, the ad-3 region remains constant while the rest of
the genome varies. De Serres does not record the precise ancestry of
these crosses but it is of interest to observe that the frequencies fall
into three groups in the same manner showed by Frost's survey of mt -
centromere distances. This set of data suggests that in addition to
intra-region heterozygosity, extra-region differences are important
too.

Cooke (1967) has attempted to resolve the seemingly contra-
dictory data on intra- and extra-region heterozygosity, by varying both
the region under study (the ylo - tryp-2 region on linkage group VI)
and the rest of the genome. His crosses may be diagrammatically sum=-

marised in this manner,
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Parents of cross Approximate recombination frequency

l. =3 X 3 12.7%
S X pd——r e 14.9%
; S - E T —— ‘ 28.8%

(3 X f-}o-cmm-one )

¢ )
L, E[—-}— ------ x E3e-mmrenanee- ; 24,5%

G g )

St. Lawrence ancestry.

Lindegren ancestry.  —------ =

In the diagram, the area of the genome in square brackets represents

the ylo - tryp-3 region, and the region to the right of the brackets

represents the rest of the entire genome. For example, the parent on
the left in cross 3 has been produced by selecting for the ylo - tryp
region induced in a St. Lawrence background in a series of crosses re-
presented by (St. Lawrence x Lindegren) x Lindegren. Hence in that
parent the background of the rest of the genome is roughly 75% of
Lindegren ancestry. Cooke has demonstrated statistically that there
is no difference between groups 1 and 2 or between 3 and 4. However,
all other comparisons are significantly different. Cooke concludes that
heterozygosity, whether localised in the region studied, or generalised,
is not adequate per se to explain the results of these experiments. He
believes that a small number of interacting genes in the Lindegren

strain, all of which must be present to produce a high recombination
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value, is probably the best explanation of his data, although hetero-
zygosity cannot be ruled out completely as an hypothesis.

De Serres' data on intra-region heterozygosity is the only
work which points to the importance of this type of heterozygosity.
It should, however, be pointed out that his results could also be due
to heterozygosity of a small region closely linked to the ad-3 region.

The work reviewed so far has on the whole pointed out the im-
portance of extra-region heterozygosity in the control of recombination
over large stretches of chromosome. The nature of this heterozygosity
remains in doubt, although some evidence has been presented which sug-
gests that a small number of interacting loci controlling recombination
may be responsible. The first demonstrations in Neurospora of genes
affecting recombination in specific genetic regions are attributable to
Catcheside and his co-workers (Jessop & Catcheside (1966), Smith (1966),
Catcheside (1966)). These workers have been successful in observing
in crosses the segregation of single genetic factors which affect re-
combination in the regions under study. These observations represent
success where other workers have failed., The reason for this success
may be partly due to the fact that the Catcheside group have mostly in-
vestigated fluctuations in intra-locus recombination, whereas previous
workers had concentrated on relatively larger regions of the genome be-
tween separate loci. However, Smith (1966) has pinpointed a gene con-

trolling recombination in the pyr-3% - leu-2 region of linkage group IV

which is a region about ten map units long. Nevertheless it would
appear empirically that there is a better chance of finding recombina-

tion genes segregating if one examines a small genetic region.
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To date, three recombination genes have been identified;
rec-1 controlling prototroph frequency between his-1 heterocalleles,

rec-2 controlling recombination between the pyr-3 and leu-2 loci, and

rec-3 controlling recombination at the am locus, It appears that all

three genes have a similar mode of action, such that in all three cases
a cross involving gggf in a heterozygous or a homozygous state at meiosis
will produce a low recombination value.in the region affected, whereas
homozygous ggg- produces high frequency of recombination. Thus, ggg+
is considered to be domimant to rec .

The way in which these rec genes are identified can be illus-
trated with reference to the his-l experiments (Jessop & Catcheside 1966).

K
83 sa X am,his-l#;A was used to produce two pro-

83

.
A cross of am ,his-1

K
geny, both of the genotype am,his-l ; 8, called am.K83 a(l) and

am.K83 a(2). These two strains, when crossed to various his-l, inos.A

tester strains bearing a selection of his-l alleles, produced highly

divergent results as seen in the table following.

hisel.inos.A am,K83 a(l) am.K83 a(2)
t‘ T ; i.nt # prototrophs # prototrophs a<b
SRR, B per 105 ascospores per 102 ascospores
(a) (v)

K 566 L,2 0.2 21.0
K 627 4,3 0«3 14,3
K 90 17.5 1.6 10.8
X1 k5,7 2.76 16.6
K 616 1.9 3.9 10.7
K 651 27.0 1,7 15.9
X 625 Sal 3.7 0.8
K 83 0 0 -
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Tester K 625 is the only case where no difference is manifest between
the columns. On the basis of the evidence in the table, g_rg.KSB _a_(l)

may be classified as rec and am.K83 a(2) as gggf. Also, strains K 566
to K 651 must be rec , and K 625 must be g§g+. Subsequent test showed
that most stfains can be classified into either the gggf or gggf group
with little ambiguity. A consideration of these tests suggests another
reason why other workers have failed to.identify rec genes in segrega-
tion, in that, in order to cbserve segregations of gggf and EEE-' the
segregants have to be crossed to rec testers. The rec-1 locus does
not appear to have an effect on recombination between the flanking markers
am and inos, but both rec-l and rec-3 appear to be specific in the sense
that the his-l locus is insensitive to rec-3 and the am locus insensi-
tive to rec-l. As seen from the table, rec-l has a 10- to 20-fold
effect on recombination, and a similar difference is observed in the
effect of rec-3 on the am locus, However, the single inter-locus rec
gene (rec-2) seems to have only a two-fold effect. The action of the
rec genes does not seem to be dependent on close linkage to the loci
they control: rec-l has been located some eighteen map units from
his-1l, but it has been shown that rec-3 might be on a separate linkage
group to am. Jessop and Catcheside (1966) and Smith (1966) suggest
that it would be unexpected if the rec genes were to shoﬁ specificity of
action solely in the regions studied., However, the three studies they
have undertaken have revealed three rec-type genes, and it seems likely
that an intensified search at many other loci could be expected to re-
veal additional similar controls., Furthermore, the fact that other work-

ers have failed to detect segregation of rec genes in studies over
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larger genetic regions might mean that several rec-type genes may be
acting on these regions, whose combined segregation patterns might give
progeny showing a wide range of recombination behaviour when back-
crossed to the parental generation, rather than a simple bimodal
distribution such as the identified rec genes show. If this is the
case, Smith must be considered fortunate in having found a large region
controlled by a single rec gene,

Whether rec genes are specific or not, they provide a possible
explanation of the correlation of heterozygosity with low recombination
frequency. A simple model can be constructed in which the centromere
distance of a gene X is under the control of three separate rec-type
loci (rec-A, rec-B and rec-C), each of which controls crossing over in
exactly one third of the centromere - X region. It can also be assumed
that in a cross involving X and its wild-type allele, heterozygosity
exists at all three rec loci in the diploid fusion nucleus and through-
out prophase 1 of meiosis. With respect to recombination genes the

+ +
diploid can then be represented rec-A /rec-4, rec-B+/rec-B and rec-C /

rec=C. This will mean that the whole centromere to X region is under
the influence of dominant inhibiting gggf genes., Consequently, re-
combination in this heterozygote should be mimimal, and can be represent-
ed by "zero" to imply that no region is free from inhibition. If the
rec genes are unlinked, the cross should produce eight combinations of
rec alleles., If each of these progeny are backcrossed to the parenéal
strains, the number of regions between the centromere and X which are
free of gggf inhibition are shown in the following table. It is as-

+
suned that a cross with two regions free of rec dominance will give
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higher recombination frequency than a cross with one region free of

' +
ecé, and the latter higher than a cross with a complete rec inhibition.

]

It is seen from the table that three classes of recombination
frequency should result if the progeny are backcrossed to parent M,
giving a trimodal distribution, and two classes when backcrossed to N,
The number of classes expected depends on the number of regions in
meiosis which are under the control of a rec gene in a heterozygous
state (ggg+/ggg.). and if these regions are numerous, a continuous
amodal distribution is expected ranging from the value obtained in the
heterozygous cross up to thg value obtained in the parent showing the
highest frequency of recombination when selfed, (In the diagram,

the limiting classes are the "zero" and "2" classes.)

Parent M Parent N
+ -
rec-A, rec-B+, rec=C rec-A , rec-B, rec-C
selfed,"2! selfed,"1"
Diploid
zygote
rec-A+/rec-A.
+
rec-B /rec-B,
rec-C+/rec-C.
“zero'
y . + " +
Progeny classes. # regions free from rec # regions free from rec
(A=rec-A etc.) domination when crossed to M | domination when crossed to N

A BY ¢ Vv 2 0
AY B ct”’ 0 1
A BY ¢tV 1 0
A* B c Vv % 1
A B c* v 1 1
A* BY ¢ V 1 o]
A, B s 2 1
At Bt ct 0 0

204, 2
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Much, although not all, of the reviewed data can be accounted
for on the basis of the above model, Nevertheless,‘other suggestions
have been put forward to account for heterogeneity of recombination
values, and these will be considered here.

The centromere has been hypothesised as a possible source of

variation. Fincham (1951) compared the linkage map of chromosome 1 in

Neurospora crassa with that of the closely related species Neurospora
sitophila, and demonstrated that in both arms, markers proximal to the
centromere showed an elevated second division segregation frequency in
the latter species., Also, map distances between distal markers remained
essentially unchanged. Scott-Emuakpor (1966) extended Fincham's ob=-
servations to other linkgge groups and demonstrated that the differentials
between the two species are not always in the same direction. As men-
tioned above, Frost (1961) and Stadler & Towe (1962) have shown effects
on recombination due to proximity to the centromere. Beadle (1932) has
shown in Drosophila that a homozygous translocation which brought a
marked region closer to the centromere resulted in the suppression of
crossing over in that region.

