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ABSTRACT

It has been showvn that heterocaryon formation between certain

biochemical mutants of Neurospora crassa is controlled by a number of

genes apart from the blochemical mutant genes concerned. Genetic con-
trol of heterocaryosis hes been showm for several different combina-
tions of mutants, A aetailed investigation of the heterocaryon formed
between a mutant recuiring pantothenic acid =nd one requiring lysine
has demonstrated four and nossibly five genes to be concered in the
nrocess of heterocaryon formation. These genes may not only prevent
the formation of a heterocaryon but also modify the type of hetero~
caryotic growth. The characters so affected are the time at vhich
heterocaryotic growth commences, the ability tn maintain heterocaryotic
growth and the vigor of the gro=th. The possible mode of action of

such genes has been discussed.
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INTRODUCTION AND SURVEY OF LITERATURE,

In the fifty yeérs since genetics became a recognized
field of scientific experimentation, investigations on the nature
of the hereditary mecchaniem have progressed to the point where the
gene a8 the unit of inheritance is well established. Two important
phaSes in the study of genes are firstly the identification and
characterization of genes affecting particular characters of organ—
isms, and secondly the mechaniem by which the genes produce their
specific effects. Studies on gene action have been greatly ad-
vanced since the introduction of microorganisms as objects of
genetic study, for i1t is mainly in these studies that the influence
of genetic mechanisms on metabolic reactions has been shown and
with this & closer approach made to the nature of gene action.

The biochemical genetics of microorganisms was greatly
accelerated through the use of the fungus Neurospora for work in
this field. This has been adequately summarized in a number of
reviews over the last 10 years (1, 2, 3, 4), and these clearly
indicate the suitability of Neurospora for investigations on gene
action. Becsuse it is haploid, Neurospora does not permit study
of such genetic phenomena as dominance, heterozygosis, and heterosis
by the same methods used for diploid organisms. However, the con-
dition in which two or more types of nuclei are present in a single
- cell, a situation known as heterocaryosis, does provide a special
way of studying these phenomena. The study of heterocaryosis is
therefore of general importance in genetics.

The term heterocaryosis was introduced by Hansen and



Smith (5) to cover situations in which two or more genetically
different types of nuclei are found in the same cell or in the
same cjtoplasm. In an Ascomycete like Neurospora, there are no
discrete cells as such in the mycelium, The hyphae do have trans-
verse sepbta but each of these contains an aperture permitting
cytoplasm and nuclei to flow from one part of the mycelium to
another, The number of nuclei peé "cell" varies but is probably
of the order of one to ten.

Heterocaryosis in fungi mey arise in one of two ways.
In the growth resuliing from a sexually produced spore or from &
uninucleate conidiospore all nuclei are derived from a sgingle
haploid nucleus and unless mutation occurs should all be of the
same genetic constitution. But if in the growth of the mycelium
one or more miclei undergoes mutation, the progeny of that meleuns
will be genetically different from the rest of the nuclei and the
mycelium will become heterocaryotic. The second method by which
heterocaryosis may arise is following fusion between hyphae of two
different mycelia and subsequent exchange of genetically different
miclei. The exact nature of the process leading to such exchange
of nuelel is still unknown. TFusion beatween neighboring hyphae is
frequently observed in many fungi, but it is not known whether
nuclear exchange invariably followe such fusion, to what degreé
‘there is exchange of ecytoplasm, whether any nuclear exchange
that does take place is reciprocal or unilateral or what are the
factors that control muclear exchange. That exchange can and does

take place has been clearly shown in a mumber of instances.



That there may be genetic factors influencing the fre-
cquencies with which hyphal fusions take place is suggested by
Lindegfen's evidence (6) that different frequencies of fusions
occur with various combinations of different strains of Pen-

iciliium notstum.

The problem of the variability of fungi isolated from
nature is one that has intrigued and perplexed mycologists and
plant pathologists. An important step towards an understanding
of this variability was made by Hansen snd Smith (5). By iso-

lating single spore cultures of Botrytis cinearea they showed

the exlstence of & number of dissimilar morphological strains,
varying chiefly in their ability to conidiate, ™hen single spore
isolations were made through several genersiions some of the
strains remained constsnt but others broke up into further var-
lants. Tt wae found that one particular line gave rise to two
homotypes and other heterotypes. If spores from the two homo-
types were mixed together the resulting culture was a hetero-
type that subsequently geve rise to the two homotypes. To this
behavior they gave the name "dusl phenomenon®". Their =ork rep-
resents the first analysis of a heterocaryotic mycelium. Tt was
subsequently shown by Hansen (7) that the dual phenomenon was of
wide distribution occurring in many other fungi isolated from
nature. Thus the dual phenomenon merely represents a heterocaryon
between conidial and aconidial forms of the same fungus,

Further understanding of the nature of heterocaryosis



came with Dodge's work on‘NeuPOSpora, & fungus that has since
proved to be highly snited for a study of this phenomenon.
Dodge (8) studied the migration of muclel through the pointe of
anagtomoses between two heterothallic races of opposite mating

type of the normslly homothallic Neurospora tetrasperma. W¥orking

with three heterothallic strains of this species Dodge (9) demon-~
strated the formation of heterocaryons between pairs of strains,
These could be of different or of the same mating types. The
three original strains were charscterized by slow growth or re-
duced conidial formation. In all heterocaryons the growth was
more vigorous than that of the component strains. Dodge gave the
name "heterocaryotic vigor" to this phenomenon and pointed out
the resemblance of this to certain cases of heterosis in higher
plante /v. Robbins (10)Z Dodge and his caworkers {11) subse-
quently showed that the factors causing the reduced growth were
genetic in nature, segregating and recombining in subsequent
crosses, and they suggested that the strains might lack certain
synthetic abilities as compared 4o wild type strains. When these
strains were combined in a heterocaryon, with both nuclear types
together in a common cytoplasm, there was a complementary effect,
with subsequent increase in vigor. Thus here was a clear example
of how heterocaryoéis could modify the physiological status of
the fungus and indicated a way in which intracellular studies on
metabolism could be made,

VWith the discovery by Beadle and Tatum (12) that mutants



having épecific growth requirements could be easily produced in
N. cragsa it became possible to sel up artificial heterocaryons
by combining such mutants. The work of Beadle snd Coonradt (13)
and Coonradt (14) thue extended and mmplified the results obtained
by Hansen and Smith and by Dodge. The phenomenon of heterocaryosis
wag placed on a predictable experimental footing by using experi-
mental conditions which created a strong selectivity for the hetero-
caryotic growth over the growth of the component strainsg. Bio-
chemical mutants of N. cragsa produced by irradistion and with
known deficiencies in the &bility 1o synthesize amino acids an&
vitamins were Inoculated in pairs on a medium which would not
support the growth of either strain. If the mutants are recessive
to the alternative wild type there is a complementary effect of
one nmucleus on the other and the heterocaryotlic mycelium is able
to grow and to contimme growing. This type of growth has come to
be known ag a "balanced heterocaryon”. That heterocaryosis does
occur and that growth is not the result of syntrophic association
without fusion may be demonstrated by the i1solation of hyphal tips
from a growing mycelium, which are then crossed to wild type strains.
If from the progeny of such a cross ascospores of both muitant types
couprising the heterocaryon are isolated, it is evident that the
hyphal tips must have contained both nuelear types and hence that
the mycelium was heterocaryotic.

Beadle and Coonradt concluded that if a heterocaryon

composed of two mutant strains, each of which fails to grow at



the normal rate, grows as fast as wild type then each of the mutant
genes is recessive to the wild type condition. This was found to
be the case with 11 bioéhemical mtants tested, the mutants rep-
resenting requirements for either amino acids or vitamins. Mor-
phological mutants with reduced growth rate but with ne known
nutritional deficiency were also used and it was found that some
combinations of these mutante did not give normal growth rates
although all three of the mutants concerned were recessive in
combination with one of the biochemical strains, pantothenicless,
This may be explained as follows. In the hyrhae of a heterocaryotic
mycelium, in the &bsence of selection, there is presumably no fixed
ratio of one type of nucleus to the other., However, with a hetero-
caryon grown on minimsl medium between two components each of which
has a submaximal growth rate there will be strong selection of
hynhae which contain both types of nuclel. Thes relative recessive-
nese of the particular genes concerned will determine the ratio of
nuclel capable of giving wild type growth. TFor example, with

some mutants it may be necessary to have 60% or more of one type

of nucleus for optimal growth. If the optimal remquirement for

the other type of nuclsus is 407 or less then it is likely that
meximal growth will result due to selection of hyphse with &
nuclear ratio satisfying these conditione. On the other hand if
the requirement for the second type of nucleus is more than AQ0%,

it ie cbvious that the optimel nuclear ratio can never be achieved

and.growth will always be less than the »ild type rate.
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Tt is clear that the dominance relationships of the
particular allelic peirs éoncernedauﬁ one of the factors controlling
the raﬁge of nuclear ratios »ithin which growth will occur in a
heterocaryon. If the mutant alleles are strongly recessive there
will be a wide range of nuclear ratios compatible with & wild
type growth rate. If bothéreweakly recessive then the wild type
growth rate may never be attained. _

In duplicate tests of three heterocaryoné having wild
type growth rate the ratios of nuclei of one mutant to those of
the other were found by Beadle and Coonradt to show the following
variation; 1:17.6 and 1:1.6; 1:8 and 1:1.5; 1:2.2 and 5:1. Thus
the mutants concerned in these three cases were evidently fairly
recessive and a wide range of nuclear ratios compatible with wild
type growth was possible, "ith the situation where the two mutants
are partiaslly recessive and the ratio for wild type growth cannot
be attained, it is probable that a ratio will be attained which
will give the fastest growth possible under the circumstances,
There should be 1little variation from this ratic. This has been
confirmed experimentally by Pontecorvo (15) using Aspergillus
oryzae. With morphological mutants of this fungus which hed lower
growth rates than normal it was found that certain combinations
gave heterocaryons which although having an increasged growth rate
over the component strains did not attain full wild type growth.
When the nuclear ratio of such a heterocaryon was measured values

obtained for four separate trials were as follows: 1:2.7; 1:2.9;



1:3.1 énd 1:2.6. These velues are uniform enough to lend support
to the theory proposed by Beadle and Coonradt,

The measuremenf of nuclear ratios is subject to serious
technical difficulties. Beadle and Coonradt messured the ratio
in ¥. crassa by allowing the heterocaryon to form conidis, which
are then used to fertilize protoperithecia of a wild type strain.
The resulting ascospore progeny then consists of both matant types
and wild types. Random ascospores are isolated and identified and
the ratio of the two mutant spore types 1s a measure of the nuclear
ratio of the heterocaryon. With Aspergillus or Penicillium, or
with mieroconidial strains of Neurospora, where uninucleate conidia
only are produced, the conidia may be plated out on differential
media when biochemical mutants are used or single germinating
conidia picked off separately znd identified where morphological
mitants are used. However it is not known what relation the nuclear
ratio of the hyphal tips, which are under the strongest selective
force, bears to the nuclear ratio of the mycelium some distance
back from the growing front., HNuclear ratios must he measured
on structures "once removed" from the actively growing mycelial
front, i.e. through conidia. In such cases the assumption must
be made that the muclear ratio of the conidia is a measure of the
nuclear ratio of the heterocaryon as a whole.

The measurement of nuclear ratios would be greatly
facilitated if one had a means of visibly identifying different

types of nuclei. This has been attempted with Penicillium notatum




where in gigas forms produced‘by camphor treatment the nuclei
are somewhat larger than the normal form (16). However, it is
not clear whether the differences are sufficient for critical
experimental work, 'That is required is some nuclear character
expressed as a certain response to a nuclear stain, or perhaps
discernable under phase microscopy. Thus estimation of the nu-
clear ratio could be made by direct observation of the living
mycelium,

Pontecarvo (15) hss discussed the various factors
controlling muclear ratios of heterocaryons particularly with
regard to intracellular factors. He has suggested that various
types of nuclel mey divide at different rates, the rate being
dependent on the ratio of one nuclear type to the other. The
probable mode of action of such a mechanism would be through
the production of metabolites by the various nuelei. If the
specific growth factors are sble to affect the division of the
various types of nuclei then it is guite possible a similar
effect could be obtained when the snecifie substances are
supplied externally.

Ryan and Lederberg have given definite proof that ex-
ternal conditions may shift nuclear ratios in a heterocaryon (17)
dee also Ryan (1817. A strain of N, cragss requiring leucine
occasionally shows reversion to leucine independence. This is
due to back mutation of the gene for leucineless. Vhen this

occurs & heterocaryon is formed consisting of a mixture of



- 10 -

leucineless and reverted nuclei. It was found that if this
heterocaryon wes grown on a medium containing loueine, the
leucineless nuclei were selected for and the strain became leu-
cineless once more. In the absence of leucine the reverted nu-
clei usually outgrew the mutant nuclei, In some instances, how-
ever, where the heterocaryon was grown on media devoid of leu-
cine wild tyne growth occurs at first followed by a slowing down
and complete stoppage. Apparently the process of selectlon is
not completely predictable. On the basis of this result it might
be informative to measure the nuclear ratio of a balanced hetero-
caryon between two biochemical mutants on both unsupplemented
medium and on a medium with suboptimal additions of the epecific
growth substances.

