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CHAPTER I GENERAL INTRODUCTION

1.1 THE LIFE CYCLE OF PHYSARUM POLYCEPHALUM

Physarum polycephalum is a Myxomycete. The Myxomycetes form

a discrete group distinguished by the inclusion of a true multiqucleate
plasmodium in their life cycle. Tﬁey are frequently referred to as true
slime moulds or acellular slime moulds, to distinguish them from the
Acrasiales or cellular slime moulds. For general reviews of Myxomycete

biology (including P. polycevhalum) see Gray and Alexopoulos {1963) and

Olive (1975).
The following account briefly summarises the life cycle of

P. polycephalum. Further information may be obtained from Hutterman

(1973). A complete account of the life cycle was first described by
Howard (1931). The plasmodium is a macroscopic, yellow, motile,
syncytial mass of protoplasm. t can be cultured axenically either in
surface culture or as microplasmodia in shaken liquid culture. 1In
surface culture vigorous cytoplasmic streaming occurs within thickened
veins, which form a constantly changing network pattern. Streaming
within veins reverses periodically. The nuclear membrane is retained
during mitosis, which is synchronous throughout the plasmodium and is
not followed by cell division. Genetically identical plasmodia coalesce
when in contact, but non-identical plasﬁodia may or may not fuse. This
process is under genetic control. In the absence of light, depletion
of certain nutrients induces the conversion of élasmodia into sclerotia.

These resistant resting structures are composed of many microscopic



spherules, each of which contains only a few nuclei. Sclerotia
germinate to yield plasmodia when placed in suitably moist conditions.
Nutrient depletion accompanied by a period of illumination induces
sporulation. The entire plasmodium is converted into a number of
characteristically lobed sporangia, each of which bears many brown
spores about 10 ym in diameter. VWhen spores are placed in moist
conditions they germinate to yield uninucleate, colourless amoebae.
These may be cultured axenically, but for most purposes they are grown
with a bacterial food source on an agar surface. Mitosis is immediately
followed by cell division. In adverse conditions, such as nutrient
depletion, low temperature or drying, amoebae are reversibly converted
into resting cysts. High moisture levels may stimulate amoebae to
become flagellated. Drying reverses the process.

The life cycle is completed by the amoebai—plasmodlal
transition; that is, the formation of a multinucleate plasmodium from
-uninucleate amoebae. It is the analysis of the amoebal-plasmodial

transition which forms the subject of this thesis.

The life cycle of P.polycephalum is illustrated in Figures 1 and 2.

1.2 PLASMODIUM FORMATION AND NUCLEAR CYCLES IN THE MYXOMYCETES

The life cycle of P. polycephalum is typical of the Myxomycetes.

Thus, in reviewing the literature relevant to the amoebal-plasmodial

transition, results of some work on Myxomycetes other than P. polycepha um

have been ircluded. In many cases there is good agreement between
results on several species.
Reports of plasmodium formation in the Myxomycetes are generally

consistent with one or more of the following types of behaviour (there is



Figure 1. The life cycle of Physarum polycephalum.
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Figure 2. Stages in the life cycle of Physarum polycephalum.

Top left:t Spores. Among the spores can be seen sporangial fragments and
bacteria. x 1000

Top right: amoebze among a population of E.coli, Nuclei can be seen as
light circles containing darker areas (nucleoli). Contractile vacuoles

appear white., =x 1000

Bottom right: Large plasmodium in which the characteristic network pattern

of veins can be seen. x 0.75

Bottom left: Three sporangia. x 50






some confusion in Myxomycete literature over the use of these terms;
the following are the definitions used in this thesis):
Heterothallism: two genetically different haploid amoebaebfuse to forn
a cell which differentiates to become a plasmodium. A large multi-
nucleate plasmodium is formed by repeated nuclear divisions (without
cell divisions) and/or fusions of small plasmodia. Nuclear fusion
occurs, either at the time of amoebal fusion or later, and i; followed
by meiosis. Amoebal strains able to form plasmodia when mixed:with
one another are said to express different mating types; mixtures of
strains expressing the same heterothallic mating type do not form
plasmodia as described above.
Homothallism: as for heterothallism, except that pairs of genetically
identical omoebae give rise to plasmodia.
Coalescence: plasmodia develep from fusion of two or more amoebae, but
no nuclear fusion occurs.
Apogamy: plasmodia develop from amoebae without nuclear fusion or fusion
of amoebae.

The following three sections review work on heterothallic
plasmodium formation, clonal plasmodium formation in isolates also showing -
heterothallism, and clonal plasmodium formation in isolates within which

there is no evidence of heterothallism.

1.2a Heterothallic plasmodium formation

There are many reports of the isolation of single Myxomycete
spores by micromanipulation, followed by examination of the resulting
amoebal cultures for plasmodium formation. In some isolates such

cultures almost always failed to yield plasmodia when cultured alone, brut



could be assigned to one or other of two heterothallic mating types by
their ability to form plasmodia when mixed with certain other cultures.

Apart from P. polycephalum, species for which such evidence of

heterothallism exists include Didymium difforme (Skupienski, 1926, 1927,

1928), Didymium nigripes (von Stosch, 1935), Didymium iridis (Collins,

1961), Physarum pusillum (Collins, 1962), Comatricha laxa (Wollman, 1966),

Physarum flavicomum (Henney, 1967) and Physarum rigidum (Henney and Henney,

1968).

Early observations on living material by de Bary (1854),
Cienkowski (1863a,b) and Skupienski (1926, 1927) indicated that plasmodium
formation involved the fusion of two or more amoebae. However, it is now
gengrally accepted that plasmodium formation in heterothallic strains
involves cell and nuclear fusion of pairs of amoebae to give diploid
zygetes (Jahn, 1911; Ross, 1957, 1967a,c; Koevenig, 1964). There i=s
little evidence to indicate whether fusion of amoebae of like mating
type is possible, but Ross et al. (1973) reported that amoebal fusions
did not occur within clones of D. iridis, under conditions in which
fusions were detectable in mixed mating type cultures.

The ploidy of amoébae and plasmodia has been compared in a
number of heterothallic Myxomycetes. Ross (1966) reported that plasmodia

of P. flavicomum had twice the number of chromosomes per nucleus as

amoebae. Therrien (1966a,b) carried out microdensitometry on Feulgen

stained nuclei from amoebae and plasmodia of D. iridis, P. pusillum and

P. flavicomum. He concluded that in each case plasmodia were diploid,

with a 4C nuclear DNA content, while amoebae were haploid (2C).
There is some controversy over the timing of meiosis in
different Myxomycete species, but there is general agreement that it is

associated with sporulation (Ross, 1967b) and probably occurs typically



inside the spore about one day after spore cleavage (Aldrich and Mims,
1970; Aldrich and Carroll, 1971).

Genetic analysis in heterothallic strains has demonstrated the
existence of multiple alleles at a single locus in D. iridis (Collins,.1961,
1963; Collins and Ling, 1964) and in P. pusillum (Collins, 1962; Collins
et al., 1964). Mukherjee and Zabka (1964) presented inconclusive evidence
for a two locus mating type system in D. iridis. Genetic proof of
synéamy and meiosis in D. iridis was provided by Collins (1966) when he
demonstrated recombination of genetic markers in a cross.

Early studies (Dee, 1960, 1966) on the genetics of plasmodium

formation in P. polycephalum demonstrated the existence of a heterothallic

mating type system; plasmodia normally arose only when amoebae from clones
carrying different alleles at the mating type (EE) locus were wixed,
Evidence on recombination of genetic markers (Dee, 1962) was cousistent with
fusion only of pairs of nuclei carrying different mating type alleles,
followed by meiosis. This agreed with the cytological evidence of Ross
(1957), who had observed plasmodium formation by éell and nuclear fusion
of pairs of amoebae. Measurements of nuclear DNA content and chromosome
number indicated that mixtures of haploid amoebal strains gave rise to
diploid plasmodia (Mohberg and Rusch, 1971; Mohberg et al., 1973).
Synaptonemal complexes, structures characteristically restricted to the
nuclei of meiotic tissues (Moses, 1964), were observed in spores about
24 hours after spore cleavage (Aldrich, 1967; Arescaldino, 1971),
indicating that meiosis occurred at this time.

Although cell fusion is a prerequisite for nuclear fusion in the _
formation of crossed plasmodia, no direct evidence has been presented to

indicate whether fusion also occurs between P. polycephalum amoebae




carrying the same heterothallic mating type allele.

1.2b Clonal plasmodium formation in heterothallic isolates

Collins (1961) plated spores of D. iridis and isolated single
amoebae by micromanipulation. Some amoebal cultures derived from these
single cells (and thus presumably clones) gave rise to plasmodia. Sirgle
amoeba culthres derived from spores of these clonal plasmodia always
- segregated for two heterothallic mating types.

Dee (1966) crossed heterothallic strains of P. polycephalum

amoebae, allowed the resulting plasmodia to sporulate and plated the
spores. Each amoebal colony which arose from the spores was almost
certainly derived from a single spore, yet some colonies gave rise to
plesmodia, and progeny of these plasmodia segregated 1 : 1 for the
heterothallic mating type alleles involved in the original crosses.

Dee suggested that amoebae of both mating types could arise frem a single
spore. Plasmodia would then arise by mating within the mixed colony.

In the course cf other work on P. polycephalum, Haugli (1971)

crossed amoebae of a 532 strain with a 234 strain which was subsequently
(Mohberg et al., 1973) shown to be polyploid. The resulting plasmodiuam
had three‘times as much DNA per nucleus as normal crossed plasmodia.
Forty out of a total of 94 amoetal progeny clones analysed formed
plasmodia. The remaining clones were classified for their mating type
alleles: 48 were mt, and 6 ot. Haugli suggested that the clones which
gave plasmodia might carry the EEE allele, since the ratio 534 : 232
would then not be significantly different from 1 : 1.

During the course of the work described iﬁ this thesis, Adlier

and Holt (1975) presented further evidence on clonal plasmodium formatica

in P. polycepﬁalum. They analysed a number of crosses of heterothallic




strains and recovered some progeny amoebal clones which gave rise to
plasmodia. These amoebae had an apparently diploid nuclear DNA content
and plasmodia formed clonally from them were also apparently diploid.
Analysis of the clonally-formed plasmodia showed that, in each case,

some progeny retained the ability to form plasmodia within clones and the
remainder segregated for the two heterothallic mating type alleles in the
cross. Adler and Holt tentatively concluded that plasmodium formation
was ﬁromoted by hetérozygosity at the mating type locus. Since many of
the heterothallic strains used in the crosses contained more than the
haploid nuclear DNA content (due to "aging’; Adler and Holt, 1974a), such
heterozygous amoebae might have arisen through meiosis in polyploid
nuclei, If clonal plasmbdium formation is promoted by heterozygosity at
the mating type locus, then it is possible that the plasmodia reported by
Collins, Dee and Haugli (dsscribed above) were also derived from clones of
heterozygous amoebae. Adler and Holt assumed that the diploid amoebae
formed plasmodia by apogamy, though they pointed out that coalescence was
not excluded.

The above accounts of clonal plasmodium formation described
cases where each culture gave rise to many plasmodia. Other reports of
clonal plasmodium formation in heterothallic strains refer to rare events,
where only one or two plasmodia arose from a large amoebal population.

Collins (1965) analysed progeny of a plasmodium which arose in a
clone of D. iridis of known matiﬁg type. The progeny segregated 1 : 1 for
the original mating type and a previously unknown mating type. Collins
suggested that the new mating type had arisen by mutation of the
original allele, and that cells of the two mating types then crossed

normally. There is no evidence of this sort for mutation at the mating



type locus in P. polycephalum.

Collins and Ling (1968), also working with D. iridis, mixed
strains which carried the same mating type allele but differed at other
loci. They analysed progeny of two plasmodia which arose in such
"ocommon-mating type crosses' and found only parental combinations of
markers. They concluded that the plasmodia had arisen through apogamy.
However, since one of the plasmodia gave rise to progeny of both the
amoebal parental types, the evidence was also consistent with coélescence.
Cellins and Ling suggeéted that clonal plasmodium formation in D. iridis
was probably due to the "production of occasional aneuploids (i.e.
hyperhaploids)", but they also suggested the possibility of cytoplasmic
inheritance.

Yemma and Therrien (1972) investigated nuclear DNA contents of
amoebae and clonally formed plasmcdia of D. iridis, using microdensitometry
of Feulgen stained preparations. They concluded that amoebae and
plasmodia had the same nuclear DNA content, which was half that of
crossed plasmodia. Howe?er, Yemuna and Therrien also investigatgd the
nuclear DNA content of sporangial nuclei of the selfed plasuodia and
fcund this to be the same as in the nuclei of crossed plasmodia.  They
concluded that the selfed plasmodia were diploid, but in an extended G1
phase; haploid G2 amoebal nuclei and diploid G1 plasmodial nuclei
contained the 2C amount of DNA while diploid G2 sporangial nuclei contained
the 4C amount. If clonally formed plasmodia in D. iridis are diploid,
they could arise homothallically by cell and nuclear fusion, or by nuclear
fusion without cell fusion, or by spontaneous diploidisation.

Adler and Holt (1975), working with P. polycephalum, also showed

that clones of apparently haploid amoebae carrying a single heterothallic



mating type allele were occasionally able to give rise to a plasmodium.
They measured nuclear DNA contents of plasmodia known to be in G2 phase
and showed that they were haploid rather than diploid. These plasmodia
were formed very rarely, from large cultures which had been incubated for
Qrolonged periods. Only one or two plasmodia arose from any culture,

and most cultures showed none. In crosses, or clonal plasmodial
formation by amoebae heterozygous at the mating type locus, many plasmodia
arose in every culture. Plasmodia arising from heterothallic clones
usually yielded amoebal progeny of the original mating type.

Yemma 33_5;, (1974) suggested that clonal plasmodium formatioa
("selfing") in D. iridis was due to a cytoplasmic factor which they assumed
induced cell and nuclear fusion between cells of the same mating type.
However, their evidence was far from convincing; althcugh their conclucions
were apperently based on a "heterokaryon test", examinaticn cf their
results does not reveal the existence of any heterokaryons. They merely
~showed that the capacity to self was transmitted from one mating type to
enother in the meiotic segregants of heterozygous plasmodia. This is
clearly consisteﬁt with recombination of nuclear genes.

The selfing strains used in the crossés initially formed
plasmodia in 10-20% of clonal cultures. Progeny of the crosses showed
selfing frequencies 6f 1-7%. Progeny clones carrying the mating type
allele which was previously not associated with the ability to self were
allowed to go through two generations of selfing. It was found that tte
selfing frequency had now risen to 100%, and Yemma et al. proposed that
this was further evidence of cytoplasmic inheritance. While their
interpretation is possible, it is equally posSible to assume that pickirg
selfed plasmodia at each generation selected for strains carrying nuclear

gene mutations which enhanced the ability to self.
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Recent work has caused Yemma and Therrien to alter their earlier
(1972) conclusion, that clonally formed plasmodia in D. iridis were
diploid but in an extended G1 phase. Therrien and Yemma (1975) report
that clonally formed plasmodia in heterothallic isolates of D. iridis
are haploid, and thus exclude the possibility that nuclear fusion is

involved in their formation. This observation suggests that the

mechanismsof clonal plasmodium formation in P. polycephalum and D. iridis

may, after all, be very similar.

1.2¢ Clonal plasmodium formation in non-heterothallic isolates

Amoebal cultures derived from single spores of most Myxomycetes
tested give rise to plasmodia, and many workers have deduced from this
that most species do not show heterothallism. However, there are numerous
reports of more than one amoeba hatching from a single spore (de Bary,
1864; Smith, 1929; Ross, 1957) and it is reasonable to assume that these
might be of more than one mating type.

In order to exclude the possibility of heterothallism,some
workers have investigated the possibility of plasmodia arising from clcnes
’ derived from single amoebae. Plasmodium formation in amoebél clones has

been reported in Didymium squamosum (Jahn, 1911), Physarella oblonga

(Gehenio and Luyet, 1950), Fuligo cinerea (Collins, 1961), Didymium nigripes

(Kerr, 1961) and others.

Luyet (1950) regarded the ability to form plasmodia within clones
as showing apogamy, while Collins (1961) considered that it implied
homothallism. In the absence of other evidehce it can be considered only
as a deﬁonstration that heterothallism is probably not involved; even then,
heterothallism can only be satisfactorily excluded by clonal plasmodium

formation over several generations. Isolates of D. nigripes and
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P. polycephalum satisfy this critericn, and have been extensively studied, .

as described below.

Comparative chromosome counts on amoebae and plasmodia of
D. nigripes have been reported by von Stosch et al.(1964) and S. Kerr
(1968). Both studies showed that amoebal and plasmodial nuclei contained
the same number of chromosomes, suggesting that this isolate might lack a
sexual cycle. Kerr reported that nuclei of several ploidy levels were
preéent in both amoebae and plasmodia, but that there was no ovefall
difference between them. S. Kerr (1970) also measured nuclear sizes and
concluded that amoebal and plasmodial nuclei did not differ significantly.