Proximity of a region to heterochromatin has been proposed as
a contributing factor in recombination heterogeneity (Mather, 1939).
However, evidence concerning this suggestion is unavailable in Neuro-
Spora.

Chromosomal aberrations in Drosophila cause significant changes
in recombination in adjacent regions (Sturtevant & Beadle, 1936) and in
other chromosomes (for example, Schultz & Redfield (1933), Williamson

(1966)). The effect of translocations on recombination has been ob-
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served in Neurospora by St. Lawrence (1953). However, patterns of
ascospore abortion which would be expected from hetérozygous aberra=-
tions have not been observed in the reviewed experiments.

Heterozygosity in the form of minor base sequence differences
or minor structural differences as a result of radiation treatment re-
mains a feasible explanation of the results given here. Presumably
the primary effect of these factors would be to reduce the efficiency
of homologous pairing at meiosis, and thereby to decrease the efficiency
of exchange between the homologues.

Thus, in summaris;ng the above discussion, it may be stated that
heterozygosity of some kind .outside the region under study does seem to
depress recombination fréquency. The discovery of rec-type genes opens
up an attractive way of explaining many of the phenomena attributed to
heterozygosity, but structural heterozygosity cannot be ruled out as an
explanation of the findings. It is difficult to see how the latter
type of heterozygosity, being present outside a region, can affect the
recombination behaviour within that region, yet unexplained interchromo-
somal effects on recombination do exist (as mentioned above for Droso-
phila).

The work to be reported in this thesis was initiated primarily
to discern the relative importance of recombination-affecting genes
and "structural" heterozygosity on inter-locus recombination in Neuro-
spora. The rationale behind the experiments performed is as follows,
Two strains known to differ in recombination frequency over a specific
region when crossed to a common conidial parent, may be combined in a

heterokaryon., The heterokaryon may then be crossed to the same conidial
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parent, If the original nuclear components of the heterokaryon are
identifiable through the presence of appropriate marker loci, then the
recombination behaviour of the component strains inside the heterokaryon
may be compared with their behaviour when they are used independently,

If the recombination frequency associated with a component nucleus of the
heterokaryon differs significantly from the recombination frequency of
that nucleus when present in a cross as a homokaryotic strain, it may be
assumed that structural heterozygosity was not the cause, or was not the
only cause, of the original diversity between the strains, The conclu-
sion would be that the changes in recombination frequency reflect the
activity of gene products, aﬂd'the internuclear exchange of such products
in the heterokaryon., Although these gene products may not be strictly
recombination-specific in their action, they may nevertheless be pre-
sumed to be under the influence of natural selection at least in part
because of their action on recombiration,

A failure to demonstrate depression or elevation of recombina-
tion frequency of any given nucleus while inside the heterokaryon, cannot
be conclusively attributed to the absence of recombination-concerned
gene product exchange, but may rather reflect the lack of continuous
cytoplasmic contact between the nuclei at the time of formation of these
gene products., Hence, the only result of this experiment which can be
meaningful is the demonstration of recombination change of the nuclear

components due to heterokaryosis,
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Neither can cytoplasmic effects be ruled out (as a heterokaryon
is also a heteroplasmon (McDougall & Pittenger, 1966), unless it can be
shown that the recombination frequencies of the homokaryotic strains re-
main individually constant when these homokaryotic strains are used as
conidial parents in crosses to the common parent., However, in the many
reciprocal crosses that have been performed in Neurospora, it appears
that no marked cytoplasmic effects on recombination have been reported.
Furthermore, the nature of cytoplasmic mutants which have been detected
in fungi make them unlikely candidates fbr a role in the control of
chromosome exchange.

If no internuclear interaction occurs, the heterokaryon can be -
expected to show a recombination-frequency somewhere between the extremes
set by the component strains, its precise value depending on the nuclear
ratio, and, consequently, on the ratio of the component meioses occurring
in the heterokaryon cross. (It should be pointed out that, although a
heterokaryon is a mixture of nuclei on a common cytoplasm, if the hetero-
karyon is crossed, any one meiosis can involve only one heterokaryotic
nuclear component, Thus the ratio of two types of meiosis occurring
should presumably reflect to some degree the nuclear ratio of the hetero-
karyon, ) If an interaction does occur, the recombination frequency of
the heterokaryon cross could conceivably be intermediate, higher than
either component, or lower than either component, depending on, again,
the nuclear ratio, and also on the mode and strength of the interaction.
An analysis of the ratio of different types of meiosis occurring, via

the use of nuclear, and hence meiotic, markers, makes it possible to

differentiate between these alternative possibilities.



CHAPTER 2

MATERTALS AND METHODS

Materials

1, Markers used

The mutants used as markers in this study are shown below.

Mutant Phenotype Isolation #' Mutagen Linkage Ancestry
group
ad-1 Requires adenine 3254 X-rays VIL LeciM
al-2 Albino conidia 15300 X-rays IR L ci SL
arg-6 Requires arginine 29997 spontaneous I R LeiM
arom=1 Requires aromatic Y7655 N-mustard II R L ci SL
amino acids
cys=2 Requires cysteine 80702 Neutrons VI L AXLciM
leu-3 Requires leucine R156 ov IL M eci SL
pan-2 Requires pantothenic Y1SLM6L ? VIL M
acid
thi-2 Requires thiamin 9185 X-rays IIT R LeciM
ylo Yellow conidia Y30539y Nemustard VI L Meci M

(L=Lindegren: M=mixed: A=Abbott: SL=St. Lawrence: ci=crossed into)

Several of these mutants were obtained already in the form of multiply-

marked stocks. These were:-

23
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Fungal Genetics
Strain genotype Mating type Stock Centre # Linkage group

ad-1l, pan=2 a L67 VI
arg=6, al=2 a 272 IR
arg=6, al-2 A 313 IR
cy=-2, vlo a L89 VI L

All stocks were obtained from the Fungal Genetics Stock Centre,
Dartmouth College, Hanover, New Hampshire, U. S. A.. Most of the
mutants have been investigated in detail, and references to these

investigations are found in Neurospora Newsletter #9 (June 1966).

2. Media

The media used consisted of a carbon source, inorganic salts,
trace elements, the vitamin biotin, distilled water plus appropriate
growth supplements. Media used for different purposes differed only
in the carbon sources, as described below. Where solid medium was
needed, 2% Difco agar was added. Inorganic salt solution was made up

in 4x strength as follows, according to Westergaard and Mitchell (1947).

KNO L,o0g.
3 g
KH_PO,, k,0g.
CaC12.6H20 O.kg.
NaCl O.hg.
Biotin 16.0ug.

Trace element solution 1.0ml.

Distilled water up to  1000ml.



Trace element solution consisted of:
ha23407.¢0d20
CuSOq.5H20

FePO 2H20

1+0
MnS $

o AT&»..OL{’. LfHZO
ZnSOk.7H20

NaéMcOQ.EHEO

25

0.01g,
0.18.
0.28.
0.028.
2.00g.

0.02g.

Distilled water up to 250 nml,

Four different carbon source combinations were used according to the

purpose of the medium, For crosses,

2% sucrose was used; for vege-

tative growth 2% glucose; for testing auxotrophic markers 0.4% sorbose

plus 0.2% sucrose; and for assays of prototroph frequency 1% sorbose

plus 0,05% glucose plus 0,05% fructose. Brockman & de Serres (1964)

have shown that the sorbose-fructose-glucose (SFG) medium minimises

the variability of "sorbose toxicity" effects, which are due to dif-

fering autoclave times,

Biochemical supplements needed as growth requirements were

added as follows.
adenine
L-arginine HC1
L-leucire
I-Methionine
Ca-pantothenate
shikimic acid

thiamin

100nmg,/litre
500mg./litre
200mg./litre
500mg./litre
100mg./litre
100mg./litre

100mg./litre
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The pH of various media has been checked using coloured pH
indicator papers, and seems to vary between about 6.2 and 6.6 depending
on supplementation, on whether or not the medium has been autoclaved,

and on the source of distilled water.

Methods

Stock cultures were maintained on solid glucose medium in a 7°C
incubator, and subcultured at 3 month intervals. Subcultures were
grown up at 25°C prior to storage at 7°C.

Crosses were performed in large test-tube slopes at 25°C.
The strain to be used as the protoperithecial parent was inoculated and
left at 25°C for 4 to 6 days before a few drops of conidial suspension
from the conidial parent were added; Where the results of different
crosses were to be compared, the cross technique was kept constant in
terms of fertilisation time and as many other factors as possible, It
was found that crosses are more likely to produce abundant perithecia
if most of the aerial conidia and mycelium are removed from the cross
tube before fertilisation. In relation to this problem, if a dilute
solution of Tween 80 (0.01% by volume) is used to suspend the conidial
parent (Stephens, V. R., personal communication), perithecia production is
often enhanced. Presumably the reduction of surface tension by the
Tween 80 facilitates contact between the fertilising conidia and the
trichogynes. Mature ascospores are harvested from the walls of the
cross tube at periods ranging from four weeks onwards, depending on the
cross. It has been found that ascoépores recently shot from the peri-
thecia are very often immature, and sometimes have to be left a further

four weeks to ensure high germination percentages.
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fature ascospores are removed from the cross tube with a
microspatula and spread in a small drop of 1.5% sodium hypochlorite.
over the surface of a lem. block of 4% agar. The spores are usually
in an ideal state for isolation after 30 minutes. They are picked off
one at a time under a dissection microscope, using tungsten wire needles,
which have been sharpened in molten sodium nitrite. The spores are
deposited individually into small slopes of vegetative medium. These
random spore isolates are heat shocked immediately in a 60°C water bath
for 40 minutes to induce germination. The heat shock also kills any
conidia that have managed to survive the hypochlorite treatment.
Germination tubes may be observed under the microscope after several hours,
and the cultures are usually fully grown by 4 to 6 days. Ungerminated
isolates sometimes germinate after a second heat shock.