Pontecorvo (loc. ¢it) points out an interesting ampli-
fication of the theory of balanced heterocaryons. In the hetero-
caryon between itwo types of nuclei designated Ab and aB, where
A and B are both weakly dominant, no ratio of nuclei will give
maxinal growth because both types of nuclei must be present in
more than 507 of the total nuclei for this to occur. If, how-
ever, we have three types of nuclel AbC, aBG and ABc forming
heterocaryons two by two which for the same reason as before do
not show full growth, then the three component heterocaryon may
well show full growth, for in such a heterocaryon the alleles
A, B, and C may be present in up to 66.6% of the nuclei. It

follows that in a four component heterocaryon of this type each
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of thé four alleles may‘be pfesent in proportions up to 75%. Ponte-
corvo snggests that miltipnle component balanced heterocaryons may
have.greater adaptability than those made up of only two components.
However, there do not seem to be any reports in the literature of
any heterocaryons of this type ever having been made. If hiochemical
mitants were used for meking up such a heterocaryon, the choice of
mtant would be important because of possible interactions and inhi-
bitions in the ametabolic reactions concerned. That such interactions
can take place in heterocaryons has been shown by Emerscn with hetero-
caryens involving a sulfonemide mutant (19). Becsuse of the complex
nature of this mutant a brief description of ite characteristics is
in order (20, 21, 22),

The mutant grows well at 25°C but on solid unsupplemented
media at 359C growth is extremely slow. Growth may be restored
to the wild type rate at this latter temperature by addition of
sulfonamides to the medium. However, when growm at 359 in the
ahsence of sulfonamide a sudden change to wild type growth will often
occur and it was found that this is due to a mutation resulting in
the production of a suppressor gene. This mutation differs somewhat
from the usual supnpressor gene because in homocaryotic strains which
carry both the suppressor gene and the sulfonamide requiring gene
wild type growth does not result. In the heterocaryon there are
present both nuclear types, but it appears that the suppressor is more
effective when only a fraction rather than all nucleil carry it. The
biochemical nature of the mutation resulting in the requirement for

sulfonamide is particularly complex. It appears that the sulfonamide
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requirément resuits from a deleterious reaction that takes place in
the mutent strain but not>1n wild type and that this reaction is one
requiring both homocysteine =nd p-aminobenzoic acid., The heneficial
effect of sulfonamide results hecause this substance inhibits the
deleterious reaction, Homocysteine is presumed to be used as a sub-
gtrate in this reaction and p-aminobenzoic acts as a catalyst. The
reaction either results in the destruction of threonine, or creates
an increased requirement for this gubstance, for it was found that
growth of the mutant is restored to wild type if threonine alone is
added to the medium. Thus the sulfonamide eliminates this deletericus
reaction by blockling the access to p-aminobenzolc acid,

The deleterious reaction can also be eliminated by genetic
means, If the synthesis of homocysteine is blocked by meking the
double mitaent sulfonamide requlring-homocystelneless, thers 1s no
longer a requirement for threonine and sulfonamide but the homocysteine-
less mtant leads to a complete deficiency of homocysteine and hence
methionine, so that growth occurs with the double mutant when enough
methionine is added for growth, but not enocugh to permit the deleterious
reaction to go on. Another wsy of restoring growth in the absence of
sulfonamide is to make the double mutent sulfonamide-requiring-p-
aminobenzole acidless. Here again there results a deficiency of
amincbenzolc acid, and if the right amount is added normal g rowth
results. It is apparent that a complex series of interactions are
occurring in the system.

Fmerson pointed out that one way of obtaining a situation

where the right amount of each of the various metabolites is svailable



_for normal growth would be through heterocaryons, where adjustment

of the nuclear ratios can occur with resuiting adjustments ir the amount
of the various metabolites produced. It was found experimentally that
the heterocaryon between the sulfonamide-requiring strain and the
double mutant sulfonamide reguiring-amincbenzoicless grew vigorously
(23). Here there is evidently an adjustment between the double matant
mucleus which requires aminobenzoic acid and the sulfcenamide nucleus
which produces an excess of this substance. It was found thet the
nuclear ratio of thls heterocaryon strongly favored the double mutant.
Presumably as a result of this it was found that sometimes these
heteroccaryons suddenly stop and after a period etart again, This
behavior is to be expected for the sulfonamide requiring strain pro-
duces about 100 times a8 much aminobenzoic acid as it required for
essential reactions.

Attempts to form a heterocaryon bhetween the douhle mutznt
sulfonamide requiring-cysteineless and sulfonamide requiring proved
unsuccessful, and it is possible that a nuclear ratio which will pro-
duce the optimum amount of threonine end methionine cannot occur.
Emerson's studiee provide excellent examples of how heterocaryons may
be used in the study of gene action particularly in relation to spe-
cific metabolic processes. It is probable that the situation where
& heterpcaryon may bhe formed between nuclel differdng in only one gene
is limited to those cases where specific interaction of metabolites
ocecurs.,

Fmerson has pointed out (24) that the type of heterocaryon
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describéd in the éxamples above represents a case of one gene heterosis,
for the two types of nucléi differ by only one pair of alleles. Thie
may be contrasted with the type of heterocaryon described by Beadle
and Coonradt where two pairs of alleles are concerned. Here the
heterosis is due to the mutually complementary nature of the nuclei
involved. Each nucleus carries the favorable dominant sllele of the
corresvonding mutant allele occurring in the other type of nucleus.
EFmerson suggests that caseg of one gene heterosis probably occcur
rather frequently in Neurospora and cites a number of possible ex-
emnles. Cases of one gene heterosis 2re known in other oréanisms,
for example that reported by Jones (25) for inbred lines of corn.
One gene heterosis may be of importance in the phenomenon of over
dominance (26). TIn such czses it appears that the immediate gene
products of the heterogzygote are more suited for ontimal grewth than
elther homozygote. This seems to be the case for the sulfonamide re-
quiring/sulfonamide requiring supressor heterocaryon. The importance
of this case lies in the fact that the increesed vigor may be explained
in precise chemical terms,

There has been some difference of opinion as to whether
bisexual heterocaryons could be formed in heterothallic species, such

as N, sitophila or ¥, crasga. Lindegren (27) reported that certain

cultures of N, crassa isolated {rom natural sources were bisexual self
sterile heterocaryons zs irdicated by the fact that they wonld ecross
to strains of either mating type but were not capable of self fer-
tilization. Lindegren claimed that these strains carried gelf ste-

rility factors thzt nrevented gelfing but that in the nresence of
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another strain the action of these factors vas overcome, probably
by hormones., He suggested that this condltion was widespread in
cultures of N, crassa obtained from nature. He supmosed that bisexual
heterocaryons arose in nature by the anastomosis of hyphae containing
'A' nuclel with hyphae contalning 'a' nuclel, and that under certaln
conditions natural selection would act in favor of self sterile hetero-~
caryons, but he offered no evidence to support this view. Eezdle
(personal communication) made what appeared to be a self sterile hetero-
caryon hetween two nicotinicless strains, 3416 and 4540 of opposite
mating type. This grew vigorously, did not form fruiting bodies and
was fertile with both 'A' and 's' strains, Attempts to reconstruct
this heterocaryon were unsuccessful. It is possible that the bi-
sexual heterocaryons found by Lindegren were derived from bisexual
ascospores which may occasgionally be formed in M, crassa (28) and
which give rise to self fertile cultures. However the presence of
sterility factors may have prevented self fertilization. Dodge (29)
has suggested ways in which such s£elf sterility factors might act.
Dodge was able to produce heteroceryong with heterothallic

gtrains of the normelly homothallic I, tetirasperme whether he com~

bined two lines of the same or of opposite mating types (9). However,

he was unable to show the existence of a bisexual heterocaryon in

M. sitophila (8). Kohler (30) who worked extensively on hyphal anas-
tomoses found no evidence that & bisexual mycelium in heterothallic
species of Neurospora could be obtained by mixing unisexual conidia

of both mating types. Fansome (31, 22) also failed to obtain evidence



of vegetstive heterocaryons involving 'A' and 'a' muclei in N. crasss.
Beadle and Coonradt (13) found pronounced differences between hetero-
caryons formed between binchemical mutants of M. crassa of like and
opposite mating type. They suggested that the lower growth rate of
bisexual combinations is due to the direction of the energiee of the
funpus towards sexual reproduction rather than vegetative growih.

There is evidently cquite a different response between homothallic and
heterothallic species of Meurospora to the presence of nuclei of both
mating types in the cytoplasn. Both Sansome and Dodge have concluded
that the association of muclei of different mating types in heterothallic
species occurs at the time of sexual reproduction and not by the fusion
of vegetative hyphae,

Tn contrast to the work revorted above, Gross (33) has re-
cently clzimed to have obtained heterocaryons between biochemical
mitants of opposite mating type in I, crassa. Lysineless end panto-
thenicless strains of opposite mating type verecombined on minimal
media and growth of a heterccaryotic mycelium resulted. Proof of
heterocaryosis was made by the isclation of hyphal tips, fifty percent
of which subsequently grew on minimal, The resulting cultures crossed
freely with both 'A' and 'a' tester ctrains and were also self-fertile.
The growth rate of such heterocaryons wes found to be slow and ir-
regular, It was shorm that the ratio of homocaryotic conidia for
pantothenicless - lysineless heterocaryons between strains of the

same mating type is from 2 - 8 pantothenicless conidia i¢ one lysine-

less. In the heterocaryon lysine 'a' - pantothenicless 'A' the ratio
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of pantothenicless conidis to lysineless conidia was 20 - 80 /1 and
for the pantothenicless 'a' - lysineless 'A', 400 - 1200 /1. From
this Grdss draws the conclusion that nuclear ratios may be determined
by factors other than thre particular mutants under consideration, al-
though whether he attributes the difference in muclear ratios as being
directly connected with the mating type locus is not stated. Tt is
probable that this is not the case, and this could no doubt be confirmed
by repeating these experiments with a number of different strains of
like genotype with respect to the particular mutants but derived from
different genetic stocks. From tﬁis work then it is reasonable to
draw the conclusion that heterocaryons can be formed between strains
of opposite mating type of N. ersssa providing there is a strong encugh
selective force., In addition it ies logical to assume that strains of
this fungus may differ in their ability to form bisexual heterocaryons.
Work on heterocaryosie in other fungi hae in generzl con-
firmed the resulits obtained with Neurospora. Heterocaryosis has been
shown to occur in Penicillium, both in strains isolsted from nature
(34, 35) and between artificizlly produced mtants (36). Pontecorvo
has developed a technique for the formal genetics of Aspergillus
nidulans, & homothallic species, making use of balanced heterocaryons,
which may readily be formed by combining blechemical mutants of thls
fungus (37, 28, 29). The relation of heterocaryosis in Penicillium
notatum to penicillin production has been studied (6, 40).
Heterocaryosis has provided a useful tool for investigation

of variocue genetic phenomena, By crossing heterocsryons of mutants
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of ¥, crzssa to wild types, Sansome (41) showed that the nuclei of the
ascogenous hyphae in one peritheciumare sometimes derived from several
initiel combining pairs, a result independentlv confirmed by Grant (22).
Atwood has described a method vhereby'heterocaryosis may be used for
the isolation of specizl types of biochemical mutents (43). Atwood (44)
and Atwood and Morman (45) have used heterocaryons between biochemical
mitents of N, crassa for irradiation studies.

Heterocaryosis thus provides a means of studying some genetic
phenomena to an extent generally not possible in higher organisnms,
Studies on heterocaryons have led to a fuller understanding of heterosis.
Two hypotheses have been formulzted to explsin heterosis. The first
which Crow (26) refers to as the cominence theory attributes the in-
cessive alleles by the dominant Dbeneficial alleles. This type of
hybrid vigor is illustrated in the balanced heterocaryon between bio-
chemical mutants. The second hynothesis assumes thet the heterozygote
is superior to either homozygote, a model for this explanstion being
the sulfonamide mutsant described by Emerson and referred to sbove. A
strict comparison between heterocarvotic vigor znd heterosis ig not
possible, In a diploid heterozygous for a particulsr gene both alleles
occur in the same nucleus and in a definite dosage ratio. In hetero-
caryons the alleles are present in different nuclel and the relative
frequency of the genes devends on the nuclear ratio. The nuclear
condition is constant for all cells, except gametes, for & dinleid

organism but the nmuclear ratios of heterocaryons may vary considerably
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in various parts of the thallus. However, heierocaryosis is the
physiological equivalent of diploidy in a haploid organism and demon-
strates the same phenomena correlated with this condition, such as
dominance and heterosis.

It is justifiable to suppose that any genetic factor cansing
modification of the biochemiczl ratant genes concerned in the hetero-
caryon will produce effects on the heierocaryotic growth. It is well
known amongst Naﬁrospora workers that irregular resulis are occasionally
obtained vwith attempts to form heterocaryons but this phenomenon has
received 1little direct aftention. It is the purpose of this work to
demonstrate how heterocarvotic growth may be modified by genes other
than these responsible for the deficiencies in biochemical synthesis.
STATEMENT OF PROBLFY

It will be shown here that a number of different geres affect
the formation of heterocaryons between biochemical mutants in Neurospora
crassa. An analysis has been made of one particular case, that of the
heterocaryon formed hetween a muitant requiring pantothenic acid, and one
requairing lyvsine. Only heterocaryons between strains of the seme mating
type héve been considered. One of the mutants, pantothenicless, was
crosgad to various other strains, and the progeny tested against the
strain of like mating tyse of trmo elven lysine strains, the latter acting
as tester strains. With the general experimental hypothesis that there
are genes controlling the formation of heterocaryons, it is obvious that
gsuch genes will affect both partners of the hetereCaryon and that the

choice of tester strains will be of great importance. To make analysis
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simple fhey should be identical with each other in these genes. It

wag not poesible to determine the isogenicity of the two strains used,
but as far as can be deduced from the results obtzined, it appears

thai these two strains are similac in the genes controlling the forma-
tion of the particular heterocaryon under test. It will be shown later
that different results are obtained if different tester strains are
used.