Therrien (1966a, b) carried out microdensitometry of Feulgen
stained nuclei of amoebae and clonally formed plasmodia of D. nigripes.

He concluded that plasmodial nuclei were diploid, with a 4C DNA content,
while amoebae were haploid (2C). He showed two size classes in his
results for amoebae, one which he identified as hapleid (2C) amoebae and
one which he identified as diploid (4C) zygotes. S. Kerr (1968) compared
her chromosome counts wifh Therrien's data, suggesting that "he, too,
found nuclei with émounts of DNA intermediate to the two ploidy.classes
and greater than the 4C class.... it is curious that Therrien chose to
recognise only one size of [plasmodial] nuclei in his preparations for
examination of his graph suggests that several size classes could have
‘been recognised''.

S. Kerr (1967) observed living cultures of D. nisziges’amoebae,
using high power phase-contrast microscopy. She studied mitosis in
amoebae and in plasmodia which formed in the cultures, noting the different
characteristics of these divisions. The nuclear membrane was retained
during mitosis in plasmodial nuclei, but not in amoebae. She used this

and other differences to distinguish between amoebae and "uninucleate
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plasmodia. S. Kerr concluded that '"the impression gained from
observations of differéntiating populations is that uninucleate plasmodia
can be formed without fusion of cells, simply by growth and differentiation
of single amoebae'.

N. Kerr (1967) carried out an analysis of plasmodium formation
in the mutant S-3 strain of D. nigripes, using time-lapse microcinemato-
graphy. He showed that plasmodium formation occurred without cell or
nuclear fusion. Since this strain was one in which S. Kerr had found
no ploidy différence between amoebae and plasmodia, this was strong
evidence for apogamic development of plasmodia.

Von Stosch et al. (1964) also reported an isolate ("Colonia")

of P. polycephalum in which amoebal clones gave rise to plasmodia. Tkey

noted that meicsis in this strain was replaced by a "nuclear divisicen of
a curious abortive character", but did not give detailed evidence.
Their observation suggested that nuclear fusion might be lacking in the
life cycle of this isolate.

Wheals (1970) presented convincing evidence that the ability
of amoebae of the Colonia isolate to form plasmodia within clones was
conferred by an allele (Ezh) of the mating type locus. He crossed
Colonia amoebae with amoebae carrying the four heterothallic mating types
then known. In gach cross the amoebal strains also differed at a locus
unlinked to the mating type locus. Analysis of amoebal progeny of a
crossed plasmodium showed recombination of allelee at the two unlinked
loci and the ability to form plasmodia within clones seggegated 1:1
from the heterothallic mating type.

Wheals (1971) obtained inconclusive evidence which suggested that
cell and nuclear fusion were involved in the formation of plasmo&ia within

clones of mt; amoebae, that is that they were homothallic. He éarried out
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preliminary tests of nuclear DNA contenf, using scanning microdensitometry
of Feulgen stained amoebal and plasmodial preparations, and suggested that
clonally formed.gzh plasmodia were diploid, arising from haploid amoebae.
Wheals also showed (1970, 1971) that mixtures of EEh amoebae carr}ing
different plasmcdial fusion alleles gave rise to plasmodia of hybrid

fusion behaviour, and regarded this as additional evidence for homothallism.

Cooke and Dee (1974) demonstrated conclusively that Esh strains
were not homothallic. They carried out scanning microdensitometry oa
Feulgen stained preparations of nuclei isolated from amoebae and plasmodia
in G2 phase. Amoebae and plasmodia of EEh strains had the same nuclear
DNA content. This was about half the valué for plasmodia produced by
crossing heterothallic and Ezh amoebae, or amoebae of two different
heterothallic strains, but the same as for heterothallic amoebae. Thus
they concluded that clonally formed Ezh plasmodia were haploid and that
nuclear fusion was not involved in their formation. However, the question
of whether cell fusion occurred was left open.

Wheals (1970) showed that plasmodia derived from clones of mt,
amoebae were able?to sporulate and that the spores germinated to yield
amoebae. It is not clear how viable spores are produced’by these strains,
since normal meiosis is clearly impossible in haploid nuclei. Lacorre-~
Arescaldino (personal communication) has observed synaptonemal complexes
in spores of Ezh plasmodia but this does not necessarily imply the presence
of diploid nuclei; synaptonemal complexes have also been observed in
haploid plants (Menzel and Price, 1966; Ting, 1969), in tissues where

meiosis would normally take place in diploids. Haploid parthenosporophytes

of the alga Ulva mutabilis undergo a "haploid meiosis", which yields viable

spores, at the same time in the life cycle as meiosis occurs in heterozygous

diploid sporophytes (Hoxmark and Nordby, 1974). Viability of spores from
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EEh plasmodia. is generally lower than from crossed plasmodia (Mohberg,

1976) and there is some evidence that viable amoebae may arise from

meiosis in the few diploid nuclei which are sometimes found in these

plasmodia (Laffler and Dove, 1976).

1.2d  Summary

P. poljcephalum shows several different nuclear cycles (see

Figures 3-6). Diploid plasmodia are normally formed by sexual fusion

of haploid amoebae carrying diffefent mating type alleles. Meicsis
occurs during sporulation and the spores yield haploid. amoebae of the two
original mating types. Haploid gih-amoebae give rise to haploid plasmodia
within clones or diploid plasmodia when crossed with amoebae of other
mating types. Clonally formed EEh plasmodia yield haploid g&h progeny.
Diploid amoebae heterozygous at the mating type locus give rise te¢ diploid
plasmodia within clones. Progeny of these plasmodia inciude both hapleid
and diploid amoebae. Haploid amoebae carrying a single heterothallic
mating type allele very rarely give rise to plasmodia. These plasmecdia
are always haploid and usually yield amoebal progeny of the original
mating type.

Although cell fusion is clearly necessary in the formation of
crossed plasmodia, published data do not indicate whether amoeﬁal fusions
occur within clones or if such fusions are involved in clonal plasmodium
formation.

Myxomycetes other than P. polycephalum also show both hetero-

thallic and clonal plasmodium formation. Heterothallic behaviour follows

the same pattern as in P. polycephalum, but there are some conflicting

reports of the nature of clonal plasmodium formation. Conclusive evideace

of homothallism is lacking, but apogamy is well documented in a mutant



Flasmodium formation and nuclear cycles in Physarum polycephalum,

-

Figure 3. Clonal plasmodium formation by amoebae carrying the Eih
allele,

Figure 4., Crossed plasmodium formation (mt and mt represent two

¢ifferent mating type alleles).

Figure 5. Clonal plasmodium formation by diploid amoebae heterozygous

for mating type alleles,

Figure 6. Rars clonal plasmodium formation by amoebae carrying a single

keterothallic mating type allele.
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strain of D. nigripes.
It should be noted that the terms haploid and diploid are not

used here in their strict sense; evidence from chromosome counts or
nuclear DNA analyses in Myxomycetes are usually sufficiently exact to
distinguish between haploid and diploid nuclei, but not accurate enough

to disztinguish between euploid and aneuploid nuclei.

1.3 INTRODUCTION TO WORK DESCRIBED IN THIS THESIS

P. polycephalum has long been recognised as a useful tool in

eukaryote cell biology, principally because the plasmcdium may be considered
as a single giant cell. A number of biochemical analyses of the
plasmodial phase have been carried out, mainly concerned with the mitotic
cycle (Schiebel, 1973), sporulation (Sauer, 1973) and spherulation
(Hutterman, 1973). Alexopoulos {1960) pointed to the fact that

FP.polycephalum is the first choice of Myxomycete for such investigationss

no other plasmodium has been as extensively studied.

With récent.advances in the axenic culture of amoebae (McCullough
and Dee, 19765 it is now possible to make comparative biochemical studies
of the amoebal and plasmodial phases (e.g. Hall et al., 1975).

In order to utilise fully the advantages of P. polycephalum in

biochemical analysis, it is clearly desirable to carry out complementary

genetical studies. As declared by Dee (1973), P. polycephalum "... is by

no means an ideal organism for genetics .... it is a slow~-moving, refractory,
inelegant genetic tool". However, techniques for genetic mnalysis are

available (Dee, 1973, 1975). They should be of value in the stﬁdy of the
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mitotic cycle (Grant, 1973) and have already been used in studies.on
plasmodial fusion and compatibility (Carlile, 1973), amoebal behaviour
(Jacobson and Dove, 1975) and the subject of this thesis, the amoebal-
plasmodial transition.

The unique Mycomycete life cycle includes a number of
differentiation steps. Sporulation and spherulation have the advantage
of being naturally synchronous processes occurring in the plasmodium, and
havé been much studied biochemically. Amoebal flagellation (Jacobson
and Adelman, 1975) and encystment (Haars et al., 1975) have attracted
relatively little interest. (Genetic analjsis of any of these'processes
would probably be exceedingly laboribus, due to thé difficulty of isolating
and analysing mutants. Yet "... without [genetic analysis] there is no
hope of ever dissecting out the mechanisms of differentiation", (Monod
and Jacob, 1961).

That the amoebal-plasmodial transition is amenable to genetic
analysis was shown by Wheals (1973). He screened 5 x 10° clones of
amoebae, derived from Ezh cultures mutagenised by exposure to ultraviolet
light and caffeine, and isolated four clones which failed to form plasmodia
when cultured alone. These four strains appeared to complement one
another, and one strain (APT1) was extensively analysed and shown to carry
a mutation at a locus (22371) unlinked to the mating type locus.

Cooke and Dee (1975) used an enrichment technique without
mutagenesis to isolate, from Eih amoebae, two mutants which consistently
formed plasmodia several days later than the wild type strains, and thus
from somewhat larger amoebal colonies. Crosses of these mutants
(CLd, CL348d) with heterothallic strains showed that they might carry
mutations at or closely linked to the mating type locus, though ;t was not

possible to test adequately the alternative hypothesis that a cytoplasmic
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factor was responsible for the delay in plasmodium formation (Cooke, 1974).
This thesis describes work carried out to analyse further the
mechanisms of the amoebal-plasmodial transition. To obtain information
about the number and functions of genes involved, mutants defective in
élonal plasmodium formation were isolated from Ezh strains and subjected
to genetic analysis. This investigation is reported in Chapter 3.
Satisfactory interpretation of the mutant analysis required information
on whether amoebal fusions occurred within clones. - Chapter 2 describes
cytological and genetical studies undertaken to obtain this information.
Chapters 4 and 5 are concerned with preliminéry attempts to characterisé
physiologically and biochemically the mutant strains whose isolation is
described in Chapter 3. Chapter 6 contains a discussion 6f the work

descrited in this thesis. In particular, the role of the mating type

locus is discussed and P. polycephalum is evaluated as a subject for

further studies on development.

1.4 GENERAL MATERIALS AND METHODS

Routine methods employed in the course of this work are
described below. Additional techniques, and modificaticns of those shown

here, are given in the appropriate chapters.

1.4a Loci
mt, amoebal mating type locus. Heterothallic alleles mt_,

232, 235, 234 (Dee, 1966). EEh (Wheals, 1970, 1973) confers the ability
to form haploid plasmodia within amoebal clones (Cooke and Dee, 1974).
Diploid crossed plasmodia normally arise when amoebae carrying different

mating type alleles are cultured together (Mohberg and Rusch, 1971;

Mohberg et al., 1973; Cooke and Dee, 1974). The amoebal mating type
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locus has no known effect on the fusion of plasmodia.
fusA, fusB and fusC, plasmodial fusion loci (Carlile and Dee,
1967; Poulter and Dee, 1968; Poulter, 1969; Cooke, 1974; Adler and
Holt, 1974b). Alleles fusA1 and fusA2 are co-dominant, fusB2 is dominant
to fusB1, and fusC2 is dominaﬁt to fusC1. Plasmodia may fuse with one
another only if they express the same fusion phenotype. Non-identity
at any locus is sufficient to prevent fusion. Plasmodial fusion loci
have no known effect on amoebal fusions. Plasmodial fusion genotypes
are specified in this thesis by the minimum number of allele symbols
necessary; thus all amoebal stréins should be assumed to carry the
fusB1 and fusC1 alleles, unless otherwicze specified, aﬁd the designations
fusA1 and fusA2 are used both for haploid strains and for diploi& strains
homozygous for fusA alleles.
apt1, a locus affecting the amoebal-plasmodial transition
(Wheals, 1971, 1973). Amoebal strains of the genotype gih;ggg—1' fail
to form plasmodia within amogbal clones. They cross with heterothallic
22371+ strains to give diploid plasmodia, but not with 32371- strains.
leu-1, a locus affecting leucine biosynthesis (Qooke and Dee, 1975).
Homozygous 13271_ plasmodia die on minimal defined medium agar (DM-1 agar;
see 1.4q) unless supplemented with leucine'(DM-1 + leuciné; see 1.4q).
eme, a locus affecting amoebal growth in the presence of emetine
chloride (Adler and Holt, 1974b). Amoebae carrying the mutant ggg? allele
proliferate and form colonies on liver infusion agar (LIA: see 1.4q)
containing 100 ypg/ml emetine chloride; amoebae carrying the gggé allele

do not.

1.4b  Strains

Table 1 shows laboratory stock strains used in this work. All



Table 1. Amoebal strains previously isolated and used in

this work

Strains References Genotypes
a 1Dee, 1966

APT1 Wheals, 1973

CHI 8b See text 11:3

CH207 See text Et4.:

CL Cooke & Lee, 1975 Fth

CL500I Cooke & Lee, 1975 rat,:

i Lee, 1966 mtgi
LUI4 Cooke, 1974 aS/2
LU640 Cooks, 1974 sih
LU647 Cooke, 1974 at”
LU648 Cooke & Lee, 1975 Ei-
LUG88 Cooke & Lee, 1975 ,s%.2
LU853 Cooke, 1974 '81i
Lu8s58 Cooke, 1974 ratg
LU860 ! Cooke, 1974 rat.
LU86I : Cooke, 1974 jmtg
- L.

All strains carried the fus31 and fusC1 alleles unless
shown otherwise. Only mutant alleles of apt-1, eme

and leu-1 are shown.
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strains except a,i and LU 44 are essentiallj of Colonia genetic background,
either by direct desceﬁt, or by extensive backcrossing to Colonia strains.
The original '"Colonia isolate" was an amoebal culture, whose origin in
nature is unknown, supplied by Dr. H.A. von Stosch (University of Marburg,
éermany) in 1964. Strains a,i and LU14 are of the "Wisconsin 1 isolate",
originally derived by Dee (1960) from a plasmodium supplied by Dr. H.P.
Rusch (University of Wisconsin, U.S.A.) in 1957. Strains CH188 and

CH207 were supplied to this laboratory by Dr. P.N. Adler and Dr. C.E. Holt.
They are, respectively, 6th and 5th generation backcrosses to CL in the
schemes déscribed by Adler and Holt‘(1974b).- Table 2 shows amoebal
strains, derived in the course of this study, which are now maintained

as laboratory stock cultures.

1.4¢ Nomenclature

The principles of nomenclature used in this thesis are a slightly
modified vérsion of those proposed by Cooke et al. (Cooke, 1974) .
Information essential to an understanding of this work is summarised below.
(i) Amoebal strains are normally represented by a two-lettered code,
with a numerical suffix, e.g. CL5001, LU648. Exceptions to this are the
leicester University standard Colonia strain, CL, and strains described
already in the literature, such as i.
(ii) Mutants are given a numerical suffix to the designation of the
strain from which they were derived. Thus CL5001 is a mutant derived
from CL, and CLS5001/8 is a mutant derived from CLS001.
(iii) A plasmodium is normally designated by a bracketed description of
the amoebal strain, or mixture of strains, from which it is derived,
followed by an isoclation number. Thus a clone of CL amoebae may give

rise to the plasmodium (CL)1, while a cross between LU648 and LU6E8 may give



Table 2a.

Amoebal strains isolated in the course of

work and now maintained as stock cultures

Strains

CL6049
CL6082

CL6089
CL6099
CL6IO0OO
CL6III
CL6I15
CL6129
CL6130
CI6134
CL6136

CL6143
CL5001/8

Genotypes

mt* ;fusA2 ;npfB1™
mt, . jEfusA2 ;npfB2"
mt* ;fusA2 ;npfB3"

IfusA2 ;npfC1~
ISijBlusA2; i ~ 7™
S1jiTfusA2 ;npfAl ~
mt* ;fusA2 ;npfB8~

AfiliA? ;npfB4”
BIv. >fusA.2 ;npfB5”
mt, ;fusA2;nnfB6"
mt” ;fusA2 ;npfC2¥
mt*; fusA2 ; npfC3~

mt”; fusA2 ;npfC4~

;leu-1

All strains carry the fusB1 and fusC1 alleles.

mutant alleles of leu-1, npfA,

Only

this

npfB and npfC are shown.
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Table 2b.