Cultures (such as those derived from random spore isolates) can
be tested for their biochemical requirements by inoculating appropriately
- supplemented Petri plates of sorbose-sucrose medium., Cultures were
periodically tested in this way to check the possibility of reversion at
the marker loci. Morphological markers were scored by observing the
culture tube directly.

Mating=-type tests were made in the following way. A dilute
suspension of conidia from a tester strain of known mating type was
spread over the agar surface in an appropriately supplemented Petri plate.
After one day, a mycelial lawn has formed, and at this stage a large square
is cut in the agar, and fhe medium around this square is removed. (This
procedure prevents the excessive build-up of conidia on the agar square

remaining.) After another 3 days, conidia of the strains of unknown
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mating type are jabbed onto the mycelial surface with a wire twist.
Fertilisation by opposite mating types is scored by observing the
appearance of black perithecia on the agar surface. In this way, up to
20 strains can be tested on one Petri plate. As a rule, unknown mating
types should be crossed to tester strains of both mating types as a
double check,

Heterokaryons were made by two methods. The first method was to
inoculate both the component strains at the same spot on a slope of appro-
priately_supplemented vegetative medium. The second method was to make
conidial suspension of each contributing strain and to add one drop of
each suspension to an unsloped tube of vegetative medium. The second
method is faster, and more convenient for tests of heterokaryon compati-
bility where large numbers of combinations have to be tested. No attempt
was made to make heterokaryons- from stréins of opposite mating types.

The successful establishment of heterokaryosis is detected by complemen-
tation of forcing auxotrophic markers, and a secondary check is the comple-
mentation of morphological markers. In both cases a wild type phenotype
results. Heterokaryons must, of course, be made and maintained on a
medium which is "minimal" with respect to complementing loci.

A perithecial analysis is a random.spore analysis in which all
the spores come from one perithecium, This means that a perithecium
must be isolated before the spores are shot. The perithecium is placed
on a block of 4% agar and rolled around to remove foreign ascospores from
its surface, although this manipulation is unnecessary if none of the
perithecia in the cross tube have dehisced. A drop of 1l.5% sodium

hypochlorite is added to kill any conidia that may be adhering to the
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perithecium, and the whole perithecium is squashed to expel its ascospores.
The spores are then isolated in the same manner as random spores, but,
because of their immaturity, they are not heat shocked until several weeks
after isolation, at thch time it is often necessary, prior to the heat
shock, to add a few drops of water to each tube to make up for evaporation
loss.

In the experiments to be described, recombination frequency in a
cross is estimated by measuring the frequency at which prototrdphs are
produced in the progeny ascospores. A recombination event between two
auxotrophic markers A and B, in the repulsion or '"trans' arrangement will
produce an equal number of double auxotrophs (AB) and prototrophs (+ +).
Hence, although prototroph frequency is ideally but half of the real re-
combination frequency, it can be assumed ?hat prototroph frequency is a
real index of the frequency of recombination events in the marked region.
The advantage of this technique is that relatively rare recombination
events can be detected without resort to the laborious isolation of a
very large number of individual spores. The fact that very much larger
spore samples are screened provides an addiﬁional advantage, in that small
variations in recombination frequency between crosses of different types
are less readily attributable to random fluctuations. The following
technique has proved to be the most favourable, in that reasonably con-
sistent prototroph frequencies are obtained for a given cross, and more
important, the differentials between crosses are reasonably constant in
size and direction.

Mature ascospores are scraped from the walls of the cross tube

and suspended in approximately 5 ml. of 0.1% agar. This agar solution



is prepared by dissolving the agar in water and allowing the solution

to cool to room temperature while constantly stirring with a magnetic
stirrer. The resultant solution is quite homogenecus, with a consistency
rather similar to a fhin oil, Dilute agar is used in preference to
water so that the ascospores will remain in suspension for longer times.
Little or no sedimentation has been observed after 30 minutes.

The ascospore suspension is filtered through tightly packed
glass wool, to remove ascospore aggregations, after which procedure the
volume decreases to about 3 ml.. It was discovered that a convenient
rule of thumb spore concentration to use is that which looks just turbid
when held against a sheet of white paper after filtration. (The exact
concentration is determined by plating a spore sample in complete medium,
as described below.) Next, several 0.5 ml. aliquots of the resulting
stock ascospore suspension are added to 9.5 ml. amounts of 0.1% agar to
effect a x20 dilution. These "dilution' tubes are agitated vigorously
in a Vortex mixer to obtain uniform suspensions. Bubbles tend to form
during this agitation which can be got rid of by pressing the tube
vertically into the centre of the rubber cup of the Vortex mixer, so
that the liquid spins round the inside perimeter of the test tube, with-
out agitation.

1.0 ml. aliquots of stock ascospore suspension are each added to
flasks containing 100 ml. of molten SFG medium, which have been kept at
60°C. (This SFG medium has been appropriately supplemented for proto-
troph selection.) The flasks containing the resultant mixture are now
shaken by hand to promote mixing, and returned to the 60°C incubator for

40 minutes to heat shock the ascospores. After heat shock, each 100 ml.
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mixture is again agitated and poured into 10 Petri plates where the
medium is allowed to solidify. These plates are then placed immediately
into a 37°C incubator,

One 1.0 ml., aliquot from each of the dilution tubes is individually
added to a flask containing 100 ml. of molten compléte SFG medium at 60°C.
These flasks are treated in the same way as the prototroph flasks, and
the resulting plates put into the 37°C incubator.

What has been described is the procedure followed for ‘one cross,
and the product of the technique is 10 Petri plates for each 1 ml. aliquot
of stock ascospore suspension, and 10 Petri plates for each 1 ml. aliquot
of dilution suspension used. However, in every experiment reported here,
three crosses were run concurrently and the above manipulation performed
on all three at the same time. The three crosses are two homokaryotic
strains crossed to the common parent, and their heterokaryon crossed to
the same common parent. In this way, the effect of any fluctuation in
treatment from day to day is minimised, and the three crosses of any on
"set" can be validly inter-compared for any given day.

After 4 days the plates were scored with the naked eye for
growing colonies. No appreciable increase in number was observed after
L days, except on the complete plates where the slight increase was due
to a few colonies which had been overlooked on the first count. Con=-
sequently the complete plates were re-examined after an additional two
days. The reason for incubating the plates at 37°C is that one of the
markers (cys-2) is slightly leaky at 25°C (W. N. Ogata, personal com-

munication), but not at 37°C.
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Germination estimates were obtained from direct counts on the
complete plates at 3 days under a dissection microscope. An area is
marked on the bottom of the plate, and all spores in that area are
scored for the presence of germination tubes or associated mycelium,
Little ambiguity was found as a result of spores in close proximity.
Plates were sometimes also observed at 6 days to see if a greater per-
centage of spores had now germinated, but this was never found to be the
case.

Random samples of prototrophs and colonies on complete medium
were isolated from the respective plates. This was performed micro-
scopically to avoid inclusion of foreign ascospores or mycelium not
associated with the colony being isolated. In order to reduce further
this risk, only a small amount of mycelium was removed from the edge of
the colony to be isolated. The isolations were performed with a tung-
sten needle, and the isolated mycelial fragments put into tubes of
vegetative medium, The fact that the isolated. cultures were rarely
mixtures of colonies was evident.from the negligible number of tubes seen
containing perithecia. The depth of medium in a plate was approximately
2 mm., so little trouble was experienced in isolating colonies which had
originated from spores near the bottom of the medium.

Prototrophs were isolated onto minimal-type vegetative medium,
while the colonies from the plates containing complete medium were iso-
lated onto fully supplemented vegetative medium. After a week's growth
in a 25°C incubator, the cultures were placed in the light to enhance
pigment formation, and after 2 more days they were scored for conidial

colour.
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Samples, from each cross, of colonies growing on complete
medium were checked at the start of the research programme to see if
the plating technique was selecting for any particular spore genotype.
However, no significant divergence from the expected 1:1 distribution

of mutant to wild-type was found for any marker,



CHAPTER 3

SYNTHESIS OF SUITABLE STRAINS

The region selected for study was the cys-2 - pan~2 region,

which spans the centromere on linkage group VI, It is likely that most
regions can be expected to show heterogeneity of recombination values,

but as the cys - pan region had previously been shown to be susceptible
to variability (Stadler & Towe 1962), it was the final choice. Thus the

format of the experiments would be three crosses;
(eys=2,%), ¢ x (# pan-2) g
(cys=2,%)5 ¢ x (¥ pan-2) ¢

Heterokaryon (czs-2.+)A + (cys=2,+)5 ¢ x (¥ pan-2) g
(In this symbolism, Q stands for protoperithecial parent, and g for

conidial.) The two strains A and B are of a similar genotype with res-

pect to the loci cys-2 and pan-2, and the conidial parent is constant

in the .three crosses., Three crosses of the type set out will be referred
to as a "set" of crosses. "A" and "B" will be used throughout to dis=-
tinguish betwen the homokaryotic protoperithecial parents. If A and B
ghow different pan - cys recombination frequencies when crossed to the
commop parent, they could possibly be considered to be genetically dis-
similar at recombination-controlling loci. As will be seen below they

have to differ at marked loci as well,
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Several requirements guided the synthesis of the eventual stocks.
1) The strains of type A and B should be heterckaryon compatible. It is
known that compatibility will result only if homozygosity exists at a

minimum of three compatibility loci (Garnjobst 1953, Garnjobst & Wilson

'J

956), and strains can be obtained which are known to be compatible.
However, in order to mark these strains and retain compatibility a con-
siderable programme of backcrossing has to be undertaken. In the ex~
periments described here, no attempt was madé to introduce compatibility
locij rather it was hoped that by trial and error, compatibility would be
attained in some cases., This hope was borne out,

2) A and B type strains should differ in their recombination behaviour
when crossed to the common parent. Ideally, perhaps, if A were of Abbott,
B of Lindegren and the common parent of Lindegren background, then dif-
ferences in values could be predicted. No attempt was made to cross
markers into definite backgrounds. Nevertheless, recombination hetero-
geneity Qas found.,

3) Markers should be present in A and B strains which will allow a
heterokaryon between them to be forced. The choice of such forcing
markers is arbitrary except that they should be auxotrophic and prefer-
ably show no leakiness.,

L) A and B strains should bear markers which will allow progeny from

the heterokaryon cross to be identified with one of the nuclear compo-
nents of that heterokaryon. These nuclear (and hence meiotic) markers
could be the forcing markers themselves, or preferably should be mor-
phological mutants to facilitate scoring of large numbers of progeny.
The complementation of these nuclear markers will also provide an addi-

tional check on the establishment of heterokaryosis.
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5) All three crosses of a set should be fertile and produce an abundant
spore progeny.