Four genes have been cshown %0 he involwved in the formation
of this particular heterocaryon. In one test there is evidence that
at least one more may be concerned, These genes have been identified
by their effects on heterocaryotic growth, and by following their
segregation and recombination in crosses.

The preliminary experimente on vhich the idea of pgenetic
control of heterccaryosis was baced came from attempts to repeat the
work of Beadle and Coonradt with different isolates of the came mutants
used in their studies. Tor example, these workers found that a2 hetero-
caryon could be ‘ormed between the pantothenicless mutsnt 5531A end the
lysineless mutent 45454, A strain of 55314 thought to be the seme as
that used by Beadle and Coonrsdt was obtained and tested against various
reicolates of 45.5A. CSome of these latter strains resulted from crosses
to the Abbott wild type 12a snd others to the Emerson wild type 52907a.
Then six such relsolates were tested against the pantothenicless
strain 55314 for heterocaryon formation using the same techniques
uged by 1[.>I1r-e~.virnm vorkere, nc heteroecaryotic growth was obtained, &

strain of 45454, reported to be the same as that used by Eeadle and
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Coonradf was obtained® and on testing this was found to form a2 hetero-
caryon with 5531. Similafly the mutant 1633, requiring p-aminobenzoic
acid;while able to form a heterccaryon with 55214 and 45452 failed

to do so with the reisolates of A545A. dn testing it was shown that
.4545A and the various isolates of this mutent had identical responses

to lysine and although no critical experiments were done it appeared
that ag far as the lysineless character was concerned, 211 these

strains were alike, It was assumed, therefore, that other factors,
probably genetic, were acting to prevent the formation of a hetero-
caryon and 1t was decided to further investigate thie problem. It

was hoped that not only might some informestion be obteined with re~

gafd to heterocaryon formation and heterocaryotic growth, but that
further means of studying the actual nsture of the metsbolic derangement
in blochemicel mutants might be revealed. Although the investigation
did not proceed quite thie far there are indications that heterocaryosis
would provide a potentially useful tool for such stundies.

These mutants, 5531 and 4545 were found to be very suitsble
for the subsequent detailed analysis. Crosses in which the pantothenic-
less gene is carried by both parents azre fertile to some degree per-
mitting use of the backcross technique. In addition neither mutant
backmitates readily and both have =ell defined biocchemical remiire-

ments. WNeither shows any growth on unsunnlemented medium.
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# I wish to thank Dr, Laurs Garmmjobst of Stanford Univerelty for
making this strain available to me,



MATERTALS AND METHODS

Mutants used

1. Pantothenicless 5531. Requires pantothenic acid for growth.
Tbm and Beadle (46), Tagner (47),
Wagner aend Guirard (48) and Wagner
end Haddox (49).
2. Aminobenzoicless 1633, Unable to synthesize p-amino-
benzoic acid. Beadle and Tatum
(12) and Zimmer (50).
3. Lysineless A545. Requires the amino acid lysine,
Doermann (51) and Good (52).
Cultural Methods
Ag shown by Beadle and Coonradt (loc, cit) when two bio-
chemical mutants are inoculated together on a medium which will not
support the growth of either, any subsequent heterocaryotic growth
is under a strong selective influence. The basal medium used in this
work has been the so-called 'Fries #3 minimal'. This consists of
Fries #3 salt solution, with the addition of 2% sucrose, and 0.005 mg.
biotin per litre, solidified with 2% Difco agar, and containing no
amino acid or other vitamin supplements, A1l cultures were grown at
25°C.,
In sarlier tests heterocaryons were grovm on slants in 6v
test tubes but in later ones growth tubes, as described by Rvan, Beadle
and Tatum (53), were used, Such tubes provide a more delicate means
of measuring growth than the test tubes. They are of Pyrex glass,

tubular, with an internal diameter of 13 mm. The ends of the tubes



- 23 -

are turﬁed up at én angle of 45° about 6 cm. from the end, and the
‘effective growing surface varies in the different sized tubes from

220 mm. to 450 mm, Yo effect of the different sized tubes could be
found on any of the results to be desecribed. The amount of agar added
.tc each tube varies with the size, but with the 220 mm. tubes it is

10 m1l. The amount of agar was always kept constant in different
trials and dispensed from an automatic pipetting machine,

Measurements of the advancing mycelial front were made at
intervals of from twelve to eighteen hours and marked with a grease
pencil on the lower half of the tube. Later these marks were measured
and the growth rate of the mycelium caleunlated.

Spore suspensions of the strains to be tested for hetero-
caryon formation were made in sterile distilled water from cultures
grown on Horovitz complete medium (54) for six days. Loopfulls of esch
of the two suspensions were then placed together on the surface of the
agar in the growth or test tube. The general procedures for dissection
of asci, determining the mating type of cultures, maintaining stock
cultures, sterilization etc., were the same as those used by Beadle and
Tatum (55).

Crosses were maede on the medium described by Yestergaard and
Mitchell (56) with the addition of appropriate supplements. The mutants
used cross readily with wild type. In crosses in which both strains
carry the same mutant allele, there is considerable variability in the
fertility depending on the particular mutant used. With pantothenicless

strains it is usually possible to pet fertile crosses, although the
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visbility of the ascospores is never very high. W%ith lysineless a
.few perithecia are formed, but very few viablé ascospores and with
amin&benzoicless no perithecia are formed at all. Horowitz and Len-
pold (57) quote unpublished work of CGershowltz who showed that in
crosses of this type with the methionine mutants, if twice the optimal
requirement of methionine is supplied to the crossing medium sterility
is coneiderably reduced. This genersl procedure was tried with the
three mitants used in this work, Crosses were set up on Westergaard-
Yitchell medium between strains each carrying the same mutant allele,
and the medium supplemented with from 1 to 20 times the optimal re-
quirement of the specific substrate. %ith pantothenicless no effect
of addition of the substrate was found, with lysineless sterility be-
came more pronounced at higher concentrations of lysine, and with
aminobenzoicless no perithecial formation occurred at sny level of
substrate addition. All these crosses were made with both simultaneous
inoculation and reciprocal protoperitheciel inoculation and it appears
as though the phenomenon described hy Gershowltz does not hold with
the three mutants used in thies work,

The system of nomenclature of cultures has been to number
the asci consscutively and to number the sporeg of each ascus from one
to eight, i.e. 560 - 5 represents the fifth spore of the five hundred
and gixtieth ascus dissected, For convenience the odd number spore
of each spore pair has been taken as the representative of the spore

pair.
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EXPERIMENTAL

After several hundred strains obtained from the progeny of
various -crosses of the pentothenicless mutant had been tested zgainst
the tester straing in ordinary six inch test tubes it was obvious
that a number of different growth responses vere being observed. It
has been hoped that the progeny could be classified into two groups;
Those strains able to form a heterocaryon with the tester strains,
and those unsble to do this. It was at thls stage that the chapge
to growth tubes was made and all tests previously made in test tubes
were repeated in growth tubes. Under these conditione a number of
heterocaryotic growth types occur between various strains of the
pantothenicless mutant and the lysineless tester strains,

Types of heterocaryotic growth

Previous to these results only two types of heterocaryotic
growth have heen described for heterocaryons between biochemical mu~
tants of N. crasga. Beadle and Coonradt describe these two types.
The first 1s the growth resulting when mutants of like mating type
are paired. Here the growth ig very similar to the growth of wild
type Neurospora; growth starts repidly, and progresses at a growth
rate of approximately 4 mm./hr. at 25°C. The second type observed
was that of heterocaryons between esirains of opposite mating type
and in this case the growth rate varied from 1 mm./hr. to 3.8 mm./hr.,
with the difference that the growth rate is rarely linear, as occurs
with the heterocaryons of like mating type; the grorth is slow in

starting and the general vegetative vigor of the cultures is low,
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In the éxperiments reported here other variations in the
‘type of heterocaryotic grﬁwth have been obtained. Types of growth
varying in the vigor of the mycelial growth, the time at which growth
comuences and the ability to continue heterocaryotic growth have been
found. In general it has been found possible to classify these re-
sponges int§ six types of heterocaryotic growth (see Fig. 1). These
various typeﬂs are remarkebly constant and classification of any partic-
nlar growth is easily made into one or the other of the classes. A
description of the growth habit of the various types of heterocaryotic
growth follows.
Type I

Growth begins within a few hours of inoculation end rapidly
assumes a wild type rate. The mycelium is vigorous and eventually
fills the whole growth tube. This type is identical with the growth
obtained with wild type etrains, and is the type of growth described
by Beadle and Coonradt for heterocaryons between biochemlcal mutants
of like matine type. The growth rate varies between 3.8 and 4.5 mn./hr.
Hyphal tips taken from the growing front continue growing vigorously
on minimal medium after a delay of a day or so. The mycelial frontier
in growth tubes is sharp and well defined.
Type II

The growth characteristics and appearance of this type of
heterocaryon are identical with those of type I. However, growth does
not begin until after a delay of 35 - 90 hours following inoculation.

The beginning of growth is well defined and not gradual. The growth
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rate again varies between 3.6 end 4.5 mm./hr.
Type III

Growth commences sgoon after inoculation but comes to an
abrupt halt after 2 veriod of growth varying from 30 - 60 hours. The
growth rate before stopping is that of wild type. The point at which
growth ceases cannot be predicted, so that exact information on the
rapidity with which growth ceases cannot be easily cohteined. However,
from the growth curves obtained it appears there is some sloving up of
the growth before setual cessation. The appearance of the mycelium
of the growth before stopping is identical with that of =ild, but at
the point where growth ceases the mycelium assumes a characteristic
highly branched appearance and the immediate edge of the mycelium hae
a different appearance to the main body of the hyphae, being thinner
and closely appressed to the medium, Hyphal tips from the actively
growing phase of the heterocaryotic growth continue growing for 24 - 48
hours after transfer but then stop, becoming highly branched with
numercus short branches. The growth from such hyphal tips is much
more than that obtained from hyphal tips of elther mutant transplanted
onto minimal., The actual point at which growth ceases is extremely
variable even between replicates of the same strain. TFig. 2 shows
the growth curves of & nunber of replicates of a combination of strains
giving this type of growth. Further experiments to obtain more informa-
tion about this type of growth are described in & subeequent section.
Type IV

The description of the growth of type IIT heterocaryons
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appliés to type IV with the exception that growth does not commence
until 35 - 90 hours after inoculation. Here agein there is the same
variation in the amount of growth occurring before the mycelium stops
growing and in addition to this is the variation in the time at ~hich
growth will hegin (see Fig. 3).
Type ¥

Growth begins 12 - 2/ houre after inoculation. The mycelium
ie much lege wigorous than in the previoue cacges, it ig thinner and
somerhat apprecssed to the medium. Considerable variation occurs in
the actual amount of mycelial growth even between replicates. Generally
the mycelial frontier is not very well defined. Cometimes the growth
bhecomnes progrecsively thinner, slows down and may eventually cease
altogether. The maximum growth attained in this type of growth never
exceeds 2 mm./hr. and is often not linear. This type of growth shows
gome similarities to that described by Beadle and Coonradt for growth
between biochemical mutants of opposite mating type.
Type VI

The general characteristics of this type are the same as those
described for type V, but as with types II and IV, growth does not begin
until 35 - 90 hours aftsr inoculation. The time of starting is usunally
towards the upvner limit of this range, but as type V sometimes shows
a tendency towards late starting, it 1s occasionally difficult to de-
cide whether one is obgserving an early starting type VI or a late
starting type V. However, this occurrence is rare and has presented

little difficulty.
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Type VII

Here no heterocaryotic growth occurs at all., E£light growth
may occur at the gite of the inoculum after several days. This probably
resulte from autolysis of some of the conidia with liberation of growth
substances which then become available to the remaining viable conidia,
Such growth never progresses more than & centimetre or two from the
point of inoeulation,

From the growth characteristics of the various heterocaryons
a mumber of features associated with the formation and growth of a
heterocaryon can be recognized, viz.

1. The ability to form & heterocaryon.

2. The time lag in initiation of growth of the heterocaryon.

3. The ability to continue growing as a hetevocaryon.

4+ The growth rate and habit of the heterocaryon.

From the results of certzin crosses it apnears that not only
is the formation of a heterocaryon subject to genetic control but also
the various types of heterocaryotic growth may be a result of genetic
mndification. All types of growth were observed in heterocaryons with
pantothenic strains of either mating type and hence =ith both tester
strains, Theée types of growth do not result from any observable
growth characteristics of the particnlar parent giraing themselves.
The two lysineless straine grow at #ild type growth rate when grown
on media containing adequate amounts of lysine. Isolates of the
pantothenicless mutant representing the different types of hetero-

caryotic growth gave wild type growth when grown alone on media supvle-



mented with pantothenic acid.