Amoebal strains isolated in the course of

work and now maintained as stock cultures

Strains

LU862
LU863
LU864
LU865
LU866
LU867
LU868
LU869
LU870
Lus71

Lu872
Lus73
LU874
Lu875
LU876
Lus77
Lus78
LU879
LU880
Lussl

Luss2
LU833
LU884
Lussg7
LU896

LU897

LU884 forms plasmodia within plaques and carries a mutation

Alternative

(CHI 88
(CH207
(APT1
(APT1
(APT1
(CL6III
(CL6III
(CL6III
(CL6III
(CL6049
(CL6082
(CL6089
(CL6129
(CL6130
(016134
(GL6100
(CL6115
(CL6099
(CL6136
(CL6143
(CL5001/8
(CL5001/8

>

XX X

X

X

designations F

LU640)2:20
LU640)1:1
LU648)3:1
LU648)3*15
LU648)3:33
LU648)3:2
LU648)3:20
LU648)319
LU648)3:6
LU648)1:2
LU648)3:7
LU648)913
LU648)3:4
LU648)3*2
LU648)2:1
LU648)10:7
LU648)4:4
LU648)3:4
10648)5:3
10648)11:12
10648) 1219
10648)12:6

(LUG688) 1:21
(cLeo82 x 10688)1:1

(LU853 X 10887)1:11

(LU853 X 10887)1:35

in or linked to mt.

All strains carry the fusB1 and fusCI alleles.

mutant alleles of apt-1, erne, leu-1, npfA,

whi-1 are

shown.

! ...
Genotypes
r
mt”; fusAl ;eme
mt .;fusAl
mt,. ; fusAl;apt-1~

mt” ; fusAl;apt-1~
mt” ; fusA2 ;apt-1~
mt” ;fusAI ;npfAl"
mt”* ;fusA2 ;npfAl”
mt*; fusAl ;npfAl~
rat®;fusA2 ;npfAl”
mt”; fusA1 ;npfBl"
mt, ;fusAI ;npfB2~
mt*jfusAI; npfB3~
mt**; fusAl ;npfB4~
mt*jfusAI ;npfBS5~
mt” ;fusAl; 6~
mt*4; fusAl ;npfB7~
mt”; fusA1 ;npfBB"
mt*; fusA1 ;npfCl"
mt” ;fusAI;npfC2"

mt*jfusAI ;npf03"

this

mt”; fusAl ;npfC4" ;leu-1

mt, ;fusAI;npfC4"
HE-2 *fusA1

mt*; fusAl ;whi-1"
mt* ;fusA.2 ;whi-1

rat”; fusA2 ;whi-1

Only

npfB,

;leu-1

npfC and
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rise to the plasmodium (LU648 x LU688)4.

(iv) A heterokaryotié plasmodium is represented as the sum of the
contributing plasmodia, enclosed within square brackets, with a numerical
suffix. Thus fusion of the plasmodia (CL)19 and (CL5001)3 may give the
heterokaryon [(CL)19 + (CL5001)3]2. -

(v) Spores have the same designation as the plasmodium from which they
are derived.

(vi) Amoebal progeny of a plasmodium are described by the plasmodium
designation, fﬁllowed by a colon and isolation number. Thus amoebal
progeny clones of the plasmodium (LUE48 x LUGSB)& would be (LU648 x
Lu688)4:1, (LUGL8 x LUE88)4:2, etc. Since the use of these designations
becomes awkward for strains in frequent use, they may be replaced by the
simpler codes described in (i). leicester University strains normally

have the code LU.

1.4d Amoebal culture

Amoebal strains were maintained in two-membered culture with

Escherichia coli on liver infusion agar medium (LIA; 1 g Oxoid liver

infusion bowder per litre 2% agar). Plastic petri dishes of 9 cm
diameter were used and incubation was normally in a constant-temperature
room maintained at 25-26°C (referred to as n26%m),

The bacterial suspension was prepared by streaking nutrient
agar plates (25 g Oxoid No. 2 nutrient broth powder per litre 1.2% agar)
with E. coli, incubating overnight at about 37°C, and harvesting in 13 ml
sterile distilled water by scraping with a glass spreader. The bacterial
strain, leicester University Department of Genetics Stock No. 145, was of

the genotype thr_;leu“;thi-;his-;arg—;lac';gal_;xyl-;malT-;str;TﬁR;Tzs;

T6R; A?; colIR; F (K12). The multiple nutritional requirements-ensured
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that amoebal colonies were not outgrown by the bacteria.

In early stages of this work amoebae were subcultured in
essentially the same way as previously described (Wheals, 1970; Cooke,
1974). Amoebal suspensions of approximately 5 x 102 cells/ml were
érepared by suspending a looﬁful of amoebae, taken from a single colony,
in 2 ml of water. Amoebal and bacterial suspensions (0.1 ml of each)
were inoculated on to a LIA plate and spread with a glass spreader.
After 3-4 days incubation at 26°C, individual amoebal colonies were

visible as small clear areas (plaques) in an opaque bacterial lawn,

The above technique proved rather slow for the handling of
large numbers of amoebal strains and a quicker procedure, which gave the
same result, was developed and used for the majority of the work
described. A toothpick (Kaybee flat style, Keenan Industries, Canada)
was held in a pair of forceps and the narrow end was used to pick amoebae
from a plaque. The amoebae were stirred into a 0.2 ml ''puddle” of
bacterial suspension on a LIA plate and spread with a glass spreader.
With practice, the density of amoebal plaques on a plate was ecasily
controllable by varying the way in which the toothpick was stirred into
the puddle. | |

Heterothallic strains in frequent use were incubated for 6-8
days at 26°C and stored, encysted, at u°c until required, up to 3 months.
Frequently-used strains able to form plasmecdia efficiently within clones
were incubated for 4-5 days only, since plasmodium formation occurred
after this period.

Stock cultures of all strains were maintained on LIA slopes
in screw-top McCartney bottles. These were inoculated in the way

described by Haugli (1971) for the subculturing of amoebae on agar plates.
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Amoebae were picked with a toothpick. The toothpick was dropped into a
tube containing 0.3 ml of bacterial suspension and the tube was agitated
with a Whirlimixer (Fisons Ltd., Loughborough, England). The resulting
suspension was tipped on to a slope. The culture was incubated at 26°C,
;s described for plates, then stored at 4°c. Subculturing was normally
carried out every 6 months, but some viable cells were recovered from

slopes which had been stored for 18 months.

1.he Plasmodium formation

Two tests of plasmodium formation were employed (see'Fig. 7)s
In both cases dilute semi-defined medium agar (DSDM agar; see 1.4q)
was usedj; this gave quicker and more reliable results than LIA.

The first test was to plate amoebae, with E. coli, as described
in 1.4d. The plates were incubated for two weeks, durirg which time
they were periodically inspected for the presence of plasmodia.

The second test of plasmodium formation was the '"puddle test"
(Cooke, 1974). Approximately 104 amoebae were inoculated into a 0.2 ml
puddle of bacterial suspensiocn on a DSDM plate. The puddle was not
spread and was incubated for up to 6 weeks. Where two compatible strains
were inoculated together, crossed plasmodia usually arose'in 1-2 weeks.

Clones of g}h amoebae inoculated alone gave plasmodia in 3-4 days.

1.4f Plasmodial culture

Plasmodia were routinely cultured on semi-defined medium agar
(SDM agar; see 1.4q) in 9 cm petri dishes. They were incubated at 26°¢
in darkness and subcultured every 3-4 days, when the medium had been
covered. A block of agar about 1 cm2 was cut from the old culture and

placed, plasmodial face up, in the centre of a fresh plate.



Figure 7. Plasmodium formation in Physarum polycephalum.

Top: Formation of plasmodia within a plaque. Amoebae appear as small dots
and as a ridge around the edge of the plaque, where they are feeding on the
bacterial lawn. Plasmodia appear as larger bodies which mecve about and

ingest amoebae. Photographed 4 days after inoculation. x 50

Middles Confluent amoebal growth. Amoetae have proliferated without

forming plasmodia. Fhotographed 7 days after inoculation. =x 50

Bottom: A single plasmodium formed within a population of amoebae. The
plasmodium has migrated and ingested amoebae to leave a clear area.
‘Photographed 9 days after inoculation. x 50
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1.4g Sclerotisation

Plasmodia were subcultured to DM-1 agar plates (DM-1 + leucine
was used for l2271- strains). Sclerotia formed much more readily on
this medium than on SDM agar, within 2 weeks. They were peeled off the
égar and placed in petri disﬁes to dry for at least one week. They were
then stored in McCartney bottles, at room temperature in darkness.

Viability was normally retained for at least 2 years.

ﬂ.hh Sporulation

Plasmodia were allowed to cover SDM plates, which were then-
inverted and placed inside a "sporing chambef". This consisted of a
box, in the base of which were three 20W ATLAS DAYLIGHT fluorescent tubes.
Petri dishes were placed on a perspex sheet 30 cm above the fluorescent
tubes. The sporing chamber was operated (12 hours on; 12 hours off)
in a 26°C constant-temperature room. Air heated by the fluorescent
tubes was removed by means of a fan.

Sporulation normally took 2-5 days, though some plates took
up to 3 weeks. Sporangia were scraped from the surface of the agar
with a spatula and placed in petri dishes. They were allowed to dry
for at least 1 week, then transferred to screw-cap bottles. They were

stored at room temperature and remained viable for at least 2 years.

1.4i Spore germination

A small lump of dried sporangia, 1-2 mm3, was soaked in 0.05 ml
of water for 30 minutes, crushed with the rounded end of a glass rod and
suspended in a further 1 ml of water. This suspension was allowed to
stand for 1-3 hours, then resuspended with a Whirlimixer. Bacterial

suspension (0.2 ml) was inoculated on to 5 LIA plates and 0.1 ml of spore
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suspension was added to one of these plates. The mixedAsuspension was

spread with a glass spreader, which was then used, without resterilisation,

to spread the remaining 4 plates. The 5 plates gave a range of dilutions
of the spore suspension, sufficient to ensure that at least one plate
would give rise to well-separated plaques after 4-5 days incubation at

26°c.

1.43 Isolation of progeny clones

Plaques arising from the plating of spores could not be
considered as clones; a clump of spores might give rise to several
amoebae which would form a single plaque, or a single spore might give
rise to more than one amoeba (Dee, 1966). Thus amoebae from well-
separated plaques were inoculated, with E. coli, on to an LIA plate.
The suspension was spread and the plate was incubated for 4-5 days at

26°c. A single plaque was then chosen as a clone.

1.kk Microscopic observation of growing amoebal cultures

This has been described previously (Anderson et al., 1976).
Two-membered cultures of amoebae and E. coli were set up on DSDM agar
in filming slides (Fig. 8). Cool molten agar was inoculated into the
slide by running a few drops under the edge of a cover slip. The agar
solidified to‘form a circular block with flat, parallel surfaces against
the cover slip and the slide base, and a surrounding air space. The
cover slip was removed and a loopful of spores or amoebae, suspended in
bacterial suspension, was gently spread over the agar surface. A fresh
cover slip was placed over the cavity, in contact with the surface of
the block, and its edges sealed to the perimeter of the cavity with

paraffin wax.
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Observation was with a Wild M-20 research microscope mounted
on a Wild quartz-ibdine illumination base. Phase-contrast optics
were used, with magnifications of 100-750x. Still photographs were
taken with a Nikon AFM unit mounted on the trinocular head of the

microscope. Ilford Micro-Neg or Kodak Pan-X film were ﬁsed.

1.41 Plasmodial fusion tests

These are illustrated in Figure 9. The fusion phenotype
("fusion typé") of a plasmodium was determined by allowing it to grow
into contact with tester plasmodia of known-fusion types. Bloccks
approximately 4 x 4 x 30 mm were cut from SDM plates on which plasmodia
were growing. Plastic petri dishes of 6 cm diameter, containing SDM
agar, were each inoculated with an unknown plasmodium and a tester.

The blocks were placed approximately 1 cm apart, with the sides carrying
plasmodial growth facing one another. Plasmodia grew into contact in
about 24 hours.

When the advancing edges of plasmodia of identical fusion type
met, fusion occurred within a few minutes. Streaming of protoplasm
between the plasmodia began almost immediately and prominent veins
‘crossed the junction point within 1 hour.

No fusion of the above type occurred whén plasmodia of different
fusion types came into contact. However, plasmodia differing only in
their genotype at the fusA locus could occasionally participate in a
limited and temporary fusion reaction; small veins appeared between
heterozygous £E§A1[£2§A2 plasmodia and fusA2 plasmodia, but streaming was
tfansient and a clear non-fusion reaction always resulted after a few
hours. All tests were checked 8-16 hours after the initial observation

of fusion or non-fusion, so that'unambiguous results were always obtained.



Figure 9. Plasmodial fusion tests.

Tops The advancing edges of two plasmodia approach one another. x 15

Middle: ZFusion. One hour after meeting the plasmodia are Jjoined by

prominent veins. x 15

Bottom: Non-fusion, One hour after meeting. =x 15
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Table 3 shows the amoebal strains used to construct tester
plasmodia of known genotype and phenotype. These plasmodia were remade
from the amoebal strains every 6 months, since prolonged culture on agar

led to senescence (Poulter, 1969).

1.4m Plasmodial leucine requirement tests

3

Two small blocks, each approximately 2 mm”, were cut from an
SDM agar plate carrying a growing plasmodium. ‘The blocks were used to
inoculate two 6 cm diameter petri dishes, one containing DM-1 agar and
the other DM-1 + leucine agar. The plates were incubated at 26°C for
1 week. Plasmodia which grew on DM~1 + leucine but died on DM-1 were

classified as leu-1 , while those which grew on both media were

classified as leu-1" (see Figure 10).

1.4n Isolation of plasmodial and amoebal nuclei

Plasmodial and amoebal nuclei were isolated essentially as
described by Mohberg and Rusch (1971). Nuclei of plasmodia grown on
SDM agar were observed in glycerol/ethanol fixed smears, using phase-
contrast microscopy (Mittermayer et al., 1965). Plasmodia were harvested
at least 1 hour after the completion of nucleolar reconstruction, to
ensure that they were in G2 phase (Rusch, 1970).

One plasmodium, at least S cm in diameter, was scraped into
80 ml of ice-cold homogenising medium (0.25M sucrose; 0.01M CaCla;
0.01M Tris-HCl, pH 7; 0.1% v/v Triton X-100). The suspension was
homogenised for 15 sec. in an MSE Ato-Mix blender, operated on "high",
with a 70 volt supply. The homogenate was kept on ice for 10-15 min
to ailow foam to subside, then centrifuged in 50 ml qonical tubes for

5 min at 50g. The supernatant was filtered through a cotton-wool milk



Table 3* Plasmodial fusion testers

Fusion Genotype Amoebae used to
group construct testers
I fusA1 ;fusBl; fusGl LU648 X LU688
II fusA1;fusB2 ;fusC1 a X LUI4
ITI fusAl /fusA2 tfusB1 ;fusCl LU638 X LU853
v fusA1 A2 ;fusB2 ;fusC1 aXxi
v fusA? ;fusB1 ;fusC1 CL

IX fusAI/fusA2 ;fusB1 ;iusC2 CH207 X LU862



Figure 10. Plasmodial leucine requirement tests. Photographed 3 days

after inoculation. x 0.8

Top lefts ;ggri- plasmodium on Di~1 + leucine agar,
Top right: leu-1~ plasmodium on DM-1 agar.
Bottom left: leu-1+plasmodium on DM-1 + leucine agar.

Bottom right: leu-1% plasmodium on DM-1 agar.
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filter pad sandwiched between two fabric milk filters (Grant and Poulter,
1973). The filter was saturated with homogenising mediumvbefore use.
The filtered supernatant was centrifuged for 10 min at 500g. The
resulting pellet was resuspended in 40 ml of homogenising medium and the
centrifugation repeated. The final pellet was resuspended in 0.5 ml of

homogenising medium, frozen in liquid N, and stored at -20°C.

2
Amoebal populations which contained mainly G2 cells were
obtained by ensuring that cultures were harvested in logarithmic phase
(Mohberg and Rusch, 1971). Approximately 10h amoebae were inoculated,
with bacteria, on to an LIA plate and incubated at 26°C for 4 days. A~
further 0.2 ml of bacterial suspension was then added and the plate
respread with a glass spreader. The culture was reincubated for 24 hours,
then harvested in 10 ml of ice-cold water. This technigue gave 106-107
cells from each plate. CL amoebae could not be cultured in this way as
they formed plasmodia before harvesting. Thus for CL amoebae, 10
plates were incubated as above and respread after 3 days.
The amoebal suspension was made up to 40 ml with ice-cold
water and centrifuged in a 50 ml conical tube for 5 min at 500g. The
pellet was resuspended and centrifuged twice more, or until the wash
water was free of bacteria. The final pellet was suspended in 40 ml of
ice-cold homogenising medium and nuclei were isolated as for plasmodia,

except that homogenisation was for 30 sec and the high speed centrifugations

were each for 15 min at 1000g.