The strains were built up as follows, the marker arrangements
being chosen largely as a result of availability of conveniently marked
stocks.

A Ean-z,cvs-z+ strain of mating type a was chosen as the common
conidial parent. The actual strain is 467, which also bears the marker
ad-1, However, for the purposes of the experiments described below this
adenine marker is redundant, and adenine was routinely added to all selec-
tive medium,

The B type strains were built up by crossing cys-2,A (Fungal

Genetics Stock Centre (FGSC) #125) to arg-6, al-2, a (FGSC #272) and

selecting progeny of the genotype cys-2;arg-6,21-2,A, Thus, arg-6

is the forcing marker and al-2 is the morphological nuclear marker.

The A type strains were built up by crossing cys-2,yloja (FGSC
#489) where ylo is the morphological marker, to thr;e mutants whose fea-
sibility as forcing markers for this nuclear type were to be tested.
These latter strains were leu-3,A (FGSC #1124), thi-2,A (FGSC #61) and
arom-1,A (FGSC #42); Thus a number of strains of the genotype cys-2,
ylo;M,A were selected for each prospective forcing marker, where M re-
presents the forcing marker,

Complementation tests were then performed between all the A
strains and all the B strains., It was discovered that none of the

cys,ylosthi or the cys,vlojarom type A strains were compatible with the

cyssargsal type B strains. However, extensive compatibility was ob-

served between the cysjarg,al strains and the cys,ylojleu strains. Con-



37

sequently, cys,ylojleu was chosen as the A genotype, and leu-3 as the
forcing marker,

Fertility on crossing these strains to ad-l,pan-23a was the

next criterion of selection, and five sets were found to give abundant
ascospores in this cross. These sets, represented here by their res-
pective heterokaryons were;

(cysi;arg,al #59 + cys,ylojleu #23)

(cysjarg,al #59 + cys,ylo;leﬁ #20)

(cys;arg,al #62 + cys,ylojleu #20)

(cysiarg,al #47 + cys,ylosleu #23)

(cysjarg,al # 7 + cys,ylojleu #23)
These sets of three, represented by their respective heterokaryomns, will
be abbreviated (59+23), (59+20), (62+20), (47+23) and (7+23), where the
B-type (cxs;arg,al) nucleus is always written first.

The genotypes of A and B-type strains and the common parent can

be represented diagrammatically as follows;

cys ylo 4+ 4 leu A * o+

Type A VI+—F—4+0—+ 1 + O O —
strain

s + 4+ o+ A arg al

Type B VI4——tr—--"bd0—+ I + ; O- —t
strain

‘ “+ 4+ ad pan + a + o+

Common VI 40— I + O - {——t—
parent

1
N

approx. 10 map units
(Fincham & Day 1963)

These diagrams are drawn very approximately to scale, and are meant only

to show the relative locations of the markers used., The diagrams show



38

only the marked regions of the marked linkage groups. It is coincidental
that both the forcing markers are found on group I. The reported dis-
tances between cys and pan in Stadler's and Towe's analysis (Stadler &
Towe 1962) varied between about eight units in a parental cross and 17
units in the backcross. However, the fact that variability exists in
this region suggested that an even wider spectrum of values might exist.
The three crosses of any individual set can be diagrammatically
represented as in Fig.l with the chromosomes in the paired state, Pan -
cys prototrophs from type A crosses may be selected by plating the spores
in SFG medium containing adenine and leucine, and prototrophs from type
B crosses by plating in medium containing adenine and arginine. Proto-
trophs from the heterokaryon cross (H-cross) are derived from two compo-
nent crosses, which have been designated AH and BH in Fig., 1. Hence,
the selective medium for this cross should contain adenine, leucine and
argin;ne. Consequently, the same selective medium was in fact used for
all the three types of crosses, that is, medium containing adenine,
leucine and arginine, and any possible differences due to differences in

selective medium were thus eliminated.
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Cross type linkage group VI linkage group I
2wl RPN S
A J/// //// )//,
+ + o + o+
+ + A arg ol
i 1 1 o 1 1
° ///, ,///r /////
T ) 7 7 5 1] T
ad pan + a & P
4 + leu A + o+
1 & L P ) 1 o 1 1
e / / /
( T S T T ©  —
E i Pon < a + o+
H
( % 5 S Sy
(
( By
) ) c T T
o a +

Fig. 1. Marker arrangement in the three types of crosses in a set.

Also shown are the recombination events selected for in

the experiments.

Inspection of Fig. 1 reveals that pan - cys prototrophs arising
from an A or an AH cross will be of two types with respect to the yellow
locus. A certain percentage will be ylo, arising from recombination events
between cys and ylo, and a certain percentage will be zlg+, arising from
recombination events between ylo and pan. The relative proportions of
these types will depend on the frequency of exchanges in the regions men-
tioned. Pan - cys prototrophs arising from B or B, crosses will be of

H

two types with respect to the nuclear marker albino, that is al and glf.



However, the al marker is on linkage group I, so 50% of these proto-

+
trophs should be al, and 50% al .
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CHAPTER 4

PROTOTROPH FREQUENCIES

Tables 1 to 6 show the experimental values which allow the
calculation of prototroph frequency. Tables 1, 3 and 5 have a similar
format and each value represents the number of prototrophs in 1.0 ml.
of stock ascospore suspension, assayed by plating in ten Petri plates
of selective medium. Tables 2, 4 and 6 show the number of viable
spores in aliquots of the dilution suspension, and each value represents
the number of colonies produced by one 1.0 ml. aliquot taken from one
separate dilution tube. Table 7 shows the resulting prototroph fre-
quencies fepresented ;s percentages, which are obtained by dividing the
values in the last columns of tables 1, 3 and 5 by the values in the last
columns of tables 2, 4 and 6, and converting to percentages.

The format of these and many consecutive tables is standard in
terms of the two left hand columns showing "'set" and "experiment'., For
example consider the three rows occupied by set 47+23. An "experiment"
is defined as the simultaneous analysis of the three crosses of a set, in
terms of time of crossing, harvesting and plating of spores and isolation
and scoring of colonies. Where experiments have been repeated more than
once the Roman capitals are used to designate the repeats. Thus three
experiments were performed on set U47+23, each experiment consisting of
the simultaneous analysis of the three crosses of that set. Therefore

the row represented as 47+23 I (for example) is continuous throughout

k1
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TABLE 1

NUMBZR OF PROTCTROPHS IN ALIQUOTS OF STOCK ASCOSPORE SUSPENSION IN TYPE=-A

# prototrophs in 1.0 ml. aliquots Mean #
of stock ascospore suspension prototrophs
per ml..stock
* *% suspension

Set Experiment (1) (i) (1ii)
L7423 I 116 - - 116
47+23 1 50 - - 50
47+23 III 211 - - 211
59+20 I 146 - - 146
59+20 iI 285 - - 285
59+20 I1I 162 169 - 165.5
59+20 Iv 292 166 253 237
7+23 I 98 - - 98
62+20 I 129 - - 129
62+20 II 326 - - 326
59+23 I 165 122 158 148.3
59+23 ok 173 173 - 173
59+23 III 174 189 - 181.5

* The Roman numerals used in this and following tables refer to the
repeat number. For example, set L47+23 was repeated three times in
experiments I, II and III,

**These numbers refer to the number of aliquots -assayed. For example

in experiment 59+20 III, two 1.0 ml. aliquots were assayed.



TABLE 2

NUMBER OF VIABLE SPORES IN ALIQUOTS OF DILUTION SUSPENSICNS IN TYPE-A CROSSES

# viable spores in 1.0 ml. aliquots| Mean # Dilution Totel # viable
taken from the dilution tubes * viable spores factor spores in 1.0ml.
per 1.0 ml. stock ascospore
Set Experiment (1) (ii) (iii) (iv), suspension **
L7423 I 701 - - - 701 15 10,530
L7423 II 236 - - - 236 10 2,360
L9423 111 1,400 - - - 1,400 10 14,000
59+20 I 693 - - - 693 10 6,930
59+20 T 1,951 - . - 1,951 10 19,510
59+20 IIT 308 %51 301 341 320¢3 20 6,40k
59+20 IV 430 365 k29 1428 413 20 8,160
7+23 I 609 - - - 609 10 6,090
62+20 I 789 - - - 789 10 7,820
62+20 1T 2,498 - - - 2,498 10 24,980
59+23 I L22 375 458 - 418.3 20 8,356
59+23 II 636 651 555 . 614 20 12,280
59+23 111 Les 516 L8o 559 505 20 10,100

* Each figure here represents a count of one 1.0 ml. aliquot taken from one dilution tube. For
example in experiment 59+20 III, four dilution tubes were used.

**Obtained by multiplying mean viable spores by the dilution factor.

&4



NUMBER OF PROTOTROPHS IN ALIQUOTS OF STOCK ASCOSPORE SUSPENSION IN TYPE-B

CROSSES
# prototrophs in 1.0 ml. aliquots Mean #
of stock ascospore suspension prototrophs
per ml. of
Set Experiment (1) (1) (iii) . stock suspension
47423 I 262 - - 262
47423 1 142 - - 142
47+23 III 200 - - 200
59+20 I 125 - - 125
59+20 II- 860 - - 860
59+20 IIT *
59+20 v o+
7+23 I 88 - - 88
62+20 I 327 - - 327
62+20 II 625 - - 625
59+25 I 348 397 323 356
59+23 II 363 382 - 372.5
59+23 III 511 664 - 587.5

* Results not obtained.