Proof of the heterocaryotic condition

It is possible to esteblish besyond reasonable doubt that the
"heterocaryotic condition is in fact present in supposed heterocaryons
ahd that growth is not due to syntrophy. Beadle and Coonradt have
described the most reliable method of proving the heterocaryotic condi-
tion (13). Mycelium is teken from the advancing front of the growing
heterocaryon and transferred to an agar plate containing unsupplemented
medium solidified with 4? agar. The mycelium will continue growing
and with the aid of a sharpened platinum spatula hyphal tips are cut
from the advancing hyphae, and transferred to tubes containing minimel
medium. After 8 lag period of 24 hours or so growth will continue, and
within a few days conidia will form., If these conidia are then used
to fertilize vrotoperithecia of a wild type, the resulting perithecia
will have two types of ascospore progeny, mutant and wild, znd if both
mitant types of nuclei were originally present in the hyphal tip then
the conidia nsed for fertilization will contain both types, which will
then be representsd in the ascospore prog%ny. By spreading random
sporee on the surface of a minimal plate, heat treating to induce
germination, and allowing them to germinate, it is relatively easy to
distinguish the mutant from the wild spores on the basis of their
germination pattern., The mutant spores are then picked off and trans-
ferred to & medium which will support the growth of both mutant types.
Each individual culture can then he tested for growth on one or the

other specific substrates required for the mutants concerned, and
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classified into one or the other type. If both types of mutants are
found in the progeny then the original culture from vhich hyphal tips
were taken mist have heen heterocaryotia.

Where uninucleate conidia are available they may be used
for & proof of the heterocaryotic condition. Hyphal tips are isolated
in the same way as before, and when they have produced conidia these
may be plated out on selective media, or eingle germinating conidia
picked off, transferred and individually tested. This method has
been used by Sensome with 'fluffy' straines of N, cressa (52) and by
Pontecorvo and his coworkers with Penicillium and Aspergillus.

The method used in the present work has been that of Beadle
and Coonradt and by thls the heterocaryotic conditlon of types I, II,
V and VI has been proved, However, it wag not possible to use this
rethod for types IIT and IV. It will be recalled that hyphal tips of
these two types show only limited growth and this is insufficient for
them to be crossed to wild type. As the strains used produce multi-
nucleate macroconidia the other method described above could not be
used. It has therefore not been possible to prove definitely that
types III and 1V are heterocaryons. The growth obtained from the
hyphal tips of these types is much more than that obtained with such
tips from either mutant when transferred to unsupplemented media and
this is taken as evidence for the presence of both nuclear types in
the one mycelium,

Experiments on the growth characteristics of types IIT and IV

Various additional experiments were carried out to determine
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the nature of tﬁe heterocaryotic growth assoeciated with types TII and
IV, It =111 be recalleé that in these types growth begins at the wild
type rate but subsequently comes to an abrupt halt. Inoculation of a
combination giving the type III response was made in a peiri dish con-
taining minimal medium. The resulting growth wag not circular as normally
occurs wi{h Neurospora grovn under these conditions, but irregular and
gsectorial indicating different parts of the myceliunm were groving at
different rates. GConidia taken from the heterocaryotic growth mere
plated onto supplemented sorbose medium and it was found that the panto-
thenicless nuclei showed a greet preponderance over Lhe lysineless nuclei.
Vo heterocaryotic conidia were found as indicated by the lack of colony
formation when conidla were plated out on minimsl sorbose medium, but
this could be another manifestation of the inability of the heterocaryon
to continue growing,

The edge of the mycelium where growth has ceased was found
to have a different appearance from the main body of hyphae. If hyphal
tips are taken from this region they are found to grow on media supple-
mented with pantothenic acid, but not on either lysine or minimal media,
Similarly if pantothenic acid in solution is added to the arrested
front of this type of grovth the mycelium is stimulated to grow, but
no growth occurs when lysine is added in this way. From this it can
be concluded that the pantothenicless nuclel predominate and take over
the frontier and this presumably accounts for the cessation of growth.

Thus this heterocaryon appears to be in an unstable state
with one type of nucleus, the pantothenicless, predominating over the

lysineless nuclei.” Various conditions may act to upset the hetero-



- 36 -~

caryotic condition so that only the pantothenicless nmueclei remain in
the growing front and hence growth ceases,

The genetic basis of heterocaryon types

If the various types of heterocaryons are a result of genetie
modification i1t is obvious that on crossing the various types to each
other, =ome idéa of the genetic mechanism involved can be obtained by
testing the progeny against tester strains. This has beendone in a
number of cages. In all these crosses both parents carry the panto-
thenicless gene, so it is possible to analyse all spore pairs of each
ascus, testing the spores of each mating type against the lysine tester
strain of like mating type. The results from a number of crosses of
this type are given in Table 1.

On the basig of the data summarized in Teble 1 and other
evidence to be presented later the following hypothesis has heen
formulated. _The formation of a heterocaryon between strains of the
pantothenicless mutant 5531 and the lysineless mutant 4545 is under
the control of genetic factors. These genes control not only whether
or not a heterocaryon will form, but the growth characteristics of the
heterocaryon, should it form. TFour genes have been identified as
controlling these characteristics. This represents the minimum re-
quired to fit most of the data. Probably additional genes affect the
process. These four genes are described in terms of their effects
as follows:

Gene I (alternative allele ™') Heterocaryotic growth can only occur

in the presence of the W allele of this gene. Allele W by jtself is



TABLE 1

Results of testing progeny from crosses between pantothenic strains
which give various heterocaryon types when combined with stsndard

lysine tester strains.

Cross No. ascl anslysed Results
IxT 15 Progeny all type I
Ix1I1 #1 9 Progeny consisting of types
#2 9 I and 11, segregating 1:1 in
the ascus.,
I x III #F1 6 Progeny conesisting of types
#2 10 I and III segregating 1:1 in

in the ascus

Ix1IV 17 Both parental types I and IV
recovered in the progeny, but
in addition recombinant types

I and III
IxV #1 20 Types I and V segregating 1:l
#2 17 in the ascus
VIT x VII # 18 A1l progeny type VII
#2 17
IIT x IV 11 Types III1 and IV only in the

progeny segregating 1:1 in
the ascus
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not sufficient and must be present in combination with either or both
¥ and Y described below. The evidence for the existence of this gene
is so&ewhat circumstsntial and not as definite as with the three other
genes. It has not yet been possible to make a cross in which this
gene alone of the four identified is segregating with its alternative
allele, Crosses in which it and one other of the four genes are seg-
regating have been analyzed,
Gene X Allele ¥ of this gene exerts an influence on the growth rate
and general vigor of the heterocaryotic mycelium. Segregation of this
gene and its alternative allele X' has been demonstrated. Pantothenic
strains giving type V growth differ from those giving type I by the
presence of the alternative allele in the former strains, so that in
crosses of these two types a 1:1 segregation of the parental types
oceurs in the ascal progeny.
Gene Y Allele Y of this gene is concerned with the maintenance of the
heterccaryotic condition. Pantothenic strains giving type I11 hetero-
caryotic growth with the tester strains differ from those giving type I
growth by having the alternative allele Y' and crosses between these two
types result in only the parental types occurring in the progeny, seg-
regating 1:1 in the ascus.
Gene 7Z The presence of the Z allele of this gene enables any hetero-
caryotic growth formed to start growing soon after inoculation, and in
the presence of the alternative allele 7' growth will be delayed, as
in types II, IV and VI,

Tt is not known which of the above slleles of these various

genes ig the dominant form. The only test for dominance in Neurospora
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is the heterocaryon test (vide Beadle and Coonradt loc. cit), so that
the dominance or recessivéness of genes affecting the process of
heterocaryon formation cannot be determined.

To elaborate this scheme further genotypes of the various
heterocaryon types as assigned on the basis of the above hypothesis

are listed below.

Heterocaryon type Genotype
I wWXYZ
I1 LD O AVA
111 | WXY Z
Iv vz
v wX'Y Z
VI WXy o
e R

Aes mentioned before the genetic constitution of the tester
strain will undoubtedly be of importance. To investigate this would,
of course, require an analysis of the lysine straine of much the same
nature as that made for the pantothenicless strains, Unfortunately
this is probably not possible because crosses in which both parents
carry the lysineless gene are not fertile. This means the analysis
would have to be made with crosses to wild type and this would be both
difficult and tedious. Clearly the genotypes assigned above are valid
only for the particular tester strains used.

In order that the segregation and phenotypic effects of the

various genes postulated to affect heterocaryon formation may be studied
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it is necessary that the slternative alleles to the active alleles be
introduced intc the strainc to be enalyzed. With the ascumption that
5531 carried all the genes necessary to form a type I heterocaryon,
which may be conridered as the 'normel' form,the first step in the
genetic analysie is to cross this strain to another which could be
expected to carry alternative alleleg of the various genes. The wild
type Emerson 5297a was selected for this purvose and crossed to 5531,
The nrogeny from this cross were found to show, with some limitations,
the various phenotymnic modification described above and the indications
were that a number of genes vere probably concerned in the process of
heterocaryon formation., The analysis of such a cross is limited by
the fact that half the progeny are wild type and thus cannot be tested
for heterocaryon formation. Much more information can be obtained if
all the progeny of the croes can be examined for the character under
anslysis. This may be done if both parents of the cross carry the
pantothenicless allele. If one parent of the crose is of type I, such
as 5531, it is obvious that we can probably obtain the segregation of
& maximum number of genes by selecting a type VII as the other parent.
A strain of the type, L49 —.8 was selected from the progeny of the
cross 5531 x 52972, and crossed to 5531. The genetic history of the

various strains used in the analysis is showm in Fig. 4.



Figure 4. Genetic history of strains used.
E5297a x 5521A
449 - 8a x 5531A

Ascus 560 Ascus 562

The hypothesie described above is based on the subsequent
analysie of »rogeny resulting from the crogs 449 - 8 x 5531. The
crosses mentioned above where the various types of heterocaryon forma-
tion are shovm to differ from tvpe I by one or more genes were carried
out by crossing progeny of the cross 449 - 8 x 5531 to either 5521 or
to other progeny of this generation., The results of the crosses
5531A x 5297a and 5531 x 449 - 8 will be described in detail after
the precentation of data chowing the segregation nf the postulated
genes.,

The crosses outlined in Table 1 will now be discuseed in more
detall and their relation to the experimental hypothesis shown,

Type I x Type I

562 - 7 x 55314
Fourteen asci were analyzed for the ability to form hetero-
caryons with the standard tester strains. The results are given in
Table 2. From these data it is seen that the nrogeny are all of

Type I. This cross is therefore homozygous for the factors giving
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the tyﬁe I respoﬁse. The cross gives no information regarding the
segregation of genes affecting the observed phenotypic variations
of the heterocaryotic growth., The crosses below give this informa-
tion.

Type T x Type II

Two crosses of this sort were analyzed, 844 - 7 x 5531,
and 723 - 4 x 5531, where both 844 - 7 and 723 - 4 show the type IT
response wheﬁ combined with L545a and 5531 gives the type I resnonse
with 4545A. Nine ascl were analyzed from each cross with the results
given in Tables 3 and 4.

In both crosses types I and TII segregate 13l in the ascus
indicating a one gene difference between these types. Relating this
result to the experimental hypothesis it is apparent that the allelic
pair Z/7' is segregating in this crose,

Type 111 x Type IV

824 - 1 (type III) x 707 - 3 (type IV)

Typea IIT end IV differ only in the time at which hetero-
caryotic growth commences, bearing the same relation to esch other as
do types I and II. As the latter have been shown to differ by one
gene, then it is likely that the former +ypes will also show this
difference. The results of analyzing 10 asci from this cross are
given in Table 5.

Ag expected, the 'lateness' character segregates as though
controlled by one gene in the same way as the cross between types I

and IT. Thus types IIT and IV differ with respect to gene Z.



TABLE 3
844 - 7 (type II) =x 5531 (type I)

Ascus and Mating Heterocaryon  Aescus and Mating Heterocaryon

spore no, type type spore no. type type
11é61-1 a 11 1166-1 A 1T
-3 a I -2 a 1
-5 A 1 -5 A IT
-7 A IT -7 a I
1162-1 A 1 1167-1 a I
-3 A 11 -3 A IT
-5 a I -5 a I1I
=7 a 1T -7 a I
1163-1 a I 1168-1 A 11
-3 a I -3 A 11
-5 A 11 -5 a I
=7 A 11 -7 a I
11641 a I 1169-1 & I
-3 a 11 =3 A 11
-5 A 11 -5 A IT
-7 A I -7 a I
1165-1 a I
-3 a II
-5 A 11
=7 A I
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TABLE A

723 - 4 (type II) x 5531 (type I)

Ascus and Mating Heterocaryon Ascus snd Mating Heterocaryon

8pore no. type. type spore no. type tyvpe
11811 A T 1187-1 -1 T
=3 a I -3 A I
-5 8 11 -5 A 1T
-7 A 11 -7 a 11
1182-1 A I 1188-1 a I
-3 A I -3 a T1
-5 a I1 -5 A I
-7 8 1I -7 A IT
118/-1 a I 1189-1 A 11
-3 21 I -3 a I
-5 A I1 -5 & . 1
-7 A II -7 A II
1185-1 a I 1190-1 A 11
-3 a I -3 A 11
-5 A II ~5 a I
-7 A I -7 a 1
1186-1 a I
~3 a 11
-5 A 11
-7 A I
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TABLE 5

824 - 1 (type III) x 707 - 3 (type IV)

Ascus and lating Heterocaryon

spore no. type type
1201~-1 A 11T
-3 A I1T
-5 a v
-7 a Iv
1202-1 a Iv
-3 a 111
-5 A IIT
-7 A Iv
1203-~1 a 11T
-3 a IV
-5 A I1I
=7 A v
1204-1 a 1v
-3 A 111
-5 a Iv
-7 A IIY
1205-1 A IIT1
-3 2 IV
-5 a Iv
- a I11

Ascus and
spore 1no.