1.40 Isolation of chick erythrocyte nuclei

Blood from four 11-day chick embryos was haemolysed in 100 ml
of 0.9% NaCl containing 0.1% saponin. The suspension was stirred slowly

for 1 hour at AOC, then centrifuged in 50 ml conical tubes for 10 min at



28

1000g. The pellet was resuspended in 40 ml of homogenising medium,
filtered through a milk filter and centrifuged again for 10 min at 1000g.
The final pellet (about 108 nuclei) was resuspended in 2 ml of homogenising
medium, divided into O.4 ml portions, frozen in liquid N2 and stored at
-20°C. |

1.4p Estimation of nuclear DNA content

Nuclear DNA contents were estimated by measuring the light
absorption of nuclei stained with Feulgen stain (Feulgen and Rossenbeck,
1924). This dye shows a specific stoichiometric Schiff-reaction with
acid hydrolysed DNA (Swift, 1955), one molecule of dye reacting with .
two aldehyde radicals produced by acid hydrolysis of the deoxyribose.

Preparations of isolated nuclei were allowed to thaw at room
temperature. Two drops of a suspension of Physarum nuclei and one drop
of chick suspension were mized on a siide and air dried for about 1 hour
at room temperature. The material was fixed in acetic alcohcl (1 vol
glacial acetic acid + 3 vols ethanol) for 1 hour and stained by the
Feulgen method (Darlington and LaCour, 1962). Hydrolysis was by 5N HCl
at room temperature for 45 min (Decosse and Aiello, 1966; Deitch et al.,
1968).

Stain intensities were measured.with a Vickers.M85 Scanning
Microdensitometer (Vickers Instruments Ltd.). Individual nuclei were
positioned in the centre of the field and enclosed within a masking frame
(A/2 or A/}); The instrument was calibrated so that an area immediately
adjacent to the nucleus gave 100% transmission, while interruption of the
light path gave 0% transmission. All observations were made with the
100x objective, slit width 30, scanning spot size 2 and wavelength 55

(equivalent to 560 nm). The total absorption of light by each nucleus
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was measured and given in arbitrary units. Fifty Physarum nuclei and
10 chick nuclei were measured on each slide (Figure 11 shows that they
were easily distinguishable). The chick nuclei were used as a standard
of 2.45 pg DNA/nucleus (Rasch et al., 1971; Mohberg, 1976), and the DNA
contents of all the Physarum nuclei were calculated from the mean value

of the standards.

1.4q Media
DM-1 agar (defined medium agar; Dee et al., 1973)

Stock solution:

g/litre
L-glutamic acid 3.0
Glycine 0.5
L-methionine 0.1
Biotin 0.005
Thiamine 0.04
Citric acid.HZO 354
Disodium EDTA 0.224
KH2P04 2.0
CaC12.2H20 ' 0.9
Mgsoh.7H20 0.6
Fe012.4H20 0.006
ZnSOl‘l 0.034

Adjust pH to 4.6 with 10% NaOH.

Sterilise by autoclaving (15 lb/in2 for 20 min).

Store in dark.

Immediately before use, add 20.0 ml of 20% (Y/v) sterile élucose
solution and 10.0 ml of haematin solution (see below) per.litre

of stock solution.



Figure 11. Feulgen stained nuclei. In the centre is a chick erythrocyte

nucleus, Two P.polycephalum nuclei can be seen to the right, above and

below the chick rnucleus. P.polycephalum nuclei are clearly identifiable

by the presence of lighter areas within them (rucleoli). =x 200C
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Mix equal quantities of this solution and molten 2.25% agar.
Haematin solution:

0.5g haematin per litre of 1% NaOH

Autoclave 15 lb/in2 for 20 min.

Store at 4°C.

DM-1 + leucine agar

-

As DM-1 agar, but with 0.1g leucine per litre of stock solution.

DSDM agar (dilute semi-defined medium agar)

100 ml SDM (+ haematin) per litre of molten 2% agar.

LIA (liver infusion agar)
1g Oxoid liver infusion powder per litre of molten 2% agar.
Use 5.0% (¥/v) stock solution of liver infusion powder (autoclave
15 lb/in2 for 20 min; store at 4°c).

Add 20 ml stock solution per litre of molten 2% agar.

Nutrient agar

25g Oxoid No. 2 nutrient broth powder per litre of molten 1.2%

agar.

SDM (semi~defined medium; Dee and Poulter, 1970)

g[litre

Glucose 10.0
Oxoid bacteriological peptone 10.0
Citric acid.H20 3.54
Disodium EDTA 0.224

(continued)



KH_PO 2.0

2",
Ca012 0.9
MgSOu.7H20 0.6
FeCl,.4H,0 0.06
ZnSOh.7H20 0.034
Vitamin mix 100 ml/litre

Adjust pH to 4.6 with 10% NaOH.

Sterilise by autoclaving (15 lb/in2 for 20 min).

Add 10 ml of haematin solution per litre of SDM (use same
haematin stock solution as for DM-1 agar) immediately
before use.

Vitamin mix:

ng/litre
Inositol 119.0
Choline chloride 85.7
Biotin 158.0
Thiamine HC1l (Aneurin HC1) L24.0
Pyridoxal HCl 60.9
Pyridoxine HCl 87.2
Niacine (nicotinic acid) 42.2

D-Pantothenic acid (calcium salt) 45.0

p-Aminobenzoic acid 8.16
Folic acid L.,07
Vitamin B, (cyanocobalamin) 0.049
Riboflavin 43,6

Store in deep freeze.
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SDM agar

Mix equal quantities of SDM (+ haematin) and molten 2.25% agar.

1.4r Sources of chemicals

General laboratory chemicals were obtained from British Drug
Houses or Fisons Scientific apparatus. Bacteriological peptone, nutrient
agar and liver infusion powder were from Oxoid Ltd., vitamins were from

Sigma Chemical Company and haematin was from Koch-Light Laboratories Ltd.
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CHAPTER 2 INVESTIGATION OF CELL FUSION IN PLASMODIUM FORMATION

2.1 INTRODUCTION

The nuclear events associated with plasmodium formation in

P. polycephalum, and their dependence on the mating type locus, were

demonstrated by work described in Chapter 1. However, these studies did
not indicate the way in which the mating type locus controlled plasmodium
formation. The studies described in Chapfer 2 had tﬁo sims: ‘to
determine how plasmodia arose withiﬁ clones of gﬁh amoebae, and to
determine whether the mating type locus was involved in the control of
amoebal fusions.

Wheals (1970, 1971, 1973) assumed that the mating type locus
controlled amoebal fusion, so that heterothallic amoebae fused only with
amoebae carrying different mating type alleles. He also obtained
preliminary evidence (1970, 1971) which indicated that Ezh amoebae
underwent cell and nuclear fusion within clones (i.e. they were homothallic).
He thus argued (1971) that the analysis of amoebal-plasmodial transition
mutants would be of particular value in the investigation of the
mechanisms of cell and nuclear fusion.

Cooke and Dee (1974) showed that nuclear fusion was not
involved in fhe formation of plasmodia within clones of EEh amoebae.

Two possibilities remained for the formation of multinucleate plasmodia
from uninucleate g&h amoebae: cell fusion without nuclear fusion

(coalescence), or repeated nuclear divisions within a single cell

(apoga-my) .
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Since nuclear fusion did not occur in the formation of plasmodia
in clones of Ezh amoebae, it was clearly not possible to obtain mutants
defective only in nuclear fusion by isolating amoebal-plasmodial
transition mutants from Ezh strains. If plasmodium formatipn was by
coalescence, then it would be expected that amoebal-plasmodial transition
mutants defective only in cell fusion might be isolated from g}h strains,
but' this class would be absent if plasmodium formation was by apogamy.

If EEh plasmodium formation occurred thrqugh coalescence of

amoebae, hybrid plasmodia should arise from mixtures of Ezh strains
carrying different genetic markers. This was found to be the case by
Wheals (1970, 1971) when he mixed strains differing in their plasmodial
fusion alleles. However, Ccoke (1974; Cooke and Dee, 1974) attempted
to repeat and extend Wheals®' ovservation, and obtained inconclusive
results.

Section 2.2 reports further work, also using mixtures of Ezh
amoebae carrying different genetic markers, to distinguish between apogemy
and coalescence. For reasons which are discussed, this analysis proved
incenclusive, and a direct demonstration of apogamy or coalescence was
attempted, using time-lapse microcinematography. This is reported in
Section 2.3.

Compiementary to the search for evidence of cell fusion within
clones of Ezh amoebae was the search for evidence of fusion within clones
of amoebae carrying heterothallic mating type alleles. Dee (1966),
referring to the formation of crossed plasmodia within mixtures of amoebae
of different mating types, pointed out that "although it is probable
that ..... the mating type factors determine whether or not a pair of

amoebae which happen to meet will fuse, the mating type factors .... may

also act at other stages, affecting for example .... the development of
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the fused cells into a visible plasmodium". If the mating type locus
controlled amoebal fusion, then fusions within heterothallic clones
should not have been detectable; otherwise they should have occurred.
An investigation to determine whether such fusions occurred is reported

in Section 2.4.

2.2 GENETIC ANALYSIS OF CELL AND NUCLEAR FUSION IN PLASMODIUM

FORMATION BY mt, AMOEBAE

Plasmodia expressing different fusion types do not fuse with
one another. This, in principle, makes it possible to distinguish
between apogamy and coalescence. Mixtures of Esh amoebae carrying
different fusA alleles are mixed together; if plasmodia arise by apogamy,
orly plasmodia of groups I (fusA1) and V (fusA2) will be obtained, while
if plasmedia arise by coalescence, some plasmecdia of the fusion genotype
fusA1/fusA2 will be formed. Since the fusA1 and fusA2 alleles are
co-dominant, hybrid plasmodia will be recognisable as they will express
a third fusion type, group III. Wheals (1970, 1971) reported that
mixtures of ﬂih amoebae carrying different alleles at theviggA locus
gave rise to plasmodia of hybrid fusion ty?e. This evidence was thus
suggestive of coalescence.

If all plasmodia in a culture arise by coalescence of pairs of
amoebae, random fusions within a perfectly mixed population comprising
equal numbers of two amoebal strains will theoretically yield "selfed"
and hybrid plasmodia in the ratio 1 : 1. If more than two amoebae can

coalesce together, the expected frequency of hybrid plasmodia will be

greater than 50%. Alternatively, if some plasmodia arise apogamically,



or if cells of the two strains are not ferfectly mixed, or if there are
unequal numbers of cells of the two strains, then the expected frequency
of hybrid plasmodia will be less than 50%.

A significant proportion of hybrid plasmodia may be recovered
even if almost all plasmodia arise by apogamy and only a few by coalescence.
This is because, in practice, it is not possible to pick plasmodia as
they arise; they must be allowed to grow until large enough to be
identified and transferred to SDM agar plates. During this time
plasmodia of like fusion type presumably meet and fuse with one another.
ihus, as shown in Figure 12, the frequency of hybrid plasmodia recovered-
may be much highér than the frequency with wﬁich amoebae carrying
different fusA alleles coalesce.

Cooke (1974) mixed amoebae which differed in their alleles at
the fusA locus and also, in some cases, at the leu-1 locus. Out of a
total of 136 plasmodia isolated from such mixtures and tested for their
fusion behaviour, three were of hybrid fusion type. Analyses of
nuclear DNA contents were consistent with these plasmodia being haploid
heterokaryons and genetic analysis of progeny of one hybrid plasmodium
failed to show any reccmbination of alleles at the unlinkéd fusA and
leu-1 loci. Since less than 3% of plasmodia were of hybrid fusion type,
Cooke interpreted his results as suggestive of apogamy. To explain
the origin of the few hybrid plasmodia he obtained, he pointe&vout that
"the transition from a uninucleate haploid amoeba to a uninucleate
haploid plasmodium would not be instantaneous .... a period of time
might exist when cell fusion would be prevented neither by identity at
the EEh locus nor by differences at the fusA locus. Contact of cells
during this period might result in the production of a small proportion

of hybrid plasmodia'.



Figure 12, Possible mechanism by which a mixture of gih;§g§A1 and
gﬁhggggAZ amoebae could yield a significant proportion of group III
(ZusA1/fusA?) plasmodia, even if most plasmodia arose by apogamy.

Tze rare occurrence of coalescence would yield small plasmodia of group
I7I fusion behaviour. These group ITII plasmodia would be unlikely to
rzet and fuse with one another during the period of growth before larger
rlasmodia were picked from the culture., Group I (£3§A1) plasmodia would
b2 likely to meet and fuse with other plasmodia of the same fusion type
in this period, thus reducing the total number of group I plasmodia.

Similarly for group V (fusA2) plasmodia,
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The experiments described in this section were carried out in
an attempt to repeat and extend the above observations. The work was

carried out jointly with Dr. Jennifer Dee.

2.2a Materials and Methods

Methods were as described in Chapter 1. All cultures were

incubated at 26°C.

Strains Amoebae: LU64O mt, ;fusA1;leu-1"
CL5001 mt, ;fusA2;leu-1"
Plasmodias fusion testers of groups:
I fusA1
III fusA1/fusA2
v fusA2

All strains carried the fusB1 and fusC1 alleles.

2.2b Results

(i) Preliminary attempt to mate mt, strains carrying different

fusA alleles In a direct attempt to repeat the observations of

Cooke (1974) loopfuls of amoebae of strains LUGLO (Eih;£B§A1) and

CL5001 (EEh;zggﬁz) were mixed in 0;05 ml puddles of bacterial suspension
on DSDM agar plafes. Control puddles of the two strains alone were

also set up. After incubation for one day the puddles were stirred
with a wet loop to promote inter-strain contact. After three days

each puddle contained many small plasmodia, which were too close together
to allow them to be picked individually. Five blocks, approximately

1 mm3, were cut from each puddle and placed on separate SDM agar.plates;

each block carried one or more plasmodia. Plasmodia which arose on the
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SDM agar plates were tested for fusion with plasmodia of groups I
(fusA1), III (fusA1/A2) and V (fusA2). Where two non-fusing plasmodia
arose on a single SDM plate (indicating that the inoculum block had
carried plasmodia of more than one fusion type) both plasmodia were
tested. The results (Table 4) agreed with those obtained by Cooke
(1974) in that all but one of the 111 plasmodia were apparently derived
directly from one or other of the two amoebal strains.

Since the formation of plasmodia within plaques on LIA was
routinely abouf one‘day slower than on DSDM agar, it was reasoned that
amoebae might have more opportunity to undergo inter-strain coalescence '
if the experiment described above was repeated on LIA plates. This was
done, with the modification that the cultures were stirred after two
days; it was expected that plasmodia would appear after four days, so
that in both experiments the stirring would be carried out two days
before the picking of plasmodia. However, many plasmodia were visible
in nearly all puddles on LIA plates after only three days, including
control puddles of the strains alone. Plasmodia were picked and tested
for fusion behaviour as before (see Table 5). The results from puddles
on LIA did not agree well with those obtained on DSDM agar; about 15%
of plasmodia tested could not be attributed to only one or other of
LU640 and CL5001.

The observation that some plasmodia fused with both group III
and gfoup V testers was unexpected. It was concluded that plasmodia
of this class were probably derived in some way from both amoebal strains.
Further work to investigate the basis of this behaviour is reported in
(iv).

The ratio of numbers of group I (fusA1) to group V (fusA2)
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plasmodia was significantly less than 1.= 1 (p€0.01) for puddles on
LIA and DSDM agar. This was presumably because there were fewer fusA1
amoebae in the puddles than fusA2. The frequency of hybrid plasmodia
predicted if plasmodia were formed only by coalescence of pairs of
amoebae would thus be less than 50%. However, assuming perfect mixing,
the frequency of hybrid plasmodia should always have been greater than
that of fusA1 plasmodia, as was found for puddles on DSDM agar.

No firm conclusions about the nature of plasmodium formation
py Ezh amoebae could be drawn from this experiment, though the result
suggested that the frequency of hybrid plasmodia might be influenced by

the agar medium or the time of stirring the puddles.

(ii) Effect of different agar media and stirring times on the

frequency of hybrid plasmodia The preliminary experiment described

in (i) indicated two factors which might affect the proportion of hybrid
plasmodia recovered from mixtures of fusA1 and £3§A2 amoebae: the agar
mediun and the time at which the puddles were stirred. If hybrids
appeared mostly in puddles stirred at the time of plasmodium formation,
it would be evidence for fusion of incipient plasmodia. In order to
investigate these possibilities a further series of puddiés was set up
on both DSDM agar and LIA, again using amoebae of strains LUG4O and
CL5001. For each medium different sets of puddles were stirred after
one, two, three, and four days, and a further set was not stirred.
Plasmodia were picked after four days and tested as before. The results
are shown in Table 6.