TABLE &L

NUMBER OF VIABLE SPORES IN ALIQUOTS OF DILUTION SUSPENSIONS IN TYPE-B CROSSES

# viable spores in 1.0 ml. aliquots | Mean # Dilution Total #
taken from dilution tubes viable factor viable spores in
spores 1.0 ml. stock
Set  Experimentf (i) (ii) (4ii) (iv) per ml, ascospore suspension
L7+23 I 1, Lbl - - - 1, bhh 15 21,680
b7+23 11 973 = = = 973 10 9,730
47423 ITX 1,852 - - - 1,852 10 18,520
59+20 I 501 - - - 501 10 5,010
59+20 I1 34517 - - - 34517 10 35,170
59+20 TIL *
59+20 v »
7+23 I L82 - - - 482 10 4,820
62+20 I 1,061 - - - 1,061 10 10,610
62+20 II 3,191 - - - 3,191 10 31,910
59+23 I 561 615 615 - 597 20 11,940
59+23 II 537 Sk 479 - 521 20 10,420
59+23 III 869 953 741 887 862.5 20 17,250

* Results not obtained.

&h
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TABLE 5

NUMBER OF PROTOTROPHS IN ALIQUOTS OF STOCK ASCOSPORE SUSPENSION IN TYPE-H

CROSSES

# prototrophs in 1.0 ml. aliquots| Mean #
of stock ascospore suspension prototrophs
per ml. stock
Set Experiment (i) (ii) (iii) suspension
47423 1 31 - - 31
47+23 11 : 178 - - 178
L7+23 III 333 - - 295
59420 I 109 - - 109
59+20 II 290 - - 290
59+20 13X 24k 256 - 250
59+20 Iv 225 163 20k 197.3
7+23 I 74 - - 74
62+20 I L1 - - L1
62+20 I 124 - - 124
59+23 I 5k 85 60 66.3
59+23 II 101 73 - 87
59+23 IIT 216 171 - 193.5




TABLE 6

NUMBER OF VIABLE SPORES IN ALIQUOTS OF DILUTION SUSPENSIONS IN TYPE-H CROSSES

# viable spores in 1.0 ml. aliquots Mean # Dilution Total viable
taken from dilution tubes viable factor spores in 1.0ml,
: spores stock ascospore
Set Experiment (1) (ii) (iii) (iv) per ml. suspension
L9423 I 251 - - - 251 15 3,760
L7423 II 1,076 - - - 1,076 10 10,760
47423 IIT 2,691 - - - 2,691 10 26,910
59+20 I 189 - - - 189 10 1,890
59+20 II 1,816 - - - 1,816 10 18,160
59+20 IIT 455 L9 L27 421 438 20 8,760
59+20 IV L35 L35 428 Lo L3zl .5 20 8,690
7423 I 738 - - - 738 10 7,380
62+20 I 233 - - - 233 10 2,330
62+20 II 1,391 - - - 1,391 10 13,910
59+23 I 3k 353 352 - 339.7 20 6,792
59+23 II 548 483 526 - 519 20 10,380
59+23 IIT 860 826 684 741 777.8 20 15,556

ih



TABLE 7

PROTOTROPH PERCENTAGE *

Set Experiment A-Crosses B-Crosses H-Crosses

L+2% I 23x ad,pan 1.10 47x ad,pan 1.21 "~ (47+23)x ad,pan 0.83
47+23 11 " 2.12 " 1.46 " 1.65
47423 111 " 1.51 " 1.08 " 1.24
59+20 I 20x ad,pan  2.14 59x ad,pan  2.49 (59+20)x ad,pan 5.77
59+20 II " 1.46 " 2.k Y 1.59
59+20 I1I o 2.58 - - R g 2.85
59+20 v " 2.90 0 3.32%* " 2.27
7+23 I 23x ad,pan 1.6l 7x ad,pan 1.83 (7+23)x ad,pan  1.00
62+20 ) 20x ad,pan  1.63 62x ad,pan  3.08 (62+20)x ad,pan 1.76
62+20 11 n 1.30 " 1.96 M 0.89
59+23 I 23x ad,pan 1,77 59x ad,pan 2.98 (59+23)x ad,pan 0.98
59+23 1T o 1.5 H 5,58 f 0.84
59+23 111 " 1.79 i 3.40 " 1.24

* # prototrophs per hundred ascospores

** these values are means of B-cross values in the 59+23 experiments.

84
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all tables of this format. The experiments were performed over two
years, so although the three crosses on any given row (an A, B and an

H cross) can be validly intercompared, comparisons between rows are less
meaningful as they are not performed and analysed simultaneously. In
connection with this explanation, the tables concerning B-cross data show
no results opposite 59+20 experiments III and IV, These data are absent
as the experiments 59+23 I, II and III and 59+20 III and IV were carried
out and analysed on consecutive days, consequently it seemed superfluous
to repeat the B-cross analysis already carried out one day previously on
the same strain (cys;arg,al #59) in 59+23 experiments. Therefore, when
values for the experiments 59+20 III and IV are needed, the mean of 59+23
experiments I, II and III are used. This procedure is probably not
strictly valid as day to day differences are possible in the analytical
technique, however, the cross tubes used would have been from the same
batch used in the 59+23 experiments, so any error introduced by the pro-
cedure is probably not large.

In Tables 1-6, considerable variation exists between experiments
in the number of aliquots assayed; obviously, a prototroph frequency
arrived at from a mean of several aliquots of spores is less subject to
random fluctuations than one derived from one aliquot .

The dilutions used were x10, x15 and x20, but in any one experi-
ment (ie. horizontal row), the dilution factor is constant.

In this and the following three chapters, the results of the
experiments will be presented and discussed in a qualitative manner.

The main statistical analysis of the data will be postponed until chapter

8, but some minor statistical confirmations will be presented in this



chapter and in chapters 5, 6 and 7.

Inspection of the prototropn frequencies in Table 7 suggests
several tentative general conclusions.

i) There is considerable heterogeneity of data both within the columns
and between the columns,

ii) The within-column variation is due to two factors. Pirstly,
variation due to strainj for example there is no reason why
cys,ylojleu # 23 should give identical prototroph frequencies to
cys,ylojleu # 20 when both are crossed to ad,pan, yet both are found
in the A-cross column; A similar argument holds for the B-type
crosses, and H-type crosses. Secondly, there is heterogeneity due
to random experimental error; for example, in the A-type crosses the
cross cys,ylojleu # 23 x ad,pan shows prototroph percentages offij;f;‘>ﬂ
2.12,1.51, 1.61, 1.77, l.41 and 1.79. These percentages are all
estimates of recombination events in the same genetic region, yet a
two-fold difference is shown between the extremes. This type of
variability seems to be diminished when several aliquots of the sus=-
pensions are used in the assay rather than only one, (for example in
59+20 III and IV, and in 59+23 I, II and III) so this is probably the
greatest contributing cause of this type of variability. Other con-
tributing causes are no doubt due to slight differences from day to
day, and from month to month, in the experimental procedure.

iii)Variability between columns is the main phenomenon under investigation,
and two general trends seem to be apparent in the data. Firstly, the
B-crosses in general show higher prototroph frequencies than A=-crosses.

Thus it would appear that the B strains (cxs;arg,al) have inherited
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characteristics from their common ancestry which cause them to show
higher recombination frequencies when crossed to the common parent.

(The exception to this general rule is found in the 47+23 set, in which
no consistent difference is apparent.) The B strains seem to have
inherited these characteristics in different amounts, as witnessed by the
absence of a constant A-B differential in set 47+23, and possibly in set
7+25. No trends which can be attributed to differences between the two
A-type strains are immediately apparent.

The second trend shown is that in all cases but one, (the
abnormally high H-cross value for 59+20 I) the heterokaryon cross values
fall either within the.range set by the component strains, or more sur-
prisingly, lower than either component strain. The intermediate values
fit either the hypotheses of exchange of gene products or lack of exchange
of gene products, but the exceésively low values would appear to be ex-
plicable only in terms of some sort of cross-inhibition of recombination.

However, these conclusions must all be regarded as speculative
at this level of analysis. It can be said however, that the 59+23 set
shows the trends most markedly and consistently.

It is possible that selective differences in germination behaviour
between crosses might give different prototroph frequencies. Germination
data are not available for all the crosses performed, but those that were
recorded are shown in Table 8, and in order to test the hypothesis a X
test for homogeneity of data was applied to these figures. The resulting
¥ of 17.6 ( 12d.f.) gives a p value of between 10 and 20%. Thus the
germination values may be considered homogeneous. Thus in the experiments

where germination figures are available, differential germinatior is



TABLE 8

GERMINATION PLRCENTAGES

A crosses B crosses H crosses
et Experi- | Sample Germinated Per- Sample Germinated Per- Sample Germinatedm;;;j
ment Size Sypores centage  Size Spores centage Size Spores centage

1 7+2% X - - - - - - - - -

II - - - - - - - - -

XL - - - - - - - - -
59+20 I - - - - - - - - -

11 - - - - - - - - =

III 73 62 849 - - = 103 84 81.6

Iv 156 131 84,0 - - - 189 156 82.5
7+23 I - - - - - - - - -
6£2+20 I - - - - - - - - -

% - - - - - - - - -
b9+23 1 111 87 784 76 67 88.1 127 ol 74.0

II 115 101 87.8 111 92 82.8 111 82 81.2

I1I 104 8k 80.8 150 126 84,0 103 86 834

25
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unlikely to be the cause of the recombination differences. Hence, it
seems reasonable to extrapolate to the other experiments and rule out
differential germination in these also.