1206-1
-2

-5
=7

1207-1
-3
-5
=7

Mating
type

Lo =M > oo e e

s > O

Heterocaryon
type

111
Iv
v
III

v
v
ITT
I11

IV
I1T
11T
IV

I1I
11T
Iv
v

v
ITT
I1T
Iv
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Type I x Type III

Two crogses of this sort ~ere analyzed, 906 - 5 x 5531 and
564 - 5x 5531 where both 906 - 5 and 564 - 5 give the type III re-
action and 5531 is of type I. The resultis of the crosses are given
in Tables 6 and 7.

Types I and IIT are seen to segregate 1:1 in the ascus
showing a one gene difference between these twoc types. Again, relating
this result to the experimentsl hypothesis, types I and III differ in
respect to the allelic pair Y/Y! again supporting the hypothesis.

Type I x Type V

Two crosses between these two types have heen analyzed,
560 - 5 x 5531 (20 asci) and 562 - 5 x 562 - 7, where both 560 - 5
and 562 - 5 are type V and 5531 and 562 ~ 7 are type I. The results
of these crosses are shown in Tables 8 and 9,

In additlon to the ahove ascl a number of random spores of
both mating types from one of these crosses was also analyzed. These
data are given in Table 10.

The results show that a one gene difference occurs between
types I and V. As stated in the hypothesis the allelic pair X/X°
affects the heterocaryotic vigor of the growth and this allelic pair
is segregating in this cross. |

Type IV x Type T

560 - 1 (type IV) x 5531 (type I)
Type IV which is late starting and subsequently stops,

differs in two characters from the 'normal' Type I. A4s it has already



TABLE 6
906 ~ 5 (type III) x 5531 (type I)

Ascus and Mating Heterocaryon Ascus and Mating Heterocaryon

spore no. type type spore no, type type
1241-1 A T1T 1244-1 A ITI
-3 A 111 -3 A IIT
-5 & I -5 a I
-7 a I =7 a I
1242-1 A 11T 1245-1 A ITI
-3 n I -3 A T
-5 A I -5 a I
-7 a 111 -7 a 111
1243-1 A 1 1246-1 8 1
-3 A 111 -3 a I
-5 a IIT -5 A IIT
=7 a I -7 A 1T
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TABLE 7

564 - 5 (type III) x 5531 (type I)

Ascus and Mating Heterocaryon Ascus and Hating Heterocaryon

spore no, type type spore no. type type
1281-1 A I 1288-1 A ITY
-3 a I -3 A I
-5 A 1171 -5 a I
=7 & I11 ~7 a IIT
1282-1 a ITY 1289-1 a IIT
-3 A I11 -3 & I11
-5 a I -5 8 I
-7 A I -7 A I
128/-1 a 1 1290-1 a ITT
-2 A IT1 -3 A I
~5 4 I1T -5 A I11
-7 a I -7 a I
1285-1 A 111 1201-1 A T
-3 A 11T -3 A T
-5 a I =5 a 111
-7 a I -7 a 111
1286-1 & I 1292-1 A I
-3 A ITT -3 a I
-5 a IIT -5 a I1Y
-7 A I =7 A ITT
1287-1 a 11T
-3 a 111
-5 A T
-7 A I



- 50 =

‘TABLE 8

560 = 5 {(type 7) = 5531 (type I)

Heterocaryon

Ascus and lating

Heterocaryon

Ascus and

Mating

type type gpore no. type type

spore no.

i~ B e

& & =g <

748-1

=g~ e N o

Q< o <

7/1-1

L I I

< < @ &

749-1

== B o

@ < @

= ]

<< w ®

750-1

[l o g

< o < «

743-1

B

<< &«

751-1

- el

o < ® &

TiL-1

P b o

Q< &

752-1

>

@ O < =<

= el |

- < o &

(B o]

o < G &

> b o

G @ =<3

B = et

< o < &

T47-1
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TABLE 8 (cont.)

Ascus and Mating Heterocaryon Ascus and Mating Heterocaryon

spore no. type type spore no, type type
755-1 A I 758-1 A I
-3 A v -3 a v
~5 a I -5 a I
-7 a v -7 A v
756-1 A v 759-1 A I
-3 A I -3 A I
-5 a v -5 a v
-7 a I -7 a v
757-1 760-1

}

w
» ®m >
Ll o R

1

)
ol
[ B T
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TABLE 9

562 - 5 (type V) x 562 - 7 (type I)

Heterocaryon

Mating

Ascus and
gpore no.

Ascus and

type

Heterocaryon

Mating

type

type type

spore 1no.

= I e I

G @ =g =g

1028-1

HeP> D

- - © &

1021-1

Ll e

< < &

D

<l < & &

ek o B

o o

@ & < <g

Ll I~ =

o @ oo

H = P

o <t @ o

1024~1

el B >

QG @ < <

== ol o

< o O

1025-1

H

< < & @

-3
=5
-7

1033-1

b

o o« <q <

1026-1
-3
-5
=7

(== N

o o <<

-3
-5
-7

1034-1

HH B> >

<<t dw

1027-1
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TABLE 9 (cont.)

Ascus and Mating Heterocaryon Agcus and Mating Heterocaryon

spore no. type type spore no. type type
1035-1 A v 1037-1 a v
-3 A I -3 A I
-5 a v -5 a v
- a I -7 A I
1036-1 8 v
-3 A I
-5 A I
-7 a v
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TABLE 10

Types of heterocaryon formation occurring in random spore progeny

of cross 560 - 5 (type V) x 5531 (type I).

Heterocaryon type Mating type Total

a A

I ' 28 15 43
IT —_— — -
IIT - - -—
Iv - — —-—
v 19 10 29
VI -~ - -
VIT - - -

47 25 72

been shovn that type IT (late starting) and type IIT (arrested growth)
differ from type I with respect to a single gene in each case,we would
expect type IV to be the 'double mutznt' and differ from type I in both
genes, In a cross between type T and itype IV inthesbsence of complete
linkage we would therefore expect to find not only the parental types

T and IV but also the recombinant typeé IT and I1I. Ceventeen asci
were analyzed from the above crosgs and the resulic are given in

Table 11 .
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TABLE 11

560 - 1 (type IV) x 5531 (type I)

Ascus and Mating Heterocaryon Ascus and MYating Heterocaryon

EpOTe No. type type gpore no. type type
721-1 A 111 729-1 A II
-3 a II -3 A II
-5 A 1T -5 a 11T
-7 A 111 -7 & III
722-1 a ITT 730-1 A 111
-3 a IV -3 A II
-5 A II -5 a II1
7231 A 11T 731-1 A I1
=3 a 1T -3 a v
-5 a II -5 A III
=7 A I11 -7 a I
T24~1 A I 733-1 a II
-3 A II -3 a I
-5 a I11 -5 A IV
- a IV =7 A I1T
725-1 8 111 734-1 a 11
-3 A IV -3 A IiT
-5 A II -5 A I
- a h <7 8 v
726-1 a I 735-1 a III
-3 A Iv -3 a 11
-5 A iI -5 A IIT
-7 8 I11 -7 A II
7271 A 11 737-1 A II
-2 a 11 -3 3 I
-5 a 111 -5 a 111
_n A 111 -7 A Iv
728-1 a I 738-1 A IT1
-3 A 1 -3 A II
-5 A Iv -5 a I
-7 a Iv -7 a 111
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TABLE 9 (cont.)

Ascus and lating Heterocaryon

gpore no. type type
740-1 A I
-3 A v
-5 a Iv
~7 a I
SUMMARY

Phenatypic Segregation
I, I, Iv, IV
11, 11, 111, III

I, II, III, IV

Ascug and Vating
spore no. type

No. ahserved

2

'(D -3

Heterocaryon
+type
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A number of random spores were zlso analyzed from this

cross and the resulte are given in Table 12.

TABLE 12

Types of heterocaryons found in random svore progeny of cross

560 - 1 (type IV) =x 5531 (type I).

Heterocaryon type Mating tvpe Total
a A
I 8 7 15
1T 10 11 21
III 6 5 1
Iv 2 7 9
v —_ — _—
VI - — —
VII -_ - -—
26 30 56

Thus we may conclude that type IV differs from type I with
respect to two genes, controlling the time of initiation of hetero-
caryotic growth and the malntenance of growth, These genes were
designated Z and Y respectively in the experimental hypothesis., Evi-
dently the crosg is homozygous for gene ¥, and with the assumption

that gene W is required for heterocaryon formstion this cross is
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between genotypes WX Y Z (type I) and WX ¥ 7' (type IV). If this
be the case there are only three possible phenotypic types of segre-
gaticn.as follows.

Genotype Phenotype Genotype Phenotype Genotype Phenotype

"XYZ I Xy Z 11 WXYZ I

WXY7Z I vy 7o II XY ” 11
wx Y IV wXY'Z I1I .W X1z I1I
WX Yz v WX Yz III LD O A A Iv

Only these types of segregation were observed as seen in
Table 11, 2 result consistent with the hypothesis,

A1l these crosses therefore give evidence supporting the
experimental hypothesis., The identification of three of the four
postulated genes has been made by demonstrating their segregation with
an alternative allele, The evidence for the fourth gene W will be
presented in 2 subsequent section and for the present it is necessary
to assume that the allele ¥ is required for heterocaryon formation
as postulated previously. The genotypes given on p. 39 for the various
phenotypes have been confirmed with regard to genes X, Y and 7.

Turther evidence for genes controlling heterocaryon formation

Tt has been shovm above that types II, ITI and V differ from
type I in genes 7, Y and X respectively. It was mentioned earlier that
the alternative alleles of these genes had been introduced by the
E5207a parent in the cross 55314 x E5297a, and evidently 449 - 8
carried these allelss into the cross 5531A x 449 — 8a, The evidence

for this will now be examined more closely. The results on testing



progeny from the former crogss are showm in Table 13. As described
before random spores rather than asci were tested in the progeny of

this cross,

TABLE 13
55314 x 5297a
Heterocaryon type ' Mating type Total
8 A
I 3 0 3
IT 1 5 6
IIT 0 0 0
Iv 3 4 7
v 0 0 0
Vi 2 A 6
VII 50 60 110
59 73 132

It has already been shown that 5531A carries alleles X, Y
and Z and as types II, IV and VI occur in the progeny of this cross
it may be concluded that the alternative alleles of these genes are
segregating in the cross 5531 x 5297a, the alternative alleles having
been introduced by the parent 5297a.

We may set out the theoretical expectatlions of such a cross
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with a number of assigned genotypes for E5297a, on the basis of the
four gene hypothesis described previously. With the additional assump-
tion tﬁat £553] carries allele ¥ we mey pradict the range of vhenotypie
heterocaryon types on the basis of the number of genes segregating,
assuning random segregation of all four genes. Then only one, two or
three genes are segregating it will be assumed that the remaining genes

are homozygous for their active allele (i.e. W, X, Y, or 7) (see Table 14).

TABLE 14
Expected range of phenotypes from the cross 553184 x E5297a with

o~ and aan o oo
VErious genet Scegr

Genes segregeting Phenotypes exﬁected

1. wm I, VI

2. X/%0 I, V

3. Y/M T, I11

Le Z/2! I, 11

5. W, x/x I, v, VII

6. wwm, 1/ I, ITI, VII

7. whn, z/7 I, 11, VII

8. X/x', Y/A' , 1, 111, V, VII

9. X/x', /7 I, v, VI

10. Y/v', 2/7° 1, I11, 1V

1. wwm, x/x, v/m I, 11T, Vv, VII

12. Wi, x/xt, 2/7¢ I, v, VI, VIT

13. w/w, y/yr, 2/70 i, I1, ITT, IV, VII
14. X/X', Y/Y*, 2/7 1, 11, III, IV, Vv, VI, VII

5. wfw, x/x, Y/Y0, 2/20 I, 11, I11, IV, V, VI, VII
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On comparison of‘these theoretical segregations with these
data it is seen that none fit the observed recults. If only genes
X, Y, énd 7 are segregating at random, then the ratio of positive
_type heterocaryons (I, IT, III, IV, V, VI) to the nepative type VII
will be 6:2. As these data from the cross 85314 x F5297= give a
ratio of positive tyve heterocaryons to negatives of 22:110 the con-
clusion may be drawm that more genes than these three are segregating
in the croas.