The ratio of numbers cf group I plasmodia to group V plasmodia
was significantly different from 1 : 1 for only one of the ten sets of
puddles (p)» 0.05 except for LIA/day 3, where p{0.01). It was thus

assumed that most puddles contained approximately equal numbers of amoebae
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Table 6, Fusion behaviour of plasmodia isolated after mixing
LU640 and CL500I amoebae on DSDM aisar and LIA, the cultures

being stirred after different times

1 *
Medium Day stirred Deduced fusion group of plasmodia*
J I III v
i
DSDM ! 1 14 1 18
1 13 1 16
T 1 3 12 0 17
O 4 17 0 12
" * %
NS 13 0 13
TOTALS 69 2 76
Medium Day stirred Deduced fusion group of plasmodia: 3j
( I III v 1
I
LIA 1 14 1 13
2 10 1
- 2 17
R 3 7 0 22 !
r 18 1 18 1
k
NS 10 0 . ]
TOTALS 66 4 80 I

*
Fusion groups deduced as shown in Tables 4 and 5.

NS « not stirred.

Genotype of LU640 amoebae mt”*; fusA1 (control puddles of LU640

amoebae yielded group I plasmodia).

Genotype of CL500I amoebae mt”;fusA2 (control puddles of CL500I

amoebae yielded group V plasmodia).
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of the two strains at the time of plasmodium formation. No plasmodia
were of fusion type III/V. Only four out of 150 plasmodia picked from
puddles on LIA were of group III, and only two group iII plasmodia were
picked from DSDﬁ agar, out of a total of 147.

| This experiment failed to establish a connection between the
type of medium or time of stirring and the frequency of hybrid plasmodia.
In all treatments hybrid plasmodia arose at low frequency or not at all.

(iii) Effect of pre-incubating amoebal strains at hOC In the
b g

experiment described in (ii), all the puddles were set up at the same time,
‘from the same stock plates of growing amoebae. In the pfeliminary
experiment described in (i), the puddles on DSDM agar were set up from
plates of growing amoebae but the puddles on LIA were set up from the
same plates after they had been stored at 4°c overnight. Although
microscopic observation of filming slide cultures had indicated that
cold~encysted amoebae excysted within a few hours at 2600, it was thought
possible that the cold treatment might have increased the frequency of
hybrid plasmodia in (i). Thus a further set of puddles was inoculated
with LU64O and CL5001. All puddles were set up on LIA, half from plates
of growing amoebae and half from the same plates after sfbrage overnight
at #OC. Within each set of puddles some were stirred after one day,
some after two days and the remainder left unstirred. Plasmodia were
picked after four days and tested as before. The results are shown in
Table 7.

Out of a total of 77 plasmodia picked from puddles inoculated
with growing amoebae, 10 were of fusion group III and 11 of group III/V.
The overall ratio of group I to group V plasmodia from these puddles was
not significantly different from 1 : 1 (0.05 Y»p) 0.01). In contrast,

only a small proportion of plasmodia picked from puddles inoculated with

4



Table 7» Fusion behaviour of plasmodia isolated after mixing
LU640 and CL500I amoebae on LIA, the cultures
being inoculated with growing or cold-treated amoebae and

stirred after different times

Cultures inoculated with growing amoebae

* i
Day stirred Deduced fusion group of plasmodia:
I III (/v vV 1
!
1 A ]
2 4 4 2 14
NS** 8 2 0 16
;  TOTALS 20 10 11 36
1 Cultures inoculated with cold--treated amoebae
I JE— 1
Day stirred Deduced fusion erouo of nlasmodiat 1
1
; I III /v Vv I
1
1 0 0 0 20 1
2 0 3 10 !
NS 0 0 16 ;
TOTALS 15 0 3 46 1

Fusion groups deduced as shown in Tables 4 and 5»

NS = not stirred.

Genotype of LU640 amoebae mt”;fusAf (control puddles of LU640

amoebae yielded group I plasmodia).

Genotype of CL500I amoebae mt”;fusA2 (control puddles of CL500I

amoebae yielded group V plasmodia) .
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cold—treated‘amoebae were of hybrid fusion type; none out of 64 was of
group III and only three were of group III/V. Four puddles inoculated
with cold-treated amoebae and stirred after one day gave rise only to
group V plasmodia. This might have been due to failure of LU64O
amoebae to form plasmodia under these conditions, or to inoculation of
the puddles with only CL5001 amoebae. The ratio of group I to group V
plasmodia from the remaining puddles (15 : 26) was not significantly
different from 1 : 1 (p> 0.05).

Puddles set up with cold-treated amoebae gave fewer plasmodia
of groups III and III/V than puddles set up with growing amoebae. Since
this was the reverse of the predicted result, it was concluded that the
evidence did not support the view that cold-treatment affected the
frequency of hybrid plasmodia.

(iv) Analysis of plasmodia expressing hybrid fusion types

Cooke (1974) showed, from evidence of nuclear DNA contents and progeny
analysis, that the hybrid plasmodia he isolated from mixtures of mt;;fusA1

and gzh;iggﬁz amoebae were haploid heterokaryons. Poulter (1969) showed
that the fusion behaviour of heterokaryons containing nuclei carrying
different fusion alleles depended upon the relative proportions of tﬁe
nuclear types. He constructed heterokaryons from plasmﬁdia expressing
different fusA alleles (but not fusA1 and £E§A2) and found that where
either of the two nuclear types comprised more than about 10% of the
total, the heterokaryon expressed hybrid fusion behaviour; where the
minority class was less than about 10% of the fotal, the plasmodium
expressed the fusion type of the majority class.

It was reasoned that the group III/V plasmodia might be haploid

heterokaryons in which the proportions of fusA1 and fusA2 nuclei were

at some critical level, leading to expression of both III and V fusion
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behaviour (though it was not clear why a corresponding I/III class was
not found). To test this hypothesis, five group IIL/V plasmodia and
five group III plasmodia were caused to sporulate (the plasmodia were
chosen from those isolated in (i) and (iii)). Approximately 20 amoebal
progeny clones of each plasmodium were isolated and allowed to form
clonal plasmodia. These plasmodia were tested for fusion behaviour
and leucine requirement. Table 8 shows details of the analysis of one
group III/V plasmodium. Table 9 summarises.the results of similar
analyses of all ten plasmodia.

The results confirm the assumption that the group III/V
plasmodia were derived from both LU64O and CL5001, since progeny of two
of the five III/V plasmodia included both fusA1 and fusA2 types. The
proportion of fusA1 progeny from these two plasmodia was very low,
probably explaining the failure of recover fusA1 progeny from the other
three III/V plasmodia.

The ratio of fusA?1 to fusA2 progeny of the group III/V plasmodia
differed greatly from 1: 1, indicating that the III/V plasmodia were
probably heterokaryons of some sort. Progeny showed only the combinations

of fusA and leu-1 alleles carried by LU64O and CL5001, and the absence of

recombinant types was consistent with the III/V plasmodia being haploid
heterokaryons. However, there was only a small number of fusA1 progeny;
more progeny would have to be examined to exclude the possibility that
the plasmodia contained some diploid £3§A1/£5§A2 nuclei. As expected
from Cooke's (1974) results, no recombination of fusA and leu-1 alleles
was detected in the progeny of group III plasmodia.

If the fusion behaviour of group III/V plasmodia was due to their
carrying fusA1 and fusA2 nuclei in critical proportions, then gréup II1/V

plasmodia would be expected to contain a smaller proportion of fusA1
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Table 9» Analysis of plasmodia formed from amoebal progeny

clones of the plasmodia (LU640 x CcL5001)1-10

Progeny derived from group II1l/V plasmodia

Plasmodia! Deduced genotypes of progeny clones¥*

fusA1;leu-1 fusAl;leu~1~ fusA2;leu-1* fusA?2;;leu-1'

\ (*)1 1 0 0 17
r(*)2 0 0 0 20
1 (»)3 0 0 0 20
1 (*)4 0 0 0 20
i (%5 1 0 0 19
TOTALS 2 0 0 96
:l' Progeny derived from group III plasmodia
Plasmodiar Deduced genotypes of progeny clones:
fusAI;leu-1* fnsAI*leu-1l' fusA2 ;leu~-1* fusA2 ;leu-1
(*)6 0 0 20
(*)7 0 0 0 20
(*)8 16 0 0 2
(*)9 1 0 0 16
(*)10 0 0 0 19
TOTALS 17 0" 0 77
(*) = (LU640 X CL500I)

Genotypes deduced as sho\ra in Table 8,

Genotype of LU640 amoebae mt**fusAI;leu-1*.

Genotype of CL500I amoebae mt**; fusA2 ;leu-1
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nuclei than group III plasmodia. In addition, the proportion of fusA1
nuclei in all group III/V plasmodia would probably be very similar, while
that in group III plasmodia might vary over a wide range. The results
shown in Table 9 were consistent with this view, since progeny of III/V
plasmodia were almost all fusA2, while the ratio fusA1 : fusA2 in progeny
of group III plasmodia varied widely. However, it was clear that larger
numbers of progeny of more plasmodia would have to be tested for any firm
conclusions to be drawn. The results indicated that the critical
proportion of fusA1 nuclei for group III/V behaviour might be much less
.than the 10% which the results of Poulter (1969) suggested. However,
nuclear ratios ih the heterokaryons may have'changed subsequent to fusion
testing, or there may have been differential viability of fusA1 and fusA2
nuclei during sporulation; maintenance of nuclear ratios through
subculturing and sporulation of heterokaryotic plasmodia seems to occur
in some cases, but not in others (Haugli, 1971; Anderson, 1973; Cooke,

1974 ).

2.2c  Discussion

- The work described in this section provided no'¢lear support
for either apogamy or coalescence. Cooke (1974) interpreted his results
as supporting apogamy, since he obtained only 3% hybrid plasmodia instead
of the 50% he expected from coalescence. In (i)-(iii) plasmodia of
fusion groups III and III/V represented less than 10% of the total tested.
This, also, was less than half, but coalescence predicted 50% hybrids
only ﬁnder certain'defined conditions (i.e. when all plasmodia were
formed by coalescence which always involved fusion of pairs of amoebae
in puddles where equal numbers of the two strains were perfectly mixed).

Deviation from these conditions could have reduced the proportion of

>
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hybrids. Although the three factors tested as possible influences on
the frequency of hybrid plasmodia were not shown to have any effect,
there were large differences in hybrid frequencies between treatments
and experiments, and in one case the frequency approached 50%.

As already noted, it could be argued that these experiments
gave no real measure of the frequency of hybrid plasmodium formation.
A high proportion of group III plasmodia might be generated if most
plasmodia formed apogamically, but a few amoebal quions occurred also
(see Figure 12). The frequency of group III/V plasmodia could not have
been enhanced in the same way (see Figure 13), so that the frequencies
of both group III and group III/V plasmodia may in fact have beén a fair
reflection of the frequencies of inter-strain fusions. However, it is
not clear whether these fusions involved amoebae; as Cooke (1974)
pointed out, the recovery of hybrid plasmodia could be due not only to
coalescence of amoebae but also to fusion of cells in the process of
forming plasmodia by apogamy.

Although the refinement of this type of experiment, leading
to discovery of the factors which influenced the hybrid frequency, might
have given evidence more strongly suggestive of apogamy or coalescence,
it was decided to abandon indirect genetic analysis and attempt a direct

demonstration of the way in which mt! plasmodia were formed.

2.3  CINEMATOGRAPHIC ANALYSIS OF PLASMODIUM FORMATION WITHIN CLONES OF

mti AMOEBAE

N. Kerr (1967) reported conclusive evidence showing plasmodium
formation in the minute S3 mutant of D. nigripes by apogamy. Tﬁe main

evidence was a’low power time-lapse film which recorded continuoﬁsly the



Figure 13, Possible fate of group III/V plasmodia arising in mixtures

of mt, 3fusA! and mt

0’ fusA? amoebae.
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behavicur of cells within a colony. Nuclei could not be observed, but
plasmodia were seen to arise only from individual products of amoebal
divisions. Discontinuous high power phase contrast observations
confirmed the results of the low power study; binucleate cells were
seen to form by nuclear division within uninucleate cells, and at least
one of these uninucleate cells was the product of an amoebal division.
Binucleate cells gave rise to plasmodia by further nuclear divisions
and fusions with other binucleate cells. Uninucleate cells were normally
.engulfed and digested by binucleate cells, but on one occasion a
uninucleate cell_fused with a binucleate cell. Kerr suggested that this
uninucleate cell had already differentiated into & plasmodium. Kerr
also presented pictures of what he interpreted as delayed cytoplasmic
fission in some binucleate cellis, vielding pairs of uninucleste cells.
These divisions were characterised by long cytoplasmic strands between the
two halves of the dividing cell; this was quite distinct from the normal
mode of division in uninucleate cells.

The aim of the work described in this section was to analyse
the formation of Ezh plasmodia by the method successfully used by Kerr
for D. nigripes. Filming was carried out in conjunction.with Mr. (now Dr.)
D.J. Cooke, who has presented a preliminary report (Cooke, 1974).
Detailed analysis of results was carried out jointly with Dr. Jennifer

Dee. The work has been fully presented elsewhere (Anderson et al., 1976),

232  Materials and methods

Methods were as described in Chapter 1, with additional methods

as shown below:
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(i) Strains Amoebae: CL mt,
CL5001  mt,

(ii) Microcinematography A Wild-Bolex time-lapse system was

used, with Bolex-Wild Variotimer modules (MBF-B and MBF-C) controlling
the camera (Bolex cine camera H16R X-S), motor (MBF-A) and an
electromagnetic'shutter which prevented illumination of cultures except
during exposures. The system allowed exposures of 0.2 - 10 sec, with
intervals between exposures of 0.3 sec-6 hours. Exposures were usually
set at 0.2 se§ to give minimum blurring of image through movement of
cells. 4A Wild exposure meter and calibration chart were used to set
the appropriate light intensity. Ilford Pan F 16 mm negative film

(100 ft spools) was used and photographs reproduced in this section were
printed from individual frames. Bulk processing and printing were by
Brent Laboratories Ltd., London.

Low power films were made with the camera mounted on a Wild M-5
stereo microscope. Magnifications of x12-50 on the microscope
corresponded to x3-12.5 in the film plane. Low power observations were
of colonies growing on E. coli in DSDM agar plates. High power films
of filming slide cultures were made with the camera mounted on a Wild M-20
research microscope with phase-contrast optics. Illumination was by a |
Wild quartz-iodine base. Observation was with x10 or x20 objectives
and x10 photo eyepiece. This gave magnifications of x25-50 in the film
plane.

All filming‘was carried out in a 26°C constant-temperature
room and a small fan was used to ensure that cultures did not become

overheated.

(iii) Analysis of films Films were analysed using a Specto

Motion Analysis Projector Mk. III, with a capacity for forward and reverse



projection at speeds of 2, 4, 8, and'16 frames per second, and single
frame projection. These facilities proved essential in the detailed
analysis of films, since single frames could often be misinterpreted.
Cell and nuclear areas were estimated by projecting the film
" onto a screen divided into approximately 4000 squares, each equivalent

to a cell area of 7.4 pma.

2.3b Results

(i) Low power films N. Kerr (1967) used a strain of D.nigripes

which formed plasmodia within colonies of only a few cells when he
demonstrated apogamy. No comparable mutant strains existed to facilitate
the analysis in P. polycephalum. Plaques of mt; strains, such as CL and

CL5001, each contain up to about ‘IO’+ amoebae at the time o¢f plasmodium

formation, and Figure 7 (see Chapter 1) shows that most of these amoebae
are concentrated in a ring arouad the perdphery of the plaque. Individual
cells cannot be distinguished in the ring, but the cells in the central
area are mostly well spaced out. Plasmodia are seen in the dense part
of the plaque and also in the central area. It was thought that the
origin of plasmodia in the central parts of Ezh coloniesAmight be traced
by low power time-lapse microcinematography.

Two films were made, showing the development of a CL plaque and
a CL5001 plaque. Filming was begun two and three days after inoculation,
respectively. Magnifications were in the range x3-12.5 in the film
plane, progressively lower magnifications being used to keep plaques
within the field as they grew larger. Intervals between exposures were
45 sec.

Some individual amoebae (but not nuclei) and amoebal divisions

were clearly visible in the central area of each plaque. However,

* .
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plasmodia did not appear to form in the sparsely populated central areas;
they arose in the dense outer ring and then sometimes migrated inwards to
the centre. Low power filming was thus abandoned.

(ii) High power films In order to follow individual cells

in gﬁh cultures undergoing the amoebal-plasmodial transition, it was
necessary to use high power phase-contrast observation of filming slide
cultures. Problems were encountered in choosing optimum conditions.

At a magnification in the film plane of x50 it was possible to observe
clearly cells and their nuclei, but the field of observation was limited
to approxiﬁately 0.2 x 0.15 mm (25-50 cells). Since cells were
constantly entering and leaving the field, dﬁe to active amoeboid
movement, individual cells could only be observed for a few hours unless
followed by periodic field changes. At a magnification in the film
plane of x25, individual cells and nuclei vecame indistinguishable in
dense parts of the culture and when the microscope went slightly out of
focus (it was found necessary to refocus the apparatus every 20-30
minutes). However, the field of observation was four times greater
than at x50, so that it was theoretically feasible to follow individual
cells for longer periods.