In conclusion to this chapter, the calculated prototroph fre-
quencies permit some broad generalisations to be made, but a deeper
uncderstanding of what is going on in the component crosses of the hetero-
karyon is needed. The next chapter deals with a breakdown of the overall
heterokaryon cross frequencies onto their AH and B,, components by the use

H

of recombination indices.,



CHAPTER 5

RECOMBINATION INDICES

In genetic analysis, the frequency of exchange events in a marked
region of a chromosome is estimated by dividing total recombinant progeny
by total progeny. This is not an absolute measure of the number of
recombination events occurring (for example, triple exchanges are usually
undetectable), yet if it is consistently used it becomes a pointer or
index which can be validly used in comparisons between crosses. However,
other indices can be formulated which can be used equally validly as
pointers of recombination frequency when comparing crosses.

In the experiments described, it is possible to calculate re=-
combination frequency (via prototroph freéuency) in the A and B crosses,

but a problem arises in the A, and BH crosses where the progeny are

H
mixed and constitute the progeny of the H-cross, However, assumptions
can be made which will enable the computation of various recombination
indices which can then be used to compare A with AH and B with BH fre=-
quencies, but not A with B or AH with BH frequencies. In computing
these indices, use is made of the fact that yellow progeny from an H
cross can only have arisen from the AH component, and albino progeny

only from the B, component. A - B or A, - B, comparisons can not be

H H

made directly as the yellow marker is in the region under study, and the

H

albino marker is unlinked to that region; thus, whereas prototrophs from

54
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B or BH crosses can be assumed to show a 1l:1 segregation for zl:+, this
assumption is unjustified for the segregation of yloi* in A or AH crosses.
1:1 segregations of both morphological markers can, however, be expected
in the progeny as a whole,

Thus, random samples of prototrophs and of colonies which have
grown up on the complete plates (the latter colonies will be abbievia-
ted "random colonies" implying their origin as a random ascospore
sample), were isolated from each cross performed, and each colony was
grown.up in a small slope of vegetative medium as described in chapter 2.
The resulting cultures were then scored for conidial pigmentation and the
results of this scoring are shown in Tables 9, 10 and 11,

The general segregation of the colour markers can be checked by
applying a X° test to the totals of the columns. In Table 9, a compari-
son of the totals 269 and 218 gives a X° value of 5.34 (1d.f.) which gives
a p of between 2% and 5%. Thus, in general, pink prototrophs are more
frequent in an A-cross than yellow prototrophs. This suggests that, in
general recombination is more frequent in the ylo - pan region than in the
¢ys - ylo region, which might have been predicted from inspection of the
linkage map. A comparison of the random colony totals (258 and 211)
also in Table 9 reveals a X of 5.12 (1d.f.) giving a p of between 2%
and 5%. Thus a strict 1l:1 segregation for yellow is not obtained in A
crosses, which is contrary to expectation. Furthermore in some sets (for
example 59 + 23), a larger consistent divergence from the 1:1 ratio is
manifest, and in other sets (for example 62 + 20) the selection seems to
be in favour of the ylo genotype, whereas the overall totals favour x;_+.

Preliminary checks on random colonies had shown 1:1 segregation patterns
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for all markers in all the crosses, however in those tests much smaller
samples (approximately 10) were used. The cause or causes of these dis-

crepancies are not known, possibly differential germination is respon-

The segregations in Table 10, however, show good agreement with
a 1:1 ratio. The prototroph totals give a X’ of 0,04 (1d,f.) which re-
sults in a p value of between 80% and 90%, and the random colony totals
give a X' of 0,04 (1d.f.) also leading to a p value of between 80% and
90%. Thus in general and in most individual crosses there appears to be
no selection for al or §l+'

The segregation of pink to yellow plus albino in Table 1l may be
checked against a 1:1 ratio., For the prototroph totals a X*® of 3.92 is
obtained (1d.f.) which gives a p of between 2% and 5%, The random
colony tot: . ) - leading to a p of between 10% and 20%,
although the differential between S04 and 459 suggests that the segre=-
gation of the yellow marker is still in favour of z;g* even in the AH
Cross.

Three types of recombination indices have been computed incor-
porating the data in Tables 9, 10 and 11. These are explained below.

Index type 1

Yellow prototrophs (YP) are the result of recombination events
in an A or Ay cross, and yellow spores (YS) can result only from the same
population of A or AH meioses, Thus, the quotient YP/YS x 100 is a re-
combination index for A or AH meioses, and similarly A1P/AlS x 100 is an
index for B or B_, meioses. The above A or A_ indices do not estimate

H H

recombination over the whole cys - pan region, but rather in the
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cys = vio region, whereas the B or BH indices measure events over the

whole region. (This is why these A index values cannot be compared

with the B index values, nor Ay with Bq.) Values for type 1 indices

are found in Table 12, They are calculated by combining data on proto-

troph frequency with data from the colour analysis tables. For example,

the B index (2.29) for 47 + 23 I is computed as follows.

Total albino prototrophs x 100

m -

Total albino spores from
same Ccross

# albino prototrophs in isolated
prototroph sample

Mean # prototrophs in 1.0 ml, size of prototroph sample
stock ascospore suspension % isolated
Mean # random colonies from # albino isolates in isolated
1.0 ml. stock ascospore random colony sample
suspension X size of random colony sample
isolated
262 x %%
= x 100 = 2.29
11
21,680 x 35

x 100

(This value is not equal to the prototroph frequency for that particular

cross (1.21%). This would be expected if the gl;ggf segregation is

exactly 1:1 in both the prototroph sample isolated, and the random colony

262 X 005
21,680 x 0.5

sample isolated i.e. x 100 = 1.21%.)

The corresponding BH index is calculated as follows.

1
31 X EE
— X 100 = 0,94
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TABLE 9

COLOUR ANALYSIS OF ISOLATED SAMPLES OF PROTOTROPHS AND RANDOM COLONIES
IN A-TYPE CROSSES

Set Experiment samuizotot%onhs Samiizdom Colonies
85 oo Pink Yellow Size Pink Yellow
L47+23 I 32 18 14 31 15 16
II 51 1% 18 34 15 19
III 35 21 14 33 11 22
59+2C 1 30 15 15 32 13 19
Il 39 17 22 35 14 2l
1II 48 33 15 48 21 17
Iv 50 34 16 ) 32 17
7%23 I 20 13 i 20 9 11
62+20 I 32 17 15 24 ?7 17
II 2 15 17 29 9 20
59+23 I s 22 22 42 20 12
II L7 24 23 4s 36 9

L3 L7 e7 20 47 36 i1

TOTALS 487 269 218 569 258 211
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TABLE 10

COLOUR ANALYSIS OF ISOLATED SAMPLES OF PROTOTROPHS AND RANDOM COLONIES
IN B-TYPE CROSSES

Set Experiment Sampizotct?ouhs Samiizdom ?olonies .
e Pink Albino Siga Pink Albino
L7e23 I L3 15 28 32 21 11
II 32 16 16 32 15 17
III Lo 25 15 Lo 22 18
59+20 I pal 14 17 32 13 19
11 32 12 20 32 15 17
III - - - - . -
v - - - - - -
7%23 I 20 14 6 20 9 11
69+20 I 32 16 16 L 14 10
II 32 19 13 32 16 16
59+23 I L4 16 28 47 25 22
II 48 29 19 48 18 20
III 48 27 21 45 22 23

TOTALS ko2 203 199 384 190 194
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COLOUR ANALYSIS OF ISOLATED SAMPLES OF PRCTOTROPHS AND RANDOM COLONIES
IN H-TYPE CROSSES

Si;e Pink Yellow Albino Bima Pink Yellow Albino

L7%23 I 32 19 2 11 54 29 9 16
II 4s 21 5 19 50 27 10 13

III 100 68 3 29 101 43 9 51

59420 I ¥ 32 11 4 46 21 12 13
11 90 35 21 34 89 36 18 35

III 99 & 20 35 100 57 13 20

Iv 95 42 19 3k 100 57 11 32

7423 I 58 26 15 7 48 16 26 6
62420 I : Lo 18 15 7 4o 22 10 8
II 79 49 13 15 78 32 33 13

59+23 I 85 & 15 26 8 47 12 26
iI 95 J2 10 33 95 67 7 19

III 8+ 46 14 24 79 50 1k 15

TOTALS 9k9 506 165 278 963 sSo4 182 277
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TABLE 12

TYPE-1 INDICES

Set Eézzzi- A index A, index Behaviour# B index By index Behaviour#
L7+23 I 0.93 0.31 D 2.29 0.94 D
II 2.20 0.92 D 1.37 2,67 R
III 1.41 0o 54 D 0.90 0.71 D
59420 I 1.77 5«17 R 2.30 1.74 D
%1 L.37 1.84 R 2.88 1,55 ° D
5 65 2.28 L.43 R *(3.08) 3.36 R
v 2.68 4,13 R *(3.08) 2,54 D
7423 1 1,02 0,48 D 1.00 0.97 D -
62+20 I 1.08 2.6k R 3,70 1,54 D
II 1.00 0.40 D 1.59 1,02 D
59+23 1 3.10 1.22 D 4,05 0.98 D
II 3,45 1.17 D 2.26 1.43 D

III 3.27 1.17 D 2:,92 1,87 D
7.3 p2p
* Means of set 59+23 (See text for explanation)
# D = drop in index on entering heterckaryon

R

rise in index on entering heterokaryon
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(The figures used in the calculations of these indices are found in
Tables 1, 2, 5, 6, 9, 10 and 11.)
The assumption made in computing this type of index is that if

the prototroph frequency of the B, cross is differeat from that of the

{
B creoss, the ratio of g&f:g& individuals in the prototroph population
or the random colony population does not change. The validity of this
assumption will be evaluated in the discussion of index type 2.
Calc&lations and assumptions analogous to those shown above for

the B and BH indices are used in arriving at the A and AH indices shown

in Tabie 12,

Index type 2

The assumption that the segregation of the colour markers is
‘unaltered in AH or BH crosses is difficult to test directly, but the
following argument appears reasonable. The fact that column totals showed
a significant difference (at the 5% level of probability) in Table 9
suggests that there is indeed a divergence from a 1:1 segregation for
xlg:x}g+ in A crosses. On the other hand, the overall yx? tests perform-
ed on the column totals in Table 10 showed no significant difference
between the overall totals for B crosses. Furthermore, if the 22 pos-
sible individual X° tests are performed on the segregation of él‘élf
in the crosses in Table 10, only cne test reveals a divergence from a
1:1 ratio (at the 5% level)., (This is the prototroph sample.of
L47+23 I,) Consequently, it appears as though deviations from a
1:1 ratio in the segregation of g;:§l+ are merely random fluctuations.