As only random spores were analyzed in the progeny of this
eross the amount of information which can be obtained is limited.
However, if whole asci can be examined for heterocaryon formation
we can obviously obtain more precise information about the number
of genes segregating. By crossing another pantotheniecless strain
to 5531A all progeny are pantothenicless and the analysis of complete
ascl can be made. The cross 449 - 8a x 5531A was made, vhere 4.9 - 8
is pantothenicless, and 23 asci analyzed. All types I through VII
were found amongst the progeny. If the assumption is made that the
four postulated genes are segregating in this cross there are 28 kinds
of asci with reference to the phenotypes occurring in the ascus. In-
cluded in the table is a typical genotype segregation for each pheno-
type segregation. There are of course in many cases other variant
segregations of these genes which will give these same phenotypic
segregationg but they are omitted for the sake of brevity. Also in-
cluded in the table are the various numbers of each type of segrega-

tion observed amongst the ascil analyzed.
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TABLE 15

Kinds of asci with reference to phenotypes. Segregation in the cross

5531A x L49 - 8a.

Heterocaryon Genotype No. obs. Heterocaryon Genotype No. obs.,

type type
Segregation Segregation

I WXYZ 11 vy o

I XY Z 0 111 WXy 1
VIl LA AR AV A viI wrxtyrz

Vil LD &) AVl Vit WiX'Y 2

I WIXTYZ I WXy o

I FXYI D 0 Iv WXYom 0
VIY mxnz VII Wx'yrz

vII Wy z VIT ¥IX'Y 2

I WXYZ I1 Iyl a

I1T VX YIZ 1l v XYy 7 2
VII LA AN AVA Vi1 LAD 4D ANA

VIl wxy o VII WX ¥'2Z

I wWXYZ II Iy n

Iv wxXigo 1 VI wxy 7 0
VIT wrxry ze VIiI LiAD: 4D &V

vIT LA AS 4/ VII WX Y2

I wXYZ IIT nwxX Iz

v WY Z 3 111 WXz 0
VII LAD O AVA vIY mxy 2

Vil wx oz VII wxy 2

I WXYZ I1T WXy

VI WXy 1 IV WX 0
it mxunn 281 wiy'y 7

vVIiT LAD: O A4 VII wxy o

IT XY 2! 111 WXY'Z

II Ll A 0 v ¥ 'Y Z 4
VII mxYz VII WIXIY17t

VII LEAD.&Y 4V 4 VIT LAD S AvA



Heterocaryon

type
Segregation

ITI
VI

VIT
VIT

Iv
Iv
Vi1
VII

IV
v
Vit
VIiI

IV
I
VII
VII

v
\Y
VII
Vit

v
VI
V11
VIl

VI
VI
VII
VIiI

TABLE 15 (cont.)

Genotype

WXItZ
w XYy
mxn
W'XYZ

LA AR A0 A
WXz
wmxy z2
W'Y Z

¥XI'?D
W'Y Z
mxI
mMXY 2

wxno
L4 aA
mxy'z
WXYZ

w 'Y 2
WX'Y 2z
LoD S ANA
wx yrz

wX'Y z
L4 VA
mInm
MI Y'Z

wX'Y 7t
wxy 72!
mx Y7
WY Ytz
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¥o. obs.

Heterocaryon

type
Segregation

I

VII
VIT
VII

IT

VIiI
VIl
ViI

ITI
ViT
VII
VII

Iv

ViT
Vil
VI

v
VIT

VI
VII

VI

VII
VII
Vil

Vi

ViI
ViI

Genotype

WXYZ
LD SR AVA
wxXnn
LD G G

XY 7!
W X'yrer
myYy?z
WY 2

WXz
WYz
MmIYZ2Z
woy o

LD 4 AV A
wxXnn
WY 2
WMIyYa2

W XY 2

1A Al Al

wix nzo
mXyz

w X'y 2
LIS ANA
WY Y17
WXYZ

WYz
LD &) AVA
wmIy z
WxXY2

No. obs.
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2 small number of random epores were also analyzed for this

cross and the results are given in Table 16.

TABLE 16

55314 x 449 - 8a (random spores, mating type 'a')

Heterocaryon type No. observed

T 1
TI 1
TIT 1
v 2
v 2
VI 3
VII 20

32

Here the ratio of strains able to form a heterocaryon to
those giving = negative rezction is 12:20 which is the same as the
exnected ratio on the basis that the four postulated genes are
gegrepating at random in this crose.

Mn examining the variocus tyves of segregations of asei ob-
tained in Table 15 it is seen that a wide range of the possible segre-
gations has been obtained. The results are compatible with the assump-
tion that only the four genes postulated are segregating. Additional

evidence for these four genes may be cobtained if intercrosses are made
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between the progeny of the cross 449 -~ 8a x 5531A and more informa-
tion can be obtained if the snore palrs of one ascus are crossed to
one another and also.to the parents. Thie procedure has been carried
out and has provided valuable confirmatory evidence for the pronosed
hypothesis,

Two asci have been analyzed in this way, Asci 560 and 562,
The genstic history of these asci has been given earlier in Fig. 4.

The extent of the analysis is shown in Table 17.

TABLE 17

Analyesis of asei 560 and 562 for genes affecting heterocaryon formation.

Cross No. asci analyzed No. random spores

tested
560~la x 560-3A 20 R4
560-1a x 560-7A 19 99
560-la x 55314 17 55
560-34 x 560-5a 15 85
560~3A x 449-8a 18 —
560-5a % 560-TA 19 58
560-5a x 55314 ' 17 72
560-7A x 449-8a 17 -—
562-1a x 562-3A 11 —
562-1e x 562-54 - —
562~1a X 55314 14 -
562-3A x 562-Ta 15 -
562-3A x 449-8a - -—
562-54 x 562-7a, 17 -
562-7a x 55314 14 -

562-54 x 449-%a 12 —
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Analysis of ascus 5€0

The method of anslysis was to meke the various crosses
listed In Table 17, isolate whole asci and random spores, and after
determining the mating type of the various isolates to test them against
the standard 4545 tester strain of like mating type. Ascus 560 vhen
tested in this manner itself gave the following reactions.

560 -~ 1a Type IV

- 3A Type VII
- 5a Type V
- 74 Type VII

The crosses 560-5a x 55314 and 560-la x 55314 were described
above in the section on crosses between types. On the basis of the hy-
pothesis we can now assign genotypes to certain members of this ascus,

560 -1 ¥®WXYI'Z®
560 - 3 W- - -
560 - 5 WX'Y 2
560 -7 W'- - -

The various crosces will now be taken in turn and discussed

irndividually,

560 -1 x 560 - 3

Genotypically all that can be said of this cross is that
it ie between genotypes W X Y'Z' and W'~ ~ - so that only W-W' segre-
gation can be predicted for this cross. Twenty asci were analyzed

vith the following results (Table 18).
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‘TABLE 18
560 - 1 =x 560 - 3
| Phenotypic segregstion No. =asci
1I1, IIT, VII, VII 2
111, 1V, ViI, VII 13
Iv, IV, VII, VII 5

Twenty~four random spores were alsc tested from this cross

with the following results (Teble 19).

TABLE 19
560 -1 x 560 - 3. Random spores.

Heterocaryon type Hating type a

I -
IT -
ITT 6
Iv ‘ 5
v -
VI -
VIT 13

24

Only three phenotypes occur in the progeny of this cross,

ITI, IV and VII. The cross must evidently be homozygous for gene Y!
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and heierozygous.for gene Z, Here we have a 13l segregation of the
ability to form a heterocaryon indicating that this ability may be
controlled by one gene. This cross therefore supplies evidence for
the gene W previously postulated and the cross must be heterozygous
for the gene. As no types V or VI were isolated it is probable that
the cross is homozygous for gene X. Thus we may deduce that the
cross is between genotypes W X Y'Z' (type IV, 560 - 1) and W'X Y12
(type VII, 560 ~ 3). On this basis we may assign the following geno-
types to ascus 560 with respect to these four genes affecting hetero-
caryon formation.

560-1 WX Y'2!

560-3 W'X Y'Z

560-5 W X'Y 2

560-7 WIX'Y 70

This result may now be conflrmed by the various other crosses.

560 -1 x 560 -7

On the basis of the previous cross, this cross is between
genotypes ¥ X Y'Z! and W'X'Y 7', =o only types II, IV, VI and VII
sheuld oecenr in the progeny, and also there will be only certain
ways in which these types can segregate in the ascus., These are
listed in Table 20 with the various number of asci found for each.

No other types of segregation were observed.
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TABLE 20
560 -1 x 560 -7
Phenotypic segregztion No. asci
I, 11, VII, VII _ -
IT, 1V, VII, VIT 4
Iv, IV, VII, VII -
II, v, VI, VII 1
v, VI, VII, VII 3

Vi, vi, vIiT, VII -

II, VIT, VII, VII 3
v, VI, VII, VII 3
VI, VII, VII, VII 2
VII, VII, VII, VII 3

19

A number of random spores were also analyzed from this

cross with the results given in Table 21,
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TABLE 21

560 - 1 {type IV) x 560 - 7 (type VII)

Heterocaryon type Mating tyvpe Total

& A

1 - - -—

I1 9 6 15

I1I - - -

TV 8 3 11

v - - —_—

VI 1 3 4

VII 33 36 69
51 48 99

The results from this crose agree with those of the previous
one and are consistent with the postulated genotypee for ascus 560,

It has previously been postulated that genes ¥, X and Y
interact so that for & heterocaryon to form gene W and either or
both of genes X and Y must be present, This present cross supplies
evidence coneistent with this view. 0Of the 19 asci analyzed from
thie crose 10 show segregation for one positive type heterocaryon
(either type II, IV or VI) and three negative {type VIT ), and three
asci show segregetion of four negatives. The cross is between geno-

types W X Y'2' and Y'X'Y 7', The presence of the W' allele will ensure
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that ﬁwo agcoepore pairs in every ascus will be negative. Then a
third or a fourth ascospore pair are slso negative the genotype of
these members must contain the W allele and hence failure to form
e heterocaryon muist be due either to a £ifth gene controlling the

ability to form heterocaryons or to an interaction between alleles
W, X and Y such that in the absence of both X and Y (i.,e. in the
presence of both X' and Y') a heterocaryon is not formed even if
allele ¥ be present. As no evidence has been found to indicate &
fifth gene with thie postulated effect and the results can be satis-
factorily accounted for by assuming the interaction, this has been the
explanation adopted. For example the phenotype segregation II, VII,
VII, VII results from the following genotype segregation:

XY 727

wxXryrze

We = =

e

FHAE SR

This cross slso supplies evidence that the allelic pair
7/7' does not affect the formation of heterocaryons per se but only
affects the time of initiation of the heterocaryotic growth. In this
cross allele 7' is homozygous while alleles V/W', X/X' and Y/Y'! are
all heterozygous. The formation of heterocaryons or the failure to
do o can be completely explained in terms of the genes W, X and Y
without inveolving Z.

60 - 5 x 560 - 7

This cross is between the assumed genotypes W X'Y Z and
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WiY'Y 7', The only types segregating should be types V, VI and VIT

and in only the three phenotypic ascus configurations given in Table

02, The regulte of the croes are given in Table ZZ.

TABLE 22
560 - 5 x 560 - 7
Phenotype segregation Yo. asci
v, v, VII, VII L
Vi, vi, vIiT, VII 3
v, VT, VIT, VII 12

19

Thus only the expected phenotypes and ascal configurations

were found confirming the results obtained with the previvus crosses.

Pandom spores tested from the progeny of this cross gave results

consistent with the above (Table 23).
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TABLE 23

560 } 5 x 560 - 7. Random spores.

Heterocaryon type Mating type Total
a A
I - - -
I1 - - -
I1T - - -
v - - -
v 5 6 11
VI 1 9 10
Vil 22 15 37
28 30 58

This cross supplies additional evidence for the action of
the allelic pair WA, Only WA and 7/7! are segregating in this
cross and as gene Z has no effect on the ability to form a hetero-
caryon a clear 1l:l segregation of progeny with and without this ability
as shovm in these data leads to the conclusion that this character
is under the control of one gene, thus definitely implicating gene W
in this connection.

560 =3 x 449 - 8

This cross ie supposedly between genotypes W'X Y'Z and

FIX'I'7', As a consequence only negative progeny are to be expected.
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Fighteen asci were analyzed from this cross and all proved tobe
of type VII as expected.

560 - 7 x 449 -8

This cross is assumed to be similar to the previous one.
The genotypes qf the parents are WX'Y Z' and WIX'Y'Z', hence only
type VII progeny are expected. In 17 asci analvzed this wass found to

be the case.

560 - 3 x 560 - 5

' This cross is postulated to be between the genotynes
MY Y'Z and W X'Y Z3 it follows thet only types I, ITI, V and VII
should appear among the progeny. This expectation was not born out
experimentally, and a number of ascl showed segregation for type VI,
the delayed type V. The varlous segregations observed, and the re-

sults of analyzing 85 random espores from this cross are shown in

Tables 24 and 25.
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TABLE 24

560 - 3 (type VII) x 560 - 5 (tyve V)

Phenotyplec segregations Ko. asci
I, I, Vi1, VIT 1
I, 111, VII, VIT 1
I, v, vI1, VIT 2
I, VI, VII, VIT* 2

111, III, VII, VII -
111, Vv, VII, VII ) 3
111, VI, VII, UIT* 5
v, v, VII, VI -
v, VI, VII, VII* 1
1, VII, VII, VII -
11T, VIT, VIT, VII -

v, VII, VIT, VII -

#* CSegregations not expected on the basis of assumed genotypes.
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TABLE 25

560 - 3 x 560 - 5, Random spores,

Heterocaryon type Mating type Total
a 3
I 1z 3 15
II — - — |
IIT 11 3 14
Iv - - -—
v 7 1 8
a1 4 3 7
\as 26 5 41
71 1. gs

To check the poseibility of a mistake in setting up and
recordine the regults from the above crose, it was repeated with
560 - 6, the ascospore partner of 560 - 5. Random spores were iso-
lated snd tested with the same results, however. These results were
incorporated with those from the cross 560 -~ 5 x 560 - 3. There
appears in the orogeny of this cross a type of heterocaryon not ex-
pected on the basis of the hypothesis., In contrast to the appearance
of type VI, a type differing from type V only in being late starting,

the corresponding late types of types I and IIT do not occur. Thus
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it appears that the results of this cross cannot be explained on the
simple four gene hynothesis, If it is assumed that an additional

gene is segregating in this cross which interacts with the genotype

W X'Y 7 (type V) to give phenotype VI, but which has no similar

effect on types I or ITI, the results are formally accounted for.