Fourteen films were made of the development of CL plagues at
magnifications of x25 and x50. Many of these did not show plasmodia
because of unsatisfactory cultures, equipment malfunction or, usually,
failure to form plasmodia in the part of the culture under observation.
Most films showed amoebal divisions and several also showed binucleate
célls forming by nuclear division within uninucleate cells. No fusions
of uninucleate cells were observed. It was usually impossible to trace

the origin or fate of individual binucleate cells, for the reasons already

described. However, one film provided an almost complete record of the

*
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events of plasmodium formation. Detailed analysis of this film is
described in ‘(iii).

(iii) Detailed analysis of a high power film showing plasmodium

formation in strain CL The development of a CL culture over the period

48-80 hours éfter inoculation was analysed in detail. Times of events
described below are expressed as the number of hours after inoculation.

In the early stages of colony growth, the field of observation was n&t
changed since the cells which gave rise to plasmodia were not then
identifiable. Intervals between exposures of the film were of 10 seconds
duration. ' _

Early stages of the film showed a population of active,
uninucleate amoebae. Eighteen amoebae divided during the film (Figure
14), all but one in the period 48-€4 hours. The first indication that
a cell was about tc divide came when locométion ceased. The cell became
rounded. The nucleolus moved to the side of the nucleus and disappeared.
The nucleus itself became indistinct. Cell division occurred approxi-
mately 15 minutes after nucleolar disappearance. Locomotion of the
daughter cells began and their nucleoli became visible. Nucleolar
reconstruction was completed at a minimum of 40 minutes after division.

From 51'hours onwards, uninucleate cells larger than those
initially present were discernible in the field. Thirteen of these cells
became binucleaté as a result of nuclear division (Figure 15). All
binucleate cells whose formation was observed arose in this way; no
fusions of uninucleate célls were seen.

The first stage observed in the nuclear division from which each
binucleate cell arose was movement of the nucleolus to the side of the
nucleus. However, as in amoebal divisions, the nucleolus disappeared
after locomotion had ceased and the cell had rounded up. After nucleolar

disappearance, ‘the nucleus itself became indistinct, though in many cases



Figures 14 and 15.

Figure 14 (left column)., Division of uninucleate cell,

Top: Nucleolus (arrow) still visible. x 1000
Middles Nucleolus no longer visible in nucleus (arrow). =x 1000

Bottoms Daughter cells (arrows). White "holes" are contractile vacuoles.
x 1000

Figure 15 (right column). Binucleate cell formation.

Tops Nucleolus (arrow) has moved to side of nucleus. x 1000
Middles Nucleolus no longer visible in nucleus (arrow). x 1000

Bottoms Binucleate cell., Nucleoli visible in nuclei (arrows). x 1000
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the metaphase plate could be seen. Anaphase was also visible in one cell.
Iocomotion was resumed and two nuclei appeared in the cell. Nucleolar
reconstruction was completed approximately 55 minutes after the original
nucleolus had disappeared. While the nucleus was indistinct, cells
frequently appeared to begin cleavage, but this was not completed.

A1l cells which were observed to become binucleate or to divide
were measured in order to compare their cell and nuclear areas (Figure 16).
Effects of growth during the cell cycle were eliminated by measuring all
éells just before nucleolar disappearance. Comparison of means (using
t-tests) indicated that cell and nuclear areas of cells which became
binucleate were significantly larger than those of cells which divided.

Attempts were made to trace each large uninucleate cell hack to
its origin. In each case the cell was found to have entered the field a
short time before becoming binucleate; thus it was not possible either to
follow cell growth or to observe a previous cell divisicen.

The first binucleate cell formed subsequently rounded up and
failed to develop further. All other binucleate cells, arising from 57
hours onwards, continued active movement. Three of these cells
participated in the formation of a plasmodium (see below). The developmént
of most of the other cells could not be followed because of their active
migration, but 2 of them were seen to undergo abnormal divisions. These
were clearly distinguishable from amoebal divisions, since they occurred
after nucleolar reconstruction in the binucleate cells was complete, when
they had resumed locomotion. Two portions of the cytoplasm, each
containing a nucleus, pulled out in opposite directions, leaving a thin
cytoplasmic bridge between them. This was eventually broken to give 2
uninucleate cells whose subsequent fate was not followed.

At about 70 hours, 2 binucleate cells each underwent a nuclear

division to become quadrinucleate (Figure 17). In each cell the nuclei
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Figures 17 and 18.

Figure 17 (top). Quadrinucleate cell formation.

-
éz,
€+

Binmucleate cell., Nucleoli no longer visible in nuclei (arrows).

"

-
o
[&]
(@]

Right: Quadrinucleate cell. Nuclei (arrows) have not yet completed

nucleolar reconstruction. x 1000

Figure 18, (bottom). Multinucleate cell exhibiting plasﬁodial
characteristics. Amoeba (a) is being pursued across the field and a
pseudopodium has been extended to ingest it. A large food vacuole (v)
contains an ingested amoeba. The transparent outer layer (arrow) may
represent slime production. Nuclei are not visible due to the presence
of other cell inclusions. x 1000
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divided synchronously. Measurements of these.8 nuclei showed that they
had the same area as amoebal nuclei measured after division, but were
significantly smaller than the nuclei of binucleate cells just after
their formation (Figure 19). Thus the increase in nuclear area at the
time of binucleate cell formation was not permanent. The nuclei of
cells containing more than 4 nuclei could not be seen clearly, due to
the presence of other cell inclusion, and it was not possible even to
estimate the number of nuclei in such cells.

One cell, which had become binucleate‘at'63 hours and
quadrinucleate at 70 hours, was follcwed by periodic field changes until
80 hours (Figure 20). During this time successive fusions with 2
binucleate cells and a multinucleate cell occurred. Both binucleate cells
had formed from uninucleate cells. After fusion between one of these
binuclieate cells and the quadrinucleate cell, ingestion of active amoebae
began. The multinucleate cell appeared to pursue the amoebae before
engulfing them (Figure 18). Similar pursuit of amoebae was frequently
observed in binucleate and quadrinucleate cells, but this did not end in
ingestion. After ingestion, the amoebae became visible in food vacuoles
(Figure 18). In one case only part of an amoeba was engulfed. Rhythmic
pulsations of the multinucleate cell began at the same time as ingestion_
of amoebae. Unlike uninucleate and binucleate cells, the multinucleate
cell appeared to have a thick, transparent outer iayer (Figure 18).

Plasmodia are multinucleate, readily fuse with one another,
ingest amoebae and undergo rhythmic cytoplasmic streaming. Figure 20
traces the acquisition of these characteristics during the development of
a cell which was clearly a plasmodium by the end of the film. ©Plasmodia
also secrete slime, and the transparent outer layer of the multinucleate

cell may have represented slime production.



Figure 19. DNuclear areas of strain CL, measured after nuclear division.
Figures in parentheses are means and standard errors. a Uninucleate
cells. b Binucleate cells. ¢ Quadrinucleate cells. When compared,
using t-tests, the means for a and ¢ did not differ significantly (p>0.1)
while b differed significantly (p<0.001) from both a and c.
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2.3¢ Discussion

Thé results reported in (iii) were convincing evidence that
plasmodia developed by apogamy rather than coalescence. The observation
that binucleate cells arose by nuclear division in uninucleate cells, and
the subsequent participation of a number of such binucleate cells in the
formation of a cell which was undoubtedly a plasmodium were consistent
with the predictions of apoéamy; no evidence was obtained in favour of
;oalescence, since no fusions of uninucleate cells were observed. Events
shown in other films were also consistent with apogamy, since binucleate
cells were seen to form by nuclear division in uninucleate cells and no
fusions of uninucleate cells were observed.

Although it was not possible to trace the origin of the uni-
nucleate cells which gave rise to the plasmodium, it was assumed that they
arose from amoebal cell division of the type observed. It would have
been interesting to study the period between binucleate cell formation and
the preceding cell division, in order to follow cell growth and to compare
the intermitotic time with that of proliferating amoebae.

It was unexpected that binucleate cells arose from cells whose
nuclei appeared distinctly larger than those of cells which divided. It.
was not possible to measure direétly the volumes of cells and nuclei on
the film, but it seemed very likely that a difference in area reflected to
some extent a difference in volume. Thus it seemed that the nuclear
volume increased prior to binucleate cell formétion and subsequently
returned in the quadrinucleate cells to a value similar to that for amoebae.
It was possible that the large nuclei contained more than the haploid
amount of DNA,'in which case the extra DNA must have been eliminated during
plasmodium formation in order to restore the haploid DNA content of CL

plasmodial nuclei. It was unlikely, however, that the large nuclei were
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diploid as a result of zygote formation, and that meiosis occurred during
quadrinucleate cell formation. This would have meant that meiosis
occurred at a different stage in the life cycle from that at which it
occurred in heterothallic strains, and would not have been consistent with
the results reported by Cooke (1974) and in Section 2.2 of this thesis,
indicating that recombination of genetic markers did not occur in hybrid
plasmodia formed in mixtures of Ezh amoebae. It was probable that the
transient increase in nuclear size was due to metabolic changes associated
with the developmental transition which the cell waé undergoing. For
example, increased nuclear size can be associated with increased RNA
synthesis (Harris, 1967).

The fact that plasmodial characteristics were acquired
progressively during development confirmed that the amcebal-plasmodial
transition was far from instantaneous. The demonstration of apogamy
thus suggested that the hybrid plasmodia isolated from mixtures of Eﬁh
amoebae (see Section 2.2b) probably arose by fusion of incipient plasmodia
rather than of amoebae. However, the cinematographic analysis did not
exclude the possibility that amcebal fusions occasionally occurred within
cultures of mt, cells, and that the products of such fusions could give.

LY

rise to plasmodia.

2.4  ATTEMPTS TO DETECT CELL FUSIONS WITHIN CLONES OF HETEROTHALLIC AMOEBAE

The ability of CL amoebae to form plasmodia within clones was
apparently due to possession of the gﬁh allele. Thus the observation
that amoebae of strain CL gave rise to plasmodia by apogamy was incompatible

with the view that the only function of the mating type locus was to

determine whether particular cells would fuse when they met. The mating

B
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type locus apparently played a role in determining whether individual cells
would undergo the amoebal-plasmodial transition. However, the
demonstration of apogamic development in CL did not exclude the possibility
that one function of the mating type locus was to control amoebal fusions.
If one role of the mating type locus was to restrict amoebal
fusions to mixed mating type cultures, amoebal fusions should not have been
detectable within clones of heterothallic amoebae. The absence of such
fusions, in conditions which led to amoebal fusions within mixed mating
type cultures would indicate that the mating type locus was involved in
ihe control of amoebal fusions. . This section reports preliminary
attempts to detefmine whether amoebal fusions occurred within clones of

heterothallic amoebal strains.

2.4a Materials and Methods

Methods were as described in Chapter 1 and in Section 2.3a.

All cultures were incubated at 26°C.

Strains Amoebae: CL g}h
Lue4? nt,
Lu6L8 Eﬁﬁ
LU688 ot,
Lug62 nt,
LU863 234
: mty

2.4b Results

(i) Attempt to identify binucleate cells in cultures of

heterothallic strains Before attempting to observe directly the fusion

of pairs of amoebae, a preliminary test was carried out to determine whether
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there was indirect evidence suggestive of amoebal fusions within clones.
The immediate‘result of fusion of two cells within a culture of uninucleate
amoebae would be the formation of a binucleate cell twice the size of a
uninucleate cell. Thus clonal cultures of heterothallic strains were
examined for the formation of binucleate cells. Clearly the presence

of binucleate cells would not, in itself, constitute proof of cell fusionj
as shown in Section 2.3, binucleate cells could also arise by nuclear
division within uninucleate cells.

To test for the formation of binucleate cells, a number of
filming slide cultures of CL and the heterothallic strains shown in 2.4a
were set up. Daily observations were made for approximately one week;
each culture (up to several thousand cells) was first scanned rapidly at a
magnification of x200, then about fifty individual cells were examined at
x400.

All cultures started with cells which were uninucleate. No
binucleate or multinucleate cells could be seen initially in any culture.
A small proportion of cells did not contain any visible nuclei. In some
cases these were undergoing mitosis; cell division subsequently occurred
and a single nucleus appeared in each of the daughter cells. Nuclei
could not be seen in some other célls because of optical imperfections in
parts of the cultures. After proliferation for about three days, CL
cultures invariably contained a few binucleate cells which were easily
detected during rapid scanning of the slides. Quadrinucleate cells and
plasmodia were present on subsequent days. Proliferating cultures of
single strains of heterothallic amoebae continued to show only uninucleate
cells and a few cells in which nuclei could not be clearly distinguished.
When the bacterial food source was exhausted, after about one week,

amoebae encysted,
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The failure to observe binﬁcleate cells in these cuitures, even
though similar cultures of CL amoebae invariably gave rise to binucleate
cells and plasmodia, was consistent with the hypothesis that amoebal fusions
(or binucleate cell formation of the type observed in CL cultures) did not
occur within clones of heterothallic amoebae. However, it was possible
that a number of fusions did occur, but that the fusion products were
visibly binucleate for only a short time or not at all. Since clones of
heterothallic amoebae gave rise to plasmodia extremely infrequently, the
products of fusions-would not normally be expected to develop into
plasmodia. However, it was possible that binucleate cells produced by
fusion of amoebae of like mating type would immediately lyse or undergo
nuclear fusion or cytoplasmic cleavage to yield uninucleate cells. If
this were so, then daily observations might be unlikely to detect binucleate
cells. Further possibilities were that the cultural conditions were in
some way inappropriate for the occurrence of amoebal fusions; or that fusions
occurred at a frequency too low to be detected.

(ii) Frequency of amoebal fusions within mixed mating type

cultures of heterothallic strains The preliminary study described in (i)

obtained no evidence to suggest that fusions occurred within amoebal clones.
However, it was possible that amoéﬁal fusions did not occur because of
unsuitable cultural conditions, or that they occurred at very low frequency.
If either of these possibilities was true, mixed mating type cultures of
heterothallic strains would also be expected to contain only uninucleate
cells.

Pairs of heterothallic amoebal strains were inoculated together
into filming slide cultures. Strains LU648(E£1), LU688(E£2), LU862(2£5)
LU863(234) were each coinoculated with the other three strains. . Dee

(1966) had noted that crosses between distantly related strains usually

Y



gave rise to plasmodia more rapidly than crosses of closely related strains.
Thus LU647(2£%) amoebae were coinoculated on to filming slide cultures with
amoebae of strain i, which was not of Colonia genetic background. All
LU647 x i cultures gave rise to binucleate cells and plasmodia within

2-4 days. The other cultures‘mostly gave rise to binucleate cells and
plasmodia in 3-6 days, though amoebae in about one third of these cultures
encysted before any plasmodia were formed. In cultures where plasmodia
arose, 5-20 plasmodia were observed. These plasmodia rapidly grew, fused
with one another and ingested all amoebae and bacteria. This behaviour
may have prevented larger numbers of plasmodia being observed. .

These results suggested that the failure to observe binucleate
cells in clonal cultures of heterothallic strains was not due to cultural
conditions which led to few or no amoebal fusions; the majority of
similar cultures containing amoebae of mixed mating types gave rise to
several plasmodia, each of which presumably originated from the fusion of
two amoebae.

(iii) Attempts to observe amoebal fusions in crosses of

heterothallic strains The possibility still remained that amoebal fusions

occurred within clonal cultures of heterothallic strains but that the
binucleate products of fusions wefe short-lived and thus not detected.
In order to test this possibilify, it was desirable to obtain time-lapse
cinematographic evidence that amoebal fusions consistently occurred within
mixed mating type‘cultures. Only if these were consistently observed
would the absence or presence of detectable fusions within clonal cultures
be strong evidence for or against the view that amoebal fusions were
controlled by the mating type locus.

Attempts were made to obtain cinematographic evidence of

amoebal fusions within mixed mating type cultures. Since LUG47 x i
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cultures had been shown in (ii) to produce plasmodia consistently and
rapidly, a number of these cultures was set up. After 1-2 days
incubation a slide was placed on the microscope stage and adjusted so
that a densely populated part of the culture was within the field of
view which would have been recorded by time-lapse cinematography at a
magnification in the film plane of x50. The culture was checked two or
more times daily and the field adjusted to follow the migration of cells
as they ingested the bacterial lawn. In three of the four slides
observed in this way, 1-3 plasmodia appeared in the-field within two days.
Although these plasmodia might have been immigrants formed outside the
field, it was concluded that there was a good chance of observing amoebal
fusions and plasmcdium formation if the cultures were filmed.

Three attempts were made to film the development of mixed mating
type cultures. In each case technical problems, with the time-lapse
apparatus or the constant-temperature room, prevented success. Further

attempts were prevented by lack of time.