P +
If this is so, and the al:al segregation stays 1:1 in the BH Crosses;
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<+ .
then the vlo:vlo segregation in the AH crosses can be computed. If,

for example, an H-type cross produces pink, yellow and albino individuals
in a hypothetical ratio of 65:10:35, and the above assumptions are made
<+
concerning the constancy of a 1l:l segregation for alial , then it could
i . - I " » .
be stated that the AH component is producing a ylo :ylo segregation of

+
50:10, and the B, component is producing an al :al segregation of 35:35.

H
This X;gézggg ratio can be compared to the zlgf:xlg ratio found in the
corresponding A cross, using a 2 x 2 contingency table, and if no sig-
nificant difference is found, it would appear reasonable to conclude
that, bhe glp iyle snd the gl igl reties seomin consbant, This proceduss
cannot be performed f§¥ prototroph samples as the x;g+:z;g ratio might

be expected to vary between A and A, crosses, however, segregation for

H
random colonies in the A crosses and the calculated segregation for

random colonies in the A,, crosses have been tabulated in Table 13, A

H
2 x 2 contingency table using the column totals gives a X of 0.46
(1d.f.) which gives a p of 30% - 50%., Hence, overall there is little
difference between the ratios for zgg%:z;g in the A and AH crosses,

The p values for individual contingency tables are showﬁ in the right-
hand column of Table 13. It is seen that out of the eleven X tests
performed, only one gave a p of less than 5%.

This sort of argument, however, cannot be considered as proof
that the segregation ratios are not changed in the H crosses:' it is
possible that both are changed. The argument is based on the'principle
of Occam's Razor;vthat is the data are consistent with the absence of
a change of segregation, the gl#:gi remaining 1:1, and xlgf:xlg remain-

ing biased in favour of xlo+. However, the analysis shown in Table 13
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TABLE 13

COMPARISON OF ylo+:ylo RATIOS IN RANDOM COLONY SAMPLES OF A AND

A, CROSSES
Actual Calculated . Probability of A
Set Experi- A segregation AH segregation and AH ratios
ment  of y1otiylo of ylo iylo being identical
L7423 I 15 16 13 9 30-50%
II 15 19 14 10 20-30%
111 11 22 .
59+20 I 1319 8 12 95-98%
II 14 21 “ 1 18
III 3 17 27 13 70-80%
IV 32 17 25 11 50-70%
7+23 I 9 11 - 10 26 10-20%
62+20 I 7 17 1%+ 10 2-5%
II 9 20 19 33 50-70%
59+23 I 0 12 21 12 30-50%
11 3% 9 48 7  30-50%
III 36 11 35 1k 50-70%
TOTALS 258 211 235 175 30-50%

* This ratio cannot be calculated.
** This ratio cannot be used in a 2 x 2 contingency table as one

value is < 5.
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is a justification for the formulation of irndex type 2 which may be

defined as:

Total prototrophs from an A, A,, B or Bq cross

HY
Total spores from the same cross

x 100

Values calculated on this basis for the A and B crosses are
identical to the prototroph frequencies from the A and B crosses.

Indices for the AH and BH crosses are calculated below using 47423 I

as an example,

(19-11+2)

; 31 X 32
AH index 3’ 760 = (29-16"'9) x 100

Sh

0.63

(11x2)

L m x 3p
By Index = S (i6x2)
5k

x 100 = 0.96

The figures used in this calculation are found in Tables 1, 2, 5, 6,

9, 10 and 11. The values for the type 2 indices are found in Table 14,
The letters D and R in Tables 12 and 14, signify "Drop' or "Rise" in
prototroph frequency and refer to the behaviour of the indices on the
relocation of the cross to inside the heterckaryon.

Thus it has been seen that both indices 1 and 2 are based on the
assumption that the segregation ratios of the colour markers do not
change on entering the heterokaryon. However, index 1 differs from
index 2, in that index 1 looks on the segregations found in the proto-
troph and random colony samples as true reflections of the segregations

found in the whole populations and assumes that these do not change.
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TABLE 14

TYPE 2 INDICES

Set Experiment A index A, index Behaviour B index B, index Behaviour

H H
47+23 I 1.01 0.63 D l.21 0.96 D
II 2,12 0.5k D 1.46 2.69 R
III 1.5 8 1.08  *
59+20 I 2.1k 11.00 R 2.49 1.74 D
II 1,46 0.18 D 2, bk 1.5% D
III 2.50 2,09 D **
v 2.90 1.79 D **
7423 I 1.61 1.01 D 1.83 0.97 D
62¢20 I 1.63 1.91. R 3,08 1.5k D
II 1.30 0.83 D 1.96 1.02 D
59+23 I 1.77 0.98 D 2.98 0.98 D
II 1.41 0.43 D 358 1.43 D
III 1.79 0.86 D 3,40 1.87 D

* Cannot be computed (see Table 11) as 51> 43,

“* Data not obtained,
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if selective techniques seem to favour one genotype on

one particular day in an A or B cross (for example the 21:11 ratio of

the same selection will prevail in segregations in the corresponding
>
A or BH cross. Index type 2 accepts that the segregation of ylo :ylo

in the A or A, crecsses does not conform to a 1:1 ratio, but considers

H
the segregation ratios found in the B or BH crosses to be random devia-
tions from true 1l:l ratios. Thus both indices assume constancy, but of
differing types. Little can be said as to which is a better estimnate

¢f recombination frequency; the matter would be clearer if larger samples
of colonies had been isolated.

The A and AH yalues of the type 1 index measure recombination
in the c¢ys - ylo region only, whereas the corresponding values of the
type 2 indices measure the frequency of events in the whole cys - pan
region. Thus the possibility arises that the cys - pan region can be
split into two segments and each examined individually.- This possibility

is examined further in index type 3.

Index type 3

A yellow prototroph from an A of an AH cross must have arisen
from an exchange in the cys - ylo region, whereas a pink prototroph
arising from the same crosses must have arisen from an exchange in the
Ylo-pan region. The assumption of a constant 1:1 segregation of g;fzgi,
made in the formulation of index type 2, enables the total number of
pink progeny in an H cross to be split intoc an AH and a BH component.
Thus a third type of index may be formulated which is capable of throwing
light on the behaviour of both regions comprising the overall cys - pan

region of linkage group VI, This may be stated as:
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ink (or yellow) prototrophs from an A or Ay cross % 100

Total spores from the same cross

3
s
@
[41]
w
u

indices are shown in Table 15, where A(pink) and AH(pink) indices

8

easure r e combinationin the ylo - pan region in A and AH crosses, and
A(yellow) and AH(yellow) measure recombination in the cys - z;g region
in the same crosses. This third type of index does not, of course,
measure recombination in B or BH meioses,

47423 I can again be used as an example of the type of calcula-
tions involved,

116
10,530

b

\)J!P—‘
OO

A(pink) lndex = x loo S 0.62

(19-11)
A (pink) index = A F S5 -
(29-16+9
39760 X 54 -

x 100 = 0.51

1k
A(yellow) index = 116 X 52

10,550 x 100 = 0,48

B oxe

AH(yellow) index = 32
5,760 x (BELED

x 100 = 0.13

The figures used in these calculations are found in Tables 1, 2, 5, 6,
9 and 11, (N.B., The prototroph sample size was 32 in both A and H
crosses.)

Type 3 A(yellow) and AH(yellow) indices measure the same re-
combination events as type 1 A and AH indices, in fact the numerators

are common but the denominators differ in that the type 3 indices use
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TABLE 15

TYPE 3 INDICES

P Experi- A (pink) Ay (pink) Behaviour A(yellow) A.(yellow) Behaviour
ment index index index index
47+23 I 0.62 0.51 D 0. k48 0.13 D
II 0.89 0.15 D 123 0.38 D
III 0.90 * 0.60 *
59+20 I 1.05 7.90 R 1.05 3.10 R
I 0,64 0.01 D 0.82 1275 R
III 1.78 0.65 D 0.81 1,44 R
v 1,98 0.53 D 0.93 1.26 R
7423 I 1.05 0.67 D 0.56 0.35 D
62+20 I 0.87 0.81 D 0.77 1,10 R
II - 0.6L 0.58 D 0.69 0.25 D
59423 I 0.89 0.53 D 0.89 0.4k D
II 0.72 0.28 D 0.69 0.15 )
III 1.03 0.53 D 0.77 0.33 D

* Cannot be computed.
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total spores and the type 1 indices use total yellow spores. A type 3
A(yellow) or AH(yellow) index using "yellow spores" as a denominator
would of course give indices identical to type 1. However, indices

A(pink) and AH(pink) can be formulated which use "pink spores" as the

3

enominator and can be called type 4 indices (Table 16). This index

2

5

type 4 should give results similar to A(pink) and AH(pink) indices of
type 3, if the assumptions of constant segregation ratios are valid.

Index type &

See above paragraph.

The four indices are summarised in Table 17.

The main trends shown by the behaviour of the indices can be
discussed qualitatively at this point, and analysed in Chapter 8 using

an analysis of variance.