If this modification of the originsl hypothesis is correct the assumed
fifth gene must be carried bv one other spore pair of ascus 560 and
might be expected to express itself in other crosses. The only crosses
in which ite actinn could be detected are the one under discussion,
560 - 5 x 5531, and 560 - 5 x 560 - 7, If the detectable allele
of this gene is carried by 560 - 5 we would expect type VI to occur

in the progeny of the cross 560 - 5 x 5531. Since such progeny did
not occur it follows that the allele in question was brought into the
cross 560 - 3 x 560 - 5 by the 560 - ? parent. If so, the same
allele ghould be carried by another spore pair in the ascus, either
560 - 1 or 460 - 7. Strain 560 - 7 was crosged to three others,

560 - 1, 560 - 5 and 449 - 8, hut in none of these crosses ie type V
expected, on the four gene hypothesie, to occur in the absence of type VI,
Therefore the postulated fifth gene could not be detected. If the de-
tectable allele of the assumed fifth gene were carried by 560 - 1 1t
could not be demonstrated, for in none of the crogses involvine this
strain does type V eppear in the prageny. If there is an additional
gene which acts specifically on type V Lo make 11 type VI, it 1is not
poseible to determine its segregation in ascus 560 from the crosses

studied.
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Although these data are consistent with the five gene hy-
pothesie the evidence for the £ifth gene consists of the resulis of a

single cross and must therefore be regarded as sugpective only.

Analysis of ascus 562
| An analysis simllar Yo thal made for ascus 560 has been
carried out with ascus 562, ™hile the analysis was not as detailed
i1t is sufficient to show the segregation of the four genes already
postulated. Vhen members of ascus 562 were tested against the tester

strains for heterocaryon formation the following responses were

obtained.
Heterocaryon type Agsumed genotype
562 - 1 VII MYz
-3 VII Wreyt e
-5 v WIXY 74
-7 I wWiY Z

It is seen that genotypes mey be assigned on the basis of
these results in a mich more complete manner than was possible with
ascus 560, Thig distribution can be completed and confirmed by making
various crosses with the parents and between the various spore members.
The results of these crosses will now be considered in turn.

562 - 1 x 562 - 3

Fleven asci were analyzed from this cross. All the progeny
were found to be type VII (negative). This result is consistent with
the assigned penotypes for 562 - 1 and 562 - 3. However, this cross

gives no information about the segregation of alleles X/X'.



-79 -

562 -1 x 562 = 5

The ascospores from this cross showed extremely poor germina-
tion and although over forty asci were dissected none gave germination
,.in all four spore pairs. Analysis of this cross was therefore not
carried out.

562 — 2 x 562 17

Fifteen asci were analyzed from this crose with the results

given in Table 26.

TABLE 26
562 - 3 x 562 - 7
Phenotypic segregation No. asci
I, 11, VII, VII 1
1, 1Y, VII, VII 1
I, v, VII, VII 1
111, 111, VvIii, VIl 1
I11, IV, VII, VIX 2
11T, v, VII, VII 1
I1I, vIi, vIiI, Vil 1
ITr, vii, vii, Vil 2
IIT, VII, VII, VII 2
1y, VII, VII, VII 1
v, vIT, VII, VII 1
vI, vII, VIT, VII 1

15
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It is.seen that all heterocaryon types T thfcugh VIT occur
in the progeny, and hence all four genes must be segregating with
their alternative alleles. As 562 -~ 7 is type I and hence of geno-

type W X Y Z, then 562 - 3 must have the genotype W'X'Y'7', This
| cross 1s then the same as thet between 449 -~ 8 and 55314 given pre-
viously, ﬁere again we have additional evidence for the interaction
between genes W, X and Y to give the type of ascus in which more than
two spore pairs give type VII. From this cross it is obvious that

the regregation of the four genes in ascus 562 is ss follows.

562 - 1 Wiy Yo
-3 LA &R A Al
-5 WXy 2
- 7 WXYZ

Additional evidence for this segregation comes from the
following crosses.
562 = 1 x 5531

Fourteen ascl were analyzed from this cross with the re-

sults glven in Table 27,
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TABLE 27

562 -1 x 5531
Phenotypic segregations ¥o. asci
I, 1, Vir, VII -
I, 11, VII, VII 2
I, 111, VII, VII 3
I, 1Iv, VIT, VII -

11, IT, VIT, VIT 1
II, III, VII, VII A
11, IV, VII, VII -
111, TIT, VII, VII 1
I11, IV, VII, VII 3
1v, IV, VII, VII -

1

From the results of the cross 562 - 3 x 562 - 7 we would
expect the genotype of 562 - 1 to be W'X Y'Z', Hence in the cross
of this latter strain to 5531 which has the genotype W X Y Z we expect
to find only types I, II, IIT, IV and VII. This was found to be the
case and the resulis of thie cross provide agreement with those found
for the previous cross. Only fourteen asci were analyzed, so the
absence of tyves V and VI from the progeny of this cross cannot be
taken g8 conclusive evidence of the assumed genotype for this strain

as these types may have been missed by sampling errors. The results



- 82 ~

obtained with this cross do provide additional evidence for the
segregation of goene W, ‘It is seen that 2ll aceci anélyzed segregate
1:1 for the ability to form & heterocaryon showing a one gene dif-
ference for this character.

562 -5 x 429 - 8

One additional cross was made to complete the anslysis of

ascus 562. The results from this cross are given in Table 28,

TABLE 28
562 - 5 x 449 - 8
Phenotypic segregations Mo. asci
v, v, VII, VII 1
v, VI, VIT, VIT 3
vI, vI, VII, VII 2
v, V11, VII, VII 2
vI, VII, VII, VII 3
vir, vii, vii, vIiI 1
12

This cross is between genotypes W X'Y Z and W'X'Y'7! and
the expected segregations for types V, VI and VII only is realized.
This cross supplies additional confirmatory evidence for the inter-
action between ", X and Y. It is seen that a number of asci were

observed in which three or four negative types occur among the four
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spore pairs, and as described previously it mey be coneluded that
either or bhath of al1eles.X and Y mist be present in addition to
allele W for a heterocaryon to fornm.

No further evidence was found in the analysis of ascus 562
.for the additional gene previously nostulated to act specifically
on type V to producs type VI,

The results of the analysis of both asci 560 and 562 thus
confirm the experimental hypothesis for the genetic control of hetero-
caryon formation and growth.

LINKAGE RELATIOWNSHIPS OF GEWES CONTROLLING HETEROCARYOSIS

The number of asci in which segregatibn for spscific genes
can be determined ir not sufficient to provide aceurate measures of
the centromere distances of the four assumed genes. One of the allelic

pairs, X/X' annears to be sex linked. Relevant data are given in

Table 29.
TASLE 29
A x X'a
Vo. asci

le XA XA X'a X'a 12
2. Xa Xa X'A X'A 1
3. XA X'A X'a Xa 13
Le YA %o X'A X'a 5
5. XA X'a XA X'a 5
6, XA X'a Xa X'A » 1
7. Xa X'A Xa XA 0

27
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The indicated recombination frequency is 28%. These data
suggest that X is possibly on the omposite side of the centromere
from the sex determining region. It should be noticed that the mating
type locus showed 30% second division segregation. This diserepancy

was observed with many other crosses and is discussed in the appendix.

Other examples of genetic control of heterocaryosie

The detalled analysis of one particular case of genetic con-
trol of heterocéryosis has been described above. It will now be shown
this control can occur with other mutants combined to form heterocaryone.
It is not known whether or not the phenomenon is of general application
but as these mutents were chosen more or less at random it is reasonable
to assume that this is the case. In the sznalyesis of the cases to follow
essentially the same techniques were used, with the exception that six
inch test tubes instead of growth tubes were used for testing for hetero-
caryvon formation,

These tests were made prior to the identification of the
varioug types of heterocaryotic growth, and the results were scored
for heterocaryon formation or its absence. However, it became apparent
that there was an intermediate class (designated + in these data below).
This probably corresponds to types II, TII, IV, V and VI in the system,
of classification subsequently adopted with the lysineless-pantothenic-
less heterocaryon.

Three muitants were used, 55314 pantothenicless, 16334 amino-
benzoicless, and 45454 lysineless. These three mutants always form

tybe I heterocaryons when conmbined with one another. The procedure
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was to cross one of the mutants with wild tyne, and test random spores
of mating type A from the progeny sgainst the other two mutants which
thus acted as tester strains. This has besn done for all three mitsnts
with each of three wild tvpe strains, Lindegrsn 25a, Exerson 5297z

and Abbott 12a. The results for the cross 55314 x 52972 are not
included here as they have already been giwven sbove in deteil, The

results of the other crosses are given in Table 30 below.
TABLE 30
5531A x 25a, 55314 x 12s, 16334 x 25a

16334 x 12a, 16334 x 5297a, 4545A x 25a

L5458 x 128, LBA5A x 5297a,

Cross 5631 x 25a 5531 x 1R2a
Heterocaryon tester strain tester strain
formation 16334  4545A 16334 45454

+ 62 19 13 0

+ 8 25 13 2

0 26 2 26

Total 70 70 28 28
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TABLE 30 (cont.)

Cross 1633 x 25a 1633 x 5297a 1633 x 122
Heterocaryon tester strain tester strain tester strain
formation 55214  45A5A 5531A 45454 55318 L5454
¥ 35 15 14 G 37 2
s 5 10 6 1 3 1
_ 6 A 24 38 15 52
Total 46 46 4L a4 55 55
Cross 4545 x 25a 4845 x 5297a L4545 x 1l2a
Heterocaryon tester strain tester strain tester strain
formation 16334 55214 16334 5531A 16334 £31A
+ 12 11 R 4 1 1
+2 10 9 1 1 0 1
- 12 15 30 28 48 47
Total 35 35 33 33 49 49

It is apparent that the progeny of the crosses described
above may differ from the mitant parent in their ability to form a
heterocaryon with the other strains concerned., Assuming this to have
a genetic basis the various wild types appear to differ with respect
t0 penes affecting this process. Tt will be recalled that all these
mutants are derived from the Lindegren wild type and it will be noted
that of the three wild types used, a higher proportion of progeny from

crogses invoiving the Lindagren wild tyne i able tn form heteracaryons
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than from either of the other two. Very few of the progeny of crosses

invelving Abbott 12a are able to form heteroceryons with the tester

in attempt was made to see whether there was correlation in
the ability of the progeny to form heterocaryons with hoth tecter
gtrains. For example in progeny of crosges invelving the lysineless
mitant 45451k there appears to be no correlation between the ability
to form a heterocaryon with 16234 and the ability to do this with
5531A. In no case wae any correlation of this type found,

These results suggest that genetic control of heterocaryosis

may be of wide distribution in many mutants.

Influence of the tester strain on the type of heterocaryotic growth

It has been shovm above that the penotype of one partner in
the combination of two streins to form a heterocarvon will determine
the nature of the heterocaryotic growth resulting or may even prevent
heterocaryon formation. Tt is thus likely that the genotype of the
second strain will also exert a similar influence. Thus four genes
carried by the pantothenic partner have been shown to Influence
hgtevocaryon formation so that it is quite reasonable to expect that
perhaps a similar number is carried by the lysine comporment. It would
be expected that such genes would have a complementary action, Although
the exact nature of the genetic control exerted by the lysine strain
is not knowvn experiments have been carried out which demonstrate that
such a control does affect the subsequent heterocaryvotic growth.

Ten random spore isolates of genotype lysineless mating type



'a! were gelected from the progeny of the cross L5454 x 5297a,
These wers then.tested for heterocaryon formation with 560 - 5 a
gtrain giving type V growth with the tester sirain A4545a. All the
combina*tions of the pantothenicless 560 - § strain with the 10 random
gpore isolates gave the type VII response, Thus these 10 strains
migt differ with respect to genes controlling hsterocasryon formetion
from the 4L545a tester strain.

A number of random spores were selected fron the progeny
of the cross 4545A x 25a., They were combined with different panto-
thenic strains of like mating type, the latter knovm to form hetero-
caryons of various types with the standard tester strains. The re-

sults are given in Table 31.

TABLE 31

45458 X 258
Pantothenic L5458 Random spores from cross 4545A x 25a,
stralin standard nating type 'a!

tester L1o1 1103 L107 L1og8
726 - 1 I VII VIX II 1v
726 - 7 III ViI viI ViI Iv
731 - 4 Iv VIT v v ViI
730 - 7 iT Iv I1 III ViT

741 -1 v Iv IT II IIT
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TABLF 31 (cont.)