2.4c Discussion

This study failed to obtain conclusive evidence for or against
the hypothesis that the mating tyﬁe locus controlled the ability of
amoebae to fuse with one another. The results were consistent with the
view that amoebae of like mating type did not fuse with one another, since
no binucleate cells were observed in clonal cultures of heterothallic
amoebae. Since binucleate cells and plasmodia usually arose in similar
cultures containing amqebae of mixed mating types, it seemed that the
presence or absence of binucleate cells in filming slide cultures was
primarily a function of the mating type alleles present. Thése‘results

did not exclude the possibility that amoebal fusions occurred in clonal
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cultures but did not result in detectable binucleate cells.

Studies of the type attempted in (iii) should ultimately
provide conclusive evidence for or against the view that one function of
the mating type locus is to control amoebal fusions. However, it must
be noted that a demonstration that amoebal fusions did not occur within
clonal cultures of heterothallic strains would not prove that the mating
type factors determined whether or not a particular pair of amoebae
which happened to meet would fuse. A second possible interpretation of
such a result would be that amoebal fusions only occurred within mixed
mating type cultures but that fusions within such cultures were at random;
only products of fusions of amoebae carrying different mating type alleles
would develop into plasmodia. The first possibility implies that the
mating type of a cell is expressed at its surface, while the second
possibility implies that the mating type is expressed as diffusible
factors of some kind and alsc within the cell. One obvious way to
distinguish between these possibilities would be to label amoebae of two
different mating types before mixing them, then to observe whether fusions
are restricted to cells carrying different labels. This kind of approach
may prove difficult, as amoebae proliferate for several generations |
before plasmodium formation occuré in filming slide cultures. Ross (1967c)
studied cultures of D. iridis in which amoebae of one of the two
heterothallic strains present had been labelled. He used neutral red, -
which did not stain the amoebae but which stained bacteria in food

vacuoles. Amoebal labelling was lost before cell fusions were observed.
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CHAPTER 3 ISOLATION AND ANALYSIS OF AMOEBAL-PLASMODIAL

TRANSITION MUTANTS

3.1 INTRODUCTION

The aim of work described in this chapter was to isolate and
genetically analyse mutantsrdefective in plasmodial formation. It was
hoped that the analysis of such mutants would yield information on the
number and functions of genes involved in the amoebal-plasmodial
transition.

| The work of Wheals (1973) Ehoﬁed that mutants defective in
the amoebal-plasmodial transition could be isolated from mutagenised
cultures of EEh amoebae. In addition to four strains unable to form
clonal plasmodia, Wheals als§ recovered about 250 strains with some
inherited defect in plasmodium formation. These strains characteristically
formed plasmodia within clones 7-15 days after inoculation on to DSDM
agar plates, while plaques of the wild-type strain all produced plasmodia
within five days. Cooke and Dee (1975) isolated two strains which also
showed characteristically delayed plasmodium formation. These strains
were isolated without mutagenesis, but with the use of an enrichment
procedure. The isolation procedure used in the current work included
both mutagenesis and enrichment, since it was reasoned that the combined
methods would be more efficient than each alcne. |

At the time the work described in this chapter was begun, it
was clear (see Chapter 1) that the mating type (EEQ locus and another,
unlinked, locus (apt-1) were involved in plasmodium formation. There

was also suggestive evidence that at least three loci other than apt-1



might be involved, since Wheals obtained plasmodium formation in all
mixtures of different pairs of the four mutant strains he investigated,
but not in the individuél mutants. However, he did not show that the
plasmodia were in any way hybrid; Of all Wheals' mutant strains, only
APT1 (gzh;22371—) was still available for further investigation, so that
his evidence for four loci remained arguable. Strain APT1 was included
in the analysis of strains isolated in the current work. The mutant
strains isolated by Cooke and Dee (CId, CL}#Sd)_probably carried
mutations in or closely linked to the mating type lbcus. These strains
were not included in the current analysis as their ''delayed" phenotype
made them unéuitable for some of the procedures employed. Some of the
work described in this chapter has been reported elsewhere (Anderson and

Dee, 1976).

3.2 MATERIALS AND METHODS

Methods were mostly as described in Chapter 1, with additional
methods as described below. Incubation of all cultures was at 26°C

unless otherwise stated.

%.,2a Strains

Amoebae: CL EEh,fusAZ
CL5001 __h,fusA2 leu-1"
APT1 mt, s fusA2;apt-1"
LU6L? nt s fusA2
LU648 mt, 3 fusA1
LU688 mt,; fusA1
Lu8s8 mt,; fusAl;leu: leu-1"

LUB6O - ggq;fusA1;1eu-1—
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LU861 mt,; fusA2

LU862 mt 5 fusAt; eme’

L0863 __4,fusA1

CH188 mt.l;fusA?.;fuscz;emer

i __e,fusAZ fusB2 -
Plashodia: testers of groups

I fusA1

III fusA1/fusA2

IV fusA1/fusA2; fusB2

v | | fusA2

IX fusA1/fusA2;fusC2

All strains carried the fusB1 and fusC1 alleles unless otherwise stated.

3.2b Mutagenesis

The mutagenesis procedure employed was essentially the same
as employed in a number of previous studies (Haugli, 1971; Haugli and
Dove, 1972; Haugli et al., 1972; Wheals, 1973; Cooke, 1974; Cooke and
Dee, 1975). Cultures of CL or CL5001 amoebae growing on LIA plates
were flooded with 10 ml of water and scraped with a glass spreader. The
density of the resulting aﬁoebal suspension was determined on a
haemocytometer slide and adjusted to approximately 3 x 105 cells/hl.
Oxoid membrane filters (6 cm diameter; O.45 ym pore size) were each
inoculated with 0.1 ml of amoebal suspension and 0.1 ml of bacterial
suspension. The suspensions were spread with a glass spreader. FEach
membrane filter was supported on a filter paper disc which was itself
supported on a monolayer of glass beads in a 9 cm plastic petri dish.
The filter paper was underlaid with 13 ml of liver infusion solution

(1 g Oxoid liver infusion powder per litre of water) so that the culture
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was kept moist. After incubation for 48 hours the cell density had
reached about 106 amoebae per membrane, but plasmodium formation had not
yet begun (see Figure 21). These cultures of exponentially growing
amoebae were exposed to the chemical mutagen N-methyl-N-nitro-N-nitroso-
guanidine (NMG; Sigma Chemical Company). The membrane filters were
transferred to dishes containing glass beads and filter papers, but with
NMG dissolved in phosphate buffer (pH 7.0) instead of liver infusion
solution (the NMG was dissolved with stirring for 30 minutes at 37°C to
give a concentration of 250-300 yg/ml). After 30 minutes over NMG
solution, the membranes were transferred for 10 minutes to sodium
thiosulphate solution (2% “/v), then back to liver infusion solution
(three transfers of 10 minutes each). The membranes were each harvested
in 2 ml of water by scraping with a glass spreader. Cells plated on LIA
plates at this stage normally shéwed viabilities in the range of 1-8% of

controls treated similarly but without NMG.

3.2¢C Enrichment procedure

Cooke (1974; Cooke and Dee, 1975) used an enrichment method
to isolate variants requiring a longer incubation period for plasmodium
formation than the ﬂih strains from which they were derived. He_allowed
dense cultures of amoebae to grow on agar plates until plasmodia began to
forme He then flooded the plates with water to obtain an amoebal
suspension which was plated in the same way as before. The process was
repeated a number of times and the final amoebal suspension was plated out
to give separate plagues. It was found that the majority of plaques
showed delayed plasmodium formation.

Cooke's method was clearly effective in enriching a population

of mti amoebae for variants which showed low efficiency in plasmodium



Figure 21, Growth and plasmodium formation by CL amoebae. Amoebae

were inoculated on to membrane filters (as described in text) and
irsubated at 26°C, Cultures were harvested at intervals in 10 ml of

weter by scraping with a glass spreader. Dilutions were inoculated on

to LIA plates with E.,coll, spread and incubated for 5 days. Where 30-100
arcebal plaques were visible on a plate, the number was used to calculate

tke viable count of amoebae on the membrane at the time of harvesting

(2 reconstruction experiment indicated that about 100% of amoebae on each

me-brane were harvested and remained viable on replating). Each triangle
(a) represents the mean value of counts on duplicate plates from a

single mswubrane, Where plasmodia arose on dilution plates without amoebal
laques teing first visible ("P clones"; N.Kerr, 1961) it was assumed that

tte2se arose from plasmodia already present on the membranes when

hzrvested, Squares (o) represent viable counts of plasmodia (calculated

as for amoebae except that only 8-50 plasmodia were counted per plate).

Tre efficiency of harvesting and replating of plasmodia could not be

dezermined.
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formation. Two mechanisms could have been responsible. First, plasmodia
were formed ﬁainly by "non-delayed" cells, so that this part of the cell
population was selectively depleted at each round of plasmodium formation.
Second, although amoebae did not grow in these cultures as individual
colonies, it is likely that the growth of clones led to areas with a

high proportion of "delayed" amoebae. Relatively few plasmodia would
form within such areas, so that the probability of 'delayed" amoebae
being ingested by newly-formed plasmodia was less than the corresponding
probability for "non-delayed" amoebae. Since the enrichment operated
over many cell generations, only variants which were both stable and
retained the ability to proliferate at nearly the same rate as the
wild-type strain could be recovered.

The enrichment procedure employed in the current work was
essentially the same as that used by Cooke, but with several modifications.
Immediately after mutagenesis had been carried out, amoebae were harvested
from each membrane filter by flooding with 2 ml of Qater and scraping
with a glass spreader. The whole 2 ml of amoebal suspension from a
single membrane (about 104 viable cells) was either incculated on to a
single DSDM agar plate or divided between two plates. These plates
were each additionally inoculated with 0.1 ml of bacterial suspension.
Fach plate ("enrichment plate") was taken'as the start of an enrichment
line; amoebae were incubated for 5-~7 days, until many small plasmodia
had formed, held at 4°C for 24 hours, then harvested in 2 ml of water
by gentle agitation. The cold treatment was found to reduce the small
number of viable plasmodia which were harvested with the amoebae (this
reduction was due either to plasmodial death or to reduced efficiency of
harvesting. The harvested amoebae (about 104) were inoculated, with

E. coli, on to a fresh DSDM agar enrichment plate. Four further DSDM
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agar plates were each inoculated with 0.2 ml of bacterial suépension.

A glass spreader was used to spread the inoculum over the enrichment
plate and was then immediately used, without resterilisation, to inoculate
the other four plates. Thus these plates represented serial dilutions
of the amoebal suspension inoculated on to the enrichment plate. The
enrichment plate was incubated for 5-7 days until small plasmodia were
visible, then amoebae were harvested and replated as‘before, up to five
more times. Dilutions inoculated at each replating were incubated until
plasmodia formed (4-5 days on these plates, whiéh were drier than the
enrichment plates). In about 75% of enrichment lines from mutagenised'
cultures, some plaques which did not form plasmodia at the same time as
the majority of plaques were found; these generally appearedvin dilution
plates set up from the third to fifth enrichment plates in a line. of
ten enrichment lines set up with non-mutagenised amoebae only one gave
rise to plaques with a "delayed" plasmodium formation phenotype.

In a reconstruction experiment, carried out to test the
enrichment procedure before its use in mutant isolation, a mixture of
0.1% APT1 + 99.9% CL amoebae was enriched for APT1 cells by a factor of
ten on each of two successive enrichment cycles (Table 10). However,
reconstruction experiments‘could only give a rough indication of efficienpy,
since even small differences in growth rates of the two strains would have
markedly affected the result (log phase doubling éimes of CL and APT1
amoebae were both estimated at 6 hours). In practice, the average number
of enrichment cycles required to recover variant plaques from mutagenised

cultures was in agreement with enrichment of about 10 times per cycle.
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3.3 RESULTS

3.3a Isolation of mutants

In order to carry out genetic analysis of mutants defective in
clonal plasmodium formation, it was necessary that these mutants should
retain the ability to cross with other strains. Since mutations
abolishing clonal plasmodium formation might also render mutants unable
to cross, it was desirable to isolate strains in which clonal plasmodium
formation was conditionally defective. Thus enrichments for most lines
were carried out at high temperature in the hope that the mutants isolated
would include some temperature-sensitive strains. Adler and Holt (1974b)
showed that plasmodium formation by Ezh strains was delayed at 29.500, as
compared wifh 26°C. This observation was confirmed and it was also noted
that the synchrony of plasmodium formation in different plaques on the
same plate was less good at 29-30°C than at 26°C. Since the earichment
procedure depended upon 'rapid" and synchronous formation of vlasmodia by
non-mutant cells, high temperature enrichments were carried out at 28.5 :
0.5°C (referred to subsequently as 128.5°C");  at this temperature g&h
amoebae consistently formed plasmodia in all plaques after 4-5 days.

A total of 130 enrichment lines was set up from mutageniséd
cultures of EEh amoebae; 70 lines of mutagenised CL amoeﬁae and 20 lines
of CL5001 amoebae were enriched at 28.500. Forty lines of mutagenised
CL amoebae were enriched at 21-2300 (referred to subsequently as n22%cm).
The 130 lines representedvscregning of about 2 x 106 cells.

A total of 96 liﬁes yielded dilution plates on which some
individual plaques contained only amoebae when plasmodium formation had
occurred in the other plaques. Cells from such amoebal plaques were

subcultured to LIA plates and recloned. The clones were designéted

CL6003 to CL6143 and CL5001/1 to CL5C01/13.
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Cells from each clone were inoculatea, with E. coli, on to two
DSDM agar plates and spread with a glass spreader. One plate was
incubated at 22°C (the "permissive" temperature) for two weeks énd the
other at 28.500. All strains grew well as amoebae at both temperatures.
Most mutant clones gave rise to plasmodia on plates incubated at both
temperatures, one or more days later than CL and CL5001 controls (the
control plates showed plasmodia at both temperatures after 4-5 days).
This group of mutant strains was classified as '"delayed". Clones with
the most extreme '"delayed" phenotype did not give rise to plasmodia
until 10-12 days after inoculation, when a confluent lawn of about 107
amoebae had formed; as few as 5-6 plasmodia formed per plate. Other
strains formed plasmodia sooner and in larger numbers. Clonés with tﬁe
least extreme "delayed" phenotype formed plasmodia after 6-7 days, in
plaques which were somewhat larger than those in which plasmodia formed
on control plates of CL and CL5CO1 amoebae.

Some mutant strains did not give rise to any plasmodia within
two weeks, at one or both temperatures: 10 strains isolated from
separate enrichment lines formed no plasmodia at either temperature, and
three formed no plasmodia at 28.500 but, after 6-10 days, formed 10-100
plasmodia per plate at 22% (and 26°C). The 13 strains which did not
give rise to plasmodia at one or'both temperatures were designatéd NPF
(no plasmodium formation). Most of the work deséribed in this chapter
was aimed at the analysis of these strains (see Table 11).

The NPF strains appeared to have arisen independently, since
all were isolated from separate enrichment lines. However, in two cases
a pair of mutants could be traced back to a single mutagenised culture.
The pairs of strains involved were CL6129/CL6143 and CL6134/6136. Since

it seemed that NMG acted during DNA replication in eukaryotes (Dawes and



Table 11.

; Amoebal

strains

CL5001/8

+

CL6049
CL6082

CL6089
CL6099
CL6100
CL6111

01,6115
CL6129
CL6130
CL6134
CL6136
CL6143

CL
CL500T

= plasmodia in plaques.

NPF

Derived

from

CL
CL
CL
CL
CL
CL
CL
CL
CL
CL
CL
CL500T

strains

Plated on DSDM agar

Plasmodia Plasmodia
at 22°C at 28.5°C
"delayed" _
"delayed"
"delayed"

+ t

+ +

no plasmodia,
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Carter, 1974) and that growing amoebae spent most of each cell generation
in G2 phase (Mohberg and Rusch, 1971), it was probable that the cultures
had been divided before proliferation of mutant cells. Further analysis
of the strains (see 3.3h) indicated that in both cases the potentially
non-independent mutants carried mutations of different genes.

The three temperature-sensitive NPF strains which were isolated
from enrichment lines incubated at 22°C were sufficiently "delayed" ét

this temperature to allow selection to operate.

3.3b Microscopic observation of NPF strains

Work described in Chapter 2 showed that plasmodium formation
in filming slide cultures of CL amoebae was characterised by several
observable stages: amoebae, large uninucleate cells, binucleate cells,
quadrinucleate cells and multinucleate plasmodia. Mutants blocked at
a particular stage of the amoebal-plasmcdial transition (e.g. the
binucleate cell stage) might be easily recognisable. Wheals (1973)
examined cells of the mutant strains APT1 to APT4 and reported that they
were indistinguishable from amoebae of the wild-type strain from which
they were derived.