Cye = pan region in B and B, crosses
b R..._. (<] H

The strongest and most consistent trend shown by the index
analysis is in the behaviour of this region. DBoth indices dealing with
this region (indices 1 and 2) show consistent drops in the index on
entering a heterokaryoﬁ (Tables 12 and 14). There is only one case where
a strong rise is shown (47+23 II), Thus it can be concluded tentatively,
that the BH meioses are strongly affected by the presence of either
cys,ylojleu #20 or #23, suggesting that the cys,ylojleu strains have both
received a factor in their common ancestry which is capable of influenc-

ing all the four cysjarg,al strains in their recombination efficiency.

There are no obvious differences in the behaviour of any A-type strain
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TYPE 4 INDICES
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Set Experiment A (pink) index Ay (pink) index Behaviour

L7+23 I 1,28 0.86 D
IX 2.01 0.26 D

| III 2.7% *

59+20 I 2.59 19.75 R
II 1.59 0.16 D
111 2,75 0.96 D
v 3,02 0.77 D

7%23 I 2.32 2,41 R

62+20 I 2.98 1.38 D
11 1.97 1.58 D

59+23 I 1.2% 0.84 D
II -0.90 0.32 D
III 1.35 0.74 D

* Cannot be computed.



SUMMARY OF INDEX FORMULATIONS AND CORRESPONDING REGIONS

TABLE 17

WY AN

BAAI

MINED BY THEH

Index type Formulation Regions examined *
. .

s Total ylo(al) prototrophs in an A(B) or Ap(B,) cross ., eys-ylo &6 EE-paE
Total ylo(al) ascospores from same cross

2 Total prototrophs from an A,AH,B or BH cross % 100 —
Total ascospores from same cross

3, Total ylo (pink) prototrophs in an A or Ay cross % 100 smasile MOl Yio-nusn
Total ascospores from same cross

L, Total pink prototrophs in an A or Ay cross % 100 lo - pan

Total

pink ascospores from sasme cross

* Where a second region is stated in this column, it refers to the bracketed term in the
formulations,.

2L
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or B-type strain in this respect,

Cys = pan region in A and A, crosses
_— il

o s

The behaviour of this overall region is demonstrated only by the
type 2 index (Table 14), Ten experiments show a drop and two a rise
in the index. One of the experiments showing a rise is 59 %+ 20 I, and
in all the AH indices calculated for this experiment (Tables 12, 14, 15
and 16) similar abnormally high values are found. Consequently, the
drastic rises shown in this experiment must be regarded with suspicion.
Despite the 59 %+ 20 I value the general tendency of the indices is to
érop, in the A, crosses.

H

Cys - ylo region in A and A

[

" croegses

The indices pertinent to this region are types 1 and 3. Examina-
tion of Tables 12 and 15 show a perfect agreement in the behaviour of the

indices, in every cross performed (A = A, in Table 12 and A(yellow) and

H
AH(yellow) in Table 15). Furthermore, a consistent trend is manifest,
in that indices concerned with cys,ylo;leu #20 show a rise, whereas those
concerned with cys,ylojleu #23 show a drop. One exception to this
generalisation is found (62+20 II). If this is a real trend, it appears
that the two different types of behaviour of the indices (drop or rise),
must be attributed to differences in the A-type strains, and not to the

B-types, as (for example) cys;arg,al #59 produces a rise with cys,ylo;leu

#20, but a drop with cys,ylojleu #23. Thus the different effects seen
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in this region must be attributable to a differential reaction to the

presence of the B, component in the heterokaryon.

H

bt

Ylc - pan region in A and A, crosses

H

The behaviour of this region is shown by indices 3 and &
(Tables 15 and 16, A(pink) and AH(pink) indices). There is good agree-
ment between these tables, a general drop in index predominating, if

experiment 59+20 I is ignored.

Thus, in general, a mutual inhibition of recombination occurs
in the heterokaryon, with the possible exception of the cys - ylo region

of cys, vlojleu #20, in which recombination seems to be stimulated., This

statement has been made however, without recourse to statistical tests.
The prototroph freguencies in Table 7 showed that H cross fre-
quencies were usually either intermediate between the respective A and
B cross frequencies (as might be expected), or lower than either A or B
fregquencies. The analyses, using various recombination indices, have
shown strong evidence that both these phenomena have a common basis,
and that whether the H frequency is intermediate or excessively low de-
pends on the nuclear or meiotic ratios in the heterokaryons., The fact
that at least one of the component crosses must show an intra-hetero-

karyon frequency lower than either the A or the B homokaryotic crosses

in order to give excessively low H values, suggests that some sort of Y

complementation of inhibiting gene products is occurring.

-



Bven without statistical analysis, it does appear, because of
the consistency of the trends, that some sort of interaction is occur-
ring between the components of the heterokaryon, and that this inter-
action is difficult to visualise in terms of physical heterozygosity
arguments,

A problem arises in consideration of the mode of interaction
that occurs, and the time in the life cycle at which it occurs, It
is known that in the vegetative state, the mycelium of Neurospora is
coenocytic, but little is known about the porosity of the septa in the
ascogonium and ascogenous hyphae, Furthermore, if the gene products
responsible for interaction are at all specific for recombination, one
might expect them to be induced only at meiosis, and it is difficult to
see how the physical exchange of such products between meioses might
occur. In order to see if different meioses can occur inside a peri-
thecium, a perithecial analysis was performed (Table 18), and in fact
mixed perithecia were found (perithecia 2, 3, 6, 11, 20 and 25). It
is difficult to draw any conclusion about the frequency of mixed peri-
thecia from these data, due to the low germination percentages obtained
in most cases. However, it does seem as though they are reasonably
frequent. The origin of mixed perithecia is uncertain; they may arise
through double fertilisation of a heterokaryotic ascogonium, through the
inclusion of two different homokaryotic ascogonia in one perithecial
wall, or possibly by other methods (Weijer & Dowding, 1960; Nékamura &
Egashira, 19615 Magill, 1966). Consequently, the perithecial analysis is
not particularly helpful in throwing light on the mode of exchange of the

hypothetical gene products. It shows that two different meioses can occur



TABLE 18

PZRITHECIAL ANALYSIS OF A CROSS (59+23) Q x ad pan &

76

Perithecium # Size of sample Wild types (pink) ylo al ggiiiﬁiie
1 50 19 0 6 25 *
2 50 e b 4 6 - 3
3 50 23 15 7 -
L 50 15 0o 23 12
5 50 6 o 17 27
6 50 25 5 2L 9
5 50 18 o 21 11
8 50 24 o 17 9
9 50 7 g6 3 .40=
10 39 22 9 12 2
11 38 16 1 5 16
12 38 12 0o 1i 15
13 37 16 5 & .&
14 57 12 o 7 18
15 31 17 0 o 1k
16 39 17 ° 16 .
17 3 1k 0 3 21
18 32 18 o 3 11
19 39 16 0 10 13
20 37 22 % AW "
Pl 38 18 0 16 &
22 36 19 0 14 3
23 39 15 18 0 6
24 38 33 10 +
25 38 19 3 14 . 2
26 39 12 0 21 6

* Heavily contaminated with bacteria.
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inside one perithecium, but how the insular nature of the young ascus

enetrated (if at all), remains in doubt.

]
o
[

P

&
Ancther possibility is that the effect of one nucleus on another
is in some mamner permanent or semi-permanent, the effect taking place

either in the vegetative stage, or during the synchronous division

of the presumptive fusion nuclei in a mixed perithecium, The effect
may take place through the production of some long-lived gene product,

which can remain in the cytoplasm and hence enter the ascus before it
becomes isolated, or through some kind of change, induced in one nucleus
by another, that is capable of persisting through mitotic replication.
It is conceptually difficult to visualize how a change, other than a
type of mutation, can persist through nuclear division: nevertheless,
evidence is presented in the next two chapters which necessitates the

serious consideration of the suggestion.



CHAPTER 6

RECIPROCAL CROSSES

The experiments described so far have exclusively concerned crosses

in which ad-l,pan-2,a (467) was used as the common conidial parent.

This chapter describes analogous experiments in which ad,pan was used as

the protoperithecial parent in all crosses performed., Of all the sets

described in the last two chapters, set 59+23 has shown the most consist-

ent trends, and the behaviour of its component strains reflect the
general conclusions tentatively arrived at for the data as a whole,
Briefly to summarise the behaviour of set 59+23, it can be said that the
prototroph frequencies shown by its H-crosses are lower than the A-
crogses, and the A-crosses all show lower frequencies than the B-crosses.
In the indices, one trend is consistently manifested in all the three
experiments (I,II and III) performed, that is, a drop in all the A and
all the B indices on entering the heterokaryon. Consequéntly, set
59+23 was chosen for the reciprocal crosses reported in the chapter.
Six experiments were performed on this set, and they are represented

i, ii, iii, iv, v and vi.

The following tables (Tables 19 to 29) are for the most part
analogous to the tables described in Chapters 4 and 5, and differences
in format are referred to in the footnotes. Tables 19 and 20 show the
data which allow the calculation of the prototroph frequencies shown in
Table 21,

78
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ion of Table 21 shows that again in the reciprocal crosses,
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B-cross prototroph frequencies are higher that A-cross frequencies. The
absolute values of the frequencies themselves seem to be in general lower
than the corresponding crosses using ad-pan as the conidial parent, how=-
ever the reciprocal crosses were performed approximately one year later

than the rest of the crosses. The data in Table 21 bear a further resem-

blance to the original (ad,pand ) data, in that the prototroph frequencies| (

in the H-cross are on the whole lower than either the A or B heterckaryo-
tic crosses. Thus several conclusions emerge from this table. Firstly,

that the original differences between A and B are probably not due to

cytoplasmic differences between the strains, but to genotypic differences.

Secondly, it seems to be true that the same phenomenon of recombination
depression in the H-crosses is occurring in these reciprocal crosses.

At éhe same time as the reciprocal crosses were <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>