Pantothenie L5454 Random spores from cross 45258 x 25a,
strain standard mating type A7

tester Lio2 L1004 L1606 L109 L1112
741 -7 I 1T 1T I Iv 11T
7% - & Iz 1T 11T 1T 1 11
731 - 5§ 11T 1T Ir 111 11 11
T42 - 4 IV v VI IV Vi v

These results indicate that the genetic hypothesis advanced
for the control of heterocaryosis between these two matants is only
applicable when the particular tester strains used in the main body
of this work are considered, Had other tester strains been used it is
clear that the hypothesis would have to have been modified or extended.
It is of interest to note the comparatively large number of late types
(II, IV and VI) in the above results. This supnoris the previous
suggestion that the inheritance of this character is complex, &n
interesting result from the above experiment is that apparently straln
L106 carries the same genic complement with respect to the genes under
congideration as does 45454, bhecause both give the same results with
the four straine teoted.

Apparently the two tester strains 4545a and 4545A are alike
with respect to the principal genes controlling heterocaryosis., In
all the crosses tested the range of types obtained in testing the
progeny with the 'a' strain was the same as that found with the 'A?

strain,
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In the analysis of the progeny of the cross 16324 x  £297a
gome of the straine were tested in growth tubes. One isolste W 367 — 3
(paba '#') gave a type T reaction when combined vith 55314 but a type VIT
(negative) reaction with 4545A. Strain W 267 - 3 was then tested =ith
elght mating type L' strains from the ecross 5531 = £297a all of which
gave negative reactions with bath 16234 and /K458, Twis ather igalates
from the cross 1633 x 5207a which gave negative reactions with both
55314 and 45/54 were sleco included in the test. The three paba gtrains
and the eight pantothenicless straine were then paired in all »ossible

comhinations. The results are shovm in Tsble 32,

TABLE 32
1623 =x 5297a and 5531 x 5297a
from cross 1632 x 5§207a

Pantothenic isolates

from cross 5531 x 5207a 367 - 3 368 - 3 360 - 5
441 -7 I VIl VIiI
443 - 3 11T Vil Vil
AL - 4 v VIT VIt
445 - 2 v Vil Vit
446 - 1 v VII I1I
LT - 3 v VT VIT
M -5 1 yII VII
448 - 1 111 v VII

These results suggest that some complementary action does
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occur bhetween the twn heterccarvon components. For exawple, although
strains 447 - 2 and 363 - 2 fail to form a heterocaryon with 1633 and
557] respectively, thev do form & heterocaryon of type VI with each
other, A cimiler situation occure with 369 - § and (46 - 1. It 1s
also noteworthy that althougk the varlous hetesrocarvon types were
based on hsisroccryons betveen lyeineless and nentothenicless straing,
the same types of heteroczryons form tetween lysineless and amino-
benznicless and between aminobenzoicless and pantothenicless. This
suggests that the observed responces are general ones and not egpecific
ones due to the mutants concerned,
DISCUSEION

From the evidence presented above it may be concluded that
certain genes control the formation of heterocarynne between biochemical

mitants of Neuroepora erassa. Tn one particular case investigated in

detail, four such genes have been identified and their phenotypic
effects demonstrated. There are indications, however, that more genes
are involved in the vrocegs. The genes identified determine whether

or not a heterocaryon will be formed between strains of the pantothenie~
less matant 5531 and certain strains of the lysineless mutant 4545.

They also may modify the type of heterocaryotic growth nrodinced by
affecting the time at which heterocarvotic growth commences, the ability
to continue gréwing as a heterocaryon and the vigor of the hetero-
caryotic mycelium, These effects are vroduced by various combinations
of the four genes identified. OFf these genes, the allelic pair X/x

ig carried in the sex chromosome. The others appear to segregate



independently of this gene and of each other., Linkage tests involving
biochemical mitants are probably not feesible in view of the possible
distarbance to the formation of heteroearyons through their introduction.

An interesting aspect of the work reported here concerns the
node of action of genes affacting heterocarvosis, 4lthough this aspect
of thsz problem has not been invesgtigsted, a number of wnogsible mechenisms
can he suggested. The first situation to be considered is that of the
formation of heterocaryons between some strains and not betwsen others.
Since the first stage in the formation of a heterocarvon is presumably
the fusion of two germinating spores it should be possible to determine
by appropriate microteéhniques whether failure to form & heterocaryon
is due to an initial failure to fuse. In the formation of some hetero-
caryons it is apparent that fusion can and does take place quite soon
after inoculation. With some type I heterocetryons growth is visible
within a matter of hours after inoculation and the initiation of growth
ie just as rapid ae with wild type strains.

Fxperiments have been done in which two strains known not to
form heterocaryons with the usual techniques were grown alone on agar
plates supplemented with suboptimal requirements of the specific growth
requirements. Squares were then cut from the agar containing growing
hyphae of each strain and placed in apposition at one end of a growth
tube containing minimal medium, Thus the strains had every oprortunity
to fuse but in no case where this was tried did heterocaryotic growth
result. ©Similar experiments in which the specific substrate was in-

corporated with the inoculum of spores failed tn have any effect in
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initiating heterocaryotic growth. If there is & failure to fuse it
is oossibly similar to that found vith the 'avsrsion reaction' (59)
- ocenrring in come Ascomycetes and many Basidicmycetes and known to
be genetically nontrolled,

In those hesterocaryons which show delayed growth it is not
kno™n whether this is due to a delay in fusing or a delay following
fueion. Tnocula of such combinations examined under the microscope
geem to show no more germination than that observed =ith either strain
inoculated by itself,

If fusion does teke place the next step in the formation of
a heterocaryon mist be the exchange of nuclei. It is possihle that
'incompatibility factors! may prevent or inhibit the associstion of
certain tyres of nucleil in the same cytoplasm. However, it may be
-that the three phenotypical responses of failure to initiate hetero-
caryotic growth, instability of heterocaryotic growth and lowered
heterocaryotic vigor may all be manifestations of the same genetic
mechanisms. Tt was shown by Beadle and Coonradt that the mutant gene
pantothenicless was relatively recessive, As an amplification of
theie theory of balanced heterocaryons they pointed out that with
genes having partial dominance a nuclear ratio compatible with wild
type growth may not be possible. It is possible that the genes responsible
for modification of the heterocaryotic growth in the system analyzea here
may be modifiers of dominance acting specifically on the pantothenic or
lyeine genes. Thus in the case of types V and VI it may be that the

dominance of the wild type allele of the pantothenicless gene carried
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by the lysineless nuclei is reduced to the point that the nuclear

ratio required for wild type growth cannot bz attained., This modifica-
tion of deminance may be brought about through a reduction in efficiency
in the oproduction of pantothenic scid by this wild tvne allele. ALfnother
voseibility is that the’allela X' allows a deletericus rezcilon to pro-
ceed vhich reculres increased pantothenic acid. In the case of combina-
tions irn which grovth fails entirely the modification in dominance mey
be fo extreme that all nucleer ratios are inadequate for growth,

Yith thosge pantothenic strains which give the type III or IV
response it is obvious that a muclear ratio able to give wild type
growth rate is possible. However, dominance modification may lead to
en extremely high nroportion of one itype of nuecleus. This could come
ghout through an increase in efficiency in the wild type allele of the
pantothenicless nmuclei permitting é few lysineless nuclei to supply the
nacessary pantothenic acid. Under these conditione the lysinelecsse
nuclel may become lost by accident or chance rearrangement, a condition
that wouid lead to cessation of growth., It will be recalled that the
mycelium at the point where growth ceases in such cases has a different
appearance, and if hyvhal tips are taken from this region they are
found to grow on a medium supplemented with pantothenic acid but not
on minimal medium or a medlium supplemented with lysine. Also if
pentothenic acid in solution ig added to the point vhere growth has
ceased, the mycelium will resume growing but no such effect occurs
when lysine 1s added. Thus it appears that this fringe of mycelium

is homocaryotic for pantothenicless., If tubes in which growth has
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stopped zre left for four or five davs they will sometimes commence
growing agzin and later again stop. Presunzbly in these casges re-
shuffling of the nuclei has tezken place so that a few lysineless
miclei have become temporarily available,

Thias the action of the genesg may not be in affecting hetero-
caryonslas per se, hut they mey actually be madifying genes of the
particular mitant genes concerned, with their effecte such that they may
only be detected in this heterocaryotic system. Perhaps by using re-
fined techniques it may be noesible to detect some action of thege
genes on other phases of the growth of these strains. It also suggests
that genes controlling heterocaryosis are gpecific in action for the
mitants concerned and not general in action. However, there are un-
doubtedly some genes which do have a general action. The allelic neir
7/71 is probably of thls tyve, for it will be recalled that their
effect may be exerted on all three of the other phenotypic effects.
Thus a reasonable conclusion seems to be that genes conirolling hetero-
caryosis are of two kinds, those affecting the particular matants con-
cerned, and those having a general effect on all or most mutants.

Thus it can be seen how a study of heterocaryosis may lead
to infofmatinn on the mechanism of gene zction. Perhaps a further
study of these genes affecting heterocaryosis mey increase our knowledge
of the nature of dominance and recessiveness, as expressed in terms of

bilochemical reactiecns.



APPEIIDTE

The segregation of the mating tvpe locus

It was necegsary 1o analyze asci for the segregatinn of
the mzting type locus nrior to testing their zhility to form hetero-
carvons, The resulte of this enalysis are given in Table 33,

The centromere distance of the matinge type locus Tor ]I, crssga
given by Houlahan, Beadle and Calhoun (60) is 5.80 units with 1811 asci
derived from 82 crosses., Lindegren (6l) obtained a value of 7.5 units
based on 627 zsci. The data here give a centromere distance of 15.5
vnits with 511 asci derived from 32 crosses,

If these data are segrercated into two groups on the basis
of whether or not E5207a, the Fmerson wild type, ig one of the parents
or is an ancestor of one of the parents the following results are
obtained,

Crosses involving E5297a.

29 crosees, 435 asci, centromere distance 17.25 units,

Crosses not involving E529%a,

3 crosses, 76 asci, centromere distance 6.5 units,

It therefore appears that E5297a has a marked effect in
increasing the amount of crossing over on the sex chromosome of |
N. crassa. %hether this is & localized effect in the reglion of the
mating type locus, applies to the whole of this chromosome, or involves
crossing over in all the chromosomes is not known. The only loci for
which sufficient data are available from this work to determine this

point, the pantothenicless locus, the lysineless locus and the amino-
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TAPLE 33

- Segregation of the mating type locus

Pantothenicless x pantothenicless Segregation Total
I IT
560 -1 x 560 - 7 14 5 19
560 - 1 x 55314 1z 8 20
560 - 5 x 5531 13 7 20
560 - 3 x 560 - 5 6 8 14
560 - 5 x 560 - 7 16 3 19
560 -1 x 560 - 3 11 9 20
560 -3 x 449 -8 12 5 17
562 - 2 x 5531 9 6 15
562 - 4 x 562 - 8 20 9 29
E62 - 6 x 562 - 8 13 3 16
562 - 6 x 449 —kS 9 3 12
562 - 2 x 562 - 4 7 5 12
562 -7 x 5531 10 4 14
844 -7 x 5531 7 2 9
723 - 4 x 5531 6 2 8
824 -1 x 707 - 3 6 5 11
171 84 225
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TABLE 33 (cont.)

Pantothenicless x wild fegregation Total
I 1T
5531 x 25 51 8 9
5621 = 5297a 57 23 80
5531 x 20 - 2 3 1 4
111 32 143
Aminobenzoicless =x wild Sepregation Totzl
I II
1633 x 5297a 5 4 9
1633 x 25a 9 1 10
1633 x 8a 1 5 6

15 10 25
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TABLE 23 (cont.)

Lysineless =x wild Segregation Total
I 1T
4545 — 311 - 64 x 5207a 5 7 iz
4545 - 311 - 68 x 1lZa 4 5 9
L4545 - 311 - €A x 25a 7 1 8
4545 - 311 - 6A x 8a 5 5 10
4545 - 311 - 3a x A 6 7 13
4545 - 230 - 584 x 25a 8 3 11
L5L5 - 239 - 58 x 5297a 7 2 9
45454 x 1l2a 6 1 7
45458 x 5297a 5 2 7
L5450 x A 1 1 2
54 34 88
Total 351 160 511

benzoicless locus, are all more than 25 unite from the centromere and
hence unsuited for determining modifications in crossover values.

A1l that can he done is to suggest seversl mechanisme by
which crossing over could be increasged or a greater proportion of
crossover asci isolated.

As pointed out by Houlahan et al. (60) "...if failure of



- 100 -

gpores to mature or to germinate l¢ associzted with particular geno-
types or types of segregetion then selectlion of complete asci for dis-
gection and after germination, for classification =ill lead to errors
which are not eaeily avoided." Perhaps thie mav be the case here &snd
such a mecheniem hae resulted in a gelection for those zgci in which
& crossover hat occurred betreen the msting tyne locus and the centro-
mere,

There mey be chromnsgomal aberrzations in other chromosomes
which although reducing crossing over in these chromosomes, cause
an incresse in other chromoromes, in this case the sex chromoscme,
This type of situation is knomm in Drosophila.

Undoubtedly other mechanisme could be suggested to account
for this recult. Whatever the case this result obviously has an im-
portant relation to any work on the location of geneg in Weurosnora.
It indicates that any values given for centromere distances in this

organism may vary with the particular strains used.
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