Amoebae of the 13 NPF strains and APT1 were inoculated on to

filming slide cultures. Cultures of CL amoebae were also set up.
Daily observations were made with phase-contrast optics; first, a whole
slide was scanned at x200, then about 50 individual cells were observed
closely at x400.  Cultures of CL amoebae at first contained uninucleate
cells and then binucleate cells, quadrinucleate cells and multinucleate
plasmodia. Two cultures of each NPF strain were observed; all strains
proliferated as uninucleate cells indistinguishable from those initially
present. These cells encysted when the bacterial food source was

exhausted, after 6-7 days. No binucleate cells were seen. Two out of
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four cultures of APT1 amoebae behaved in the s;me way as those of the
NPF strains; the other two each showed a single binucleate cell on the
third day of incubation, though these cells were not visible on day 4.
No gquadrinucleate cells or plasmodia were seen and it was concluded that
the binucleate cells either underwent cell division to give pairs of
uninucleate cells, or they lysed. Uninucleate cells in these cultures
eventually encysted, as seen in other cultures.

These observations gave no clear indication that any of the
mutants was blocked at an intermediate stage of plasmodium formation.
The result for APT1 suggested that plasmodium formation in this strain
did not progress past the binucleate cell stage, but it also seemed that
very few cells ever reached this stage. The failure to obsefve cells
arrested at any intermediate stage of development might have indicated
that the mutants were defective in the initiation of piasmodium formation.
However, they may have been blocked at stages which were not cytologically
identifiable; it is possible that most of the events in the amoebal-
plasmodial transition have already occurred by the time of binucleate

cell formation.

3.3c Phenotypes of temperature-sensitive NPF strains

Amoebae of the three temperature-sensitive NPF strains grew as
well as CL amoebae at 28.5°C (judged by plaque siée). Thus the failure
to form plasmodia at high temperature must have been due to temperature-
sensitivity of the amoebal-plasmodial transition and/or of plasmodial
growth. The fact that filming slide cultures showed only uninucleate
cells indicated that plasmodium formation may have been temperature-
sensitive, but since differentiation to become a plasmodium could have

been essentially completed in the uninucleate state it was not possible
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to conclude definitely that the amoebal;plasmodial transition was
temperature-sensitive. In order to determine whether plasmodial growth
was temperature-sensitive, plasmodia carrying the temperature-sensitivity
factors were made from the NPF strains and tested for growth at high
temperature (see Table 12 and below).

Amoebal strains CL6100, CL6111, CL6115 énd CL were allowed to
form clonal plasmodia on DSDM agar plates at 22°¢. Since these plasmodia
arose at the permissive temperature it was thought that they‘might have
formed from the mutants without reversion to non-temperatqre-sensitivity.
A single plasmodium from each strain was inoculated on to SDM agar plates
and incubated at 3200. This was the maximuﬁ temperature for growth of
CL plasmodia. Plasmodia formed from the three temperature-sensitive
strains grew as well as the CL plasmodium.

The four plasmodia were caused to sporulate and 20 amoebal
progeny clones derived from the spores of each. The progeny clcnes were
inoculated, with bacteria, on to DSDM agar plates which were incubated at
28.5°C.  Amoebal plaques formed on all plates. Progeny of the CL
plasmodium formed plasmodia within plaques, but no plasmodia formed from
progeny of the mutants. Thus plasmodia formed at 22°¢c ffom the
temperature-sensitive strains were not revertants.

These results strongly suggested that the three temperature~
sensitive NPF strains showed sensitivity of the amoebal~plasmodial

transition, rather than of plasmodial growth.

3.3d Reversion of '"delayed" strains

Cooke (1974) showed that clonal plasmodium formation in one of
the two "delayed" strains he isolated (CLd) was associated with reversion;

amoebal progeny of clonal plasmodia formed by CLd amoebae always gave rise

to plasmodia in plaques at the same time as CL amoebae, while the '"delayed"



Table 12. Analysis of plasmodia formed at 22°C from

temperature-sensitive NPF strains

Plasmodium Plasmodial growth Plasmodium formation
at 32°C " by progeny at 28.5°C
(CL6100)1 YES NO
(cL6111)1 YES ' NO
(cL6115)1 YES i N0
(CL)R1 YES 1ES”

*
plasmodia in plaques.
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character was always retained in progeny of crosses. Cooke suggested that
clonal plasmodia formed in CId cultures from revertant amoebae which had
regained the ability to form plasmodia in plaques as rapidly as CL amoebae
(i.e. they were "CL-like"); CLd amoebae were able to form crossed
plasmodia with other strains in the normal way. Plasmodia formation in
the second strain (CL348d) occurred without reversion; progeny of both
clonal and crossed plasmodia retained the '"delayed" phenotype.

A number of "delayed" strains isolated inAthe current work were
tested to determine whether the same two types of behaviour were present.
Plasmodia were allowed to form on DSDM agar plates, grown on SDM agar
plates and caused to sporulate. Five amoebal ‘progeny clones were derived
from spores of each plasmodium, plated on DSDM agar to give well-separated
rlagques and incubated for two weeks. Each plate was scored for whether
plasmodia formed at the same time as on CL control plates, or whether
amoebae retained the '"'delayed'" phenotype. The results are shown in
Table 13. Both revertant and non-revertant behaviour was found and, in
all but one of the 23 sets of progeny tected, all clones showed the same
behaviour. In one case four clones retained the "delayed" phenotype,
while all plaques on the fifth plate formed plasmodia at the same time as
CL plaques.

These results showed that the two classes of "delayed"
plasmodium formation identified by Cooke were also present in mutants
isolated in the current work. In one case it seemed that plasmodia had
formed in both ways; this could also have been true in other cases, since
only five progeny of any one plasmodium were tested. The reversion rate
was assumed to be equivalent to the frequency of plasmodium formation.

L

The number of plasmodia formed in each case was 10 —10-6 of the maximum

amoebal population.



Table 13. Reversion of "delayed" strains

| oo mm e — —

*
Plasmodium formation

Plasmodium by progeny clones 'Reversion

CL-like "delayed" 1 deduced
!

(cLe004 1 5 0 i YES
(CL6008 1 5 0 1 YES
(cL6009 1 5 0 I vyES
(cL6o14 1 5 0 YES
(CL60I5 1 5 0 [ YES
(CL6016 1 5 0 i Y¥YES
(CL6OI7 1 5 0 YES 1
(CL601I8 1 5 1 0 1 YES ]
(CL60I9 1 5 0 YES |
(CL6021 1 5 0 ' YES 3
(cL6022 1 5 I YES
(cL6023 1 5 1 0 YES 1
(cL6024 1 5 ' 0 I VY¥ES
(CL6025 1 5 1 0 i YES
(CL6026 1 5 0 | ¥ES
(cL6027 1 5 0 }1 YES
(cr6o13 1 1 4 i YES j
(CL6003 1 0 1 NO 1
(CL60O5 1 @ o ; ﬂ NO
(CL6006 1 | 0 1 5 | NO
(cL6oo7 1+ o 4 NO
(CL6011 1 0 5 NO
(CL6012 1 5 NO

—

CL-like: plasmodia formed in plaques after 4 days, as in
CL controls.
"Delayed": plasmodia formed as in controls of appropriate

mutant strains.
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3.3e Reversion of NPF mutants

(i) Frequency of plasmodium formation The NPF mutants were

defined as a group by their failure, in an initial screening (described
in 3.3a), to form plasmodia when they were plated to give well separated
plagques on DSDM agar. In order to determine whether these strains gave
rise to plasmodia at some low frequency, each mutant (and also APT1) was
inoculated into 0.2 ml bacterial puddles on 50 DSDM agar plates. Tﬁe
cultures were incubated at 26°C, or 28.5°C for temperature-sensitive
strains, for six weeks. Since heterothallic strains were also
phenotypically NPF, amoebae of 354 and Eze_strains were tested.in the
same way.

Plates were checked at weekly intervals and scored for plasmodium
formation. Plasmodia appeared in some puddles after 2-6 weeks. Where
plasmodia were present it was usually clear that only one or, occasionally,
two plasmodia had formed; CL amoebae under the same conditions formed
many plasmodia in every puddle within one week. Table 14 shows the
nunbers of puddles of each strain in which plasmodium formation was
observed.

Viable counts for some strains (CL6049, APT1, LU648) were
obtained at weekly intervais by washing off control puddleé in 10 ml of
water and plating appropriate dilutions on LIA plates. Net growth was
completed in about one week and viable populations then remained steady

at about 107

cells per puddle. Thus the numbers of plasmodia formed

were roughly 10-‘7-10-9 of the maximum amoebal population, with essentially
no difference between the mutants and the heterothallic strains. After
1-2 weeks the majority of cells in the puddles were encysted and presumably
not available for plasmodium formation. Thus the effective frequency of

plasmodium formation may have been considerably higher than the results

suggested.



Table 14. Puddle tests of NPF strains, APT1 and

heterothallic strains incubated for six weeks

Amoebal No. of puddles out of *0
strains in which plasmodia formed
1.
1
CL6049
; CL6082 3 .
A CL6089 4 I
CL6099 38
’  CL6IOO* 3 i
1 CL6III* 4 i
3 GLel 15 3 1
A  CL6129 9
CL6130 4
;  Cle134 9
! CL6136 11
1 ClLe143 10
cL5001/8 9
APT1 16
LUG48 (mt*) 6
LU688 (mtg) 6
LU86GI (mtg) V|
- L _ L eesee e
* Tested at 28.5°C.
* % 2

Plasmodia mostly died when less than 1 mm e
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(ii) Nuclear DNA contents of clonally formed plasmodia Plasmodia

obtained in (i) could have arisen in several possible ways. It seemed
very unlikely that the cultures had been contaminated with amoebae of other
strains since such contamination had never been observed in this laboratory.
The possibility was dismissed when it was found that the fusion behaviour
of the plasmodia corresponded in every case with the known plasmodial
fusion genotypes of the amoebal strains.

If plasmodium formation had occurred by cell and nuclear fusion
of pairs of amoebae, the plasmcdia would have been diploid. Cell and
nuclear fusion could have occurred as a result of mutation within a clonal
culture to give a new NPF cell type able to éross with the strain inoculated.
Alternatively, homothallic plasmodium formation might have occurred at low
frequency.

In order to determine whether plasmodia obtained in (i) were
diploid, amocebal and plasmodial nuclei of appropriate strains were
isolated and stained by the Feulgen method. DNA contents of 50 nuclei
from each preparation were determined by scanning microdensitometry and
the results are shown in Table 15 and Figureé 22 and 23. Nuclear DNA
values for each amoebal strain fell in a single distribufion of mean value
0.5-0.8 pg DNA/nucleus. This corresponded approximately to the haploid.
DNA content (Mohberg, 1976). Most nuclear DNA values for each clonally
formed plasmodium also fell in a single distribution of mean value
0.5-0.8 pg DNA/nucleus; in some cases a proportion of nuclei contained
higher values (this is typical of haploid Ezh plasmodia; Cooke, Mohberg,
personal communications). A control plasmodium formed by crossing
amoebae of strains LU648 (m£1) and LU688 (EEQ) gave a mean nuclear DNA

value approximately twice that of amoebae and clonally formed plasmodia

(1.2 pg DNA/nucleus).



Table 15»

No.

B W R =

(6]

10

12
13

15
16

17

Amoebae

CL6049
CL6082
CL6089

CL6099

CL6 I0O
CL6 ITI

CL6115
1 cL6129
" cLe130
! CL6I34
CL6136

CL6143
CL5001/8

1 apT1

CL
LU648

LU688

s

Mean nuclear DNA contents of amoebae

formed plasmodia

DNA

(pg/nucleus)

0.61
0.68

0.75
0.57

0.65
0.61

0.72
0.58
0.57
0.47
0.54
0.73
0.62

0.73

1 0.61
i 0.69

j 0.72

See Figures 22 and 23.

1l Ho.*

\'8

19
20

21
22

23
24

25
26

27

28
29

30

32
33

u.t

Plasmodia

(CL6049) 1
(CL6082) 2

(CL6089) .1
(CL6099) 3
(CL6099) 9

(CL6111) 3
(CL6111) 4

(CI.6129)1
(CL6130)1

(CL6136) 4
(CL6143)6
(CL5001/8)7

(Ci) 19
(LU648) 1

(LU648)5
(LU688) 1

(LU648 X
LU688)R1

and clonally

1 DHA
' (pg/nuoleus)
!

0.56
m 0.71
1 0.71
0.65
1 0.67

! 0.58
0.67

0.63
0.62

0.62

0.73
0.68

0.75
0.64

P 0.72

0.74

1.20



Figure 22, Nuclear DNA contents of amoebal strains. See Table 15 for

key to strzins,
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Figure 23. Nuclear DNA contents of clonally formed plasmodia. See

Table 15 for key to strains.
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It was concluded that the clonally formed plasmodia were
haploid rather than diploid and arose from haploid amoebal strains.
Thus the possibility of nuclear fusion was excluded.

(iii) Analysis of progeny of clonally formed plasmodia The

haploid plasmodia obtained in (i) could have arisen from mutant amoebae
which had acquired the ability to form plasmodia without nuclear fusion.
Alternatively, the formation of plasmodia by apogamy or coalescence
could have occurred at low frequency without any heritable change in
plasmodium forming behaviour.

"To distinguish between these two possibilities, progeny of a
number of clonally formed plasmodia were analysed. Where possible (see
below for exceptions) about 20 amoebal progeny clones were derived from
the spores of each plasmodium and plated on DSDM agar to give well
separated plaques. The plates were incubated at 2600, or 28.500 for
progeny of plasmodia derived from temperature-sensitive strains. The
results are shown in Table 16.

All progeny from six plasmodia formed plasmodia in plaques at
the same time as CL controls. It was concluded that the six plasmodia
had probably arisen from mutant amoebae which had acquired the ability
to form plasmodia in plaques (in the case of NPF strains these mutant
amoebae were thus revertants). All progeny of ten plasmodia grew only
as amoebae. Six of the ten plasmodia were known to be haploid and it
thus seemed that they had formed without a heritable change in plasmodium
forming ability. Progeny of two plasmodia included some clones which
formed plasmodia in plaques and some clones which did not form plasmodia.
The two plasmodia were known to be haploid and they might have ar;sen
from fusion of revertant and spontaneously formed plasmodia. Sbores of

four clonally formed plasmodia did not give rise to amoebal progény in
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Table 16.

Plasmodia derived

from NPF strains

Plasmodia derived

from heterothallic

(CL6099) 9
(CL61CO) 3
(CL6115) 3
(CL612?)1
(CL6134)1
(CL6136) 4
(CL6143)6
(CL6049)1
(CL6089)1
(CL6089) 3
(CL6099) 3
(CLé111) 4
(CL6130)1
(CLé136) 7
(CL6143)7
(CL6082) 2

(CL6111)3

(CL5001/8)7

strains

(LU688) 1
(LU648) 1
(LU688) 2
(LU648)5

CL-1like

20
20
19

19
20

[y
N o

+ V © 0O o o o o o o

*

Plasmodium formation by progeny clones

CL-1like

20

visible amoebal colonies.

* %

CL controls.

None:

1
~“Plasmodium formation by progeny clones

None

o O O o o

11

20

19
20

20

19

19
20

20

None

20

19

plasmodia arose from spores without prior formation of

CL-likes plasmodia formed in plaques after 4 days as in

no plasmodia formed within 14 days.

Analysis of orogeny of clonally formed olasmodia

* %

* %
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the norﬁal way; spores plated on LIA platés with E. coli gave rise to
plasmodia without prior formation of visible amoebal colonies (a few
amoebal colonies also formed on some plates but the total number of
these colonies was ne§er more than 5% of the number of plasmodia). It
was concluded that this behaviour might represent mutation to give a new
plasmodium formation phenotype.

~ Adler and others (Adler and Holt, 1975; Adler et al., 1975),
working only with heterothallic strains, carried out essentially the
same tests as described in (i)-(iii) and found the same kindsof result.
They designated strains which gave rise to plasmodia without prior
formation of amoebal colonies "AIC" strains (amoeba-less life‘cycle).
Comparison of their results with those reported in (i)-(iii) indicated
that plasmodium formation by mutant NPF amoebae and by hetersthallic
amoebae was indistinguishable on the bases of frequency, ruclear DNA
content of plasmodia and behaviour of progeny clones.

(iv)  Reversion of APT1 As noted in Table 14, growth of

clonal plasmodia derived from amoebae of strain APT1 was very poor. One
such plasmodium (APT1)1, was maintained for several months in culture on
SDM agar plates supplemented with a few rolled oat flakes. In the aBsence
of oats growth ceased. |

It was found that the plasmodiumJ(APT1)1 would not sporulate.
This was not surprising, since APT1 was derived from the Eih strain C5.1
(Wheals, 1973), which was also a non-sporulator. In order to determine
whether amoebal progeny of (APT1)1 formed plasmodia in plaques, the
plasmodium was allowed to grow into contact and fuse with a plasmodium
derived from CL5001 (mt, ;leu-1 ;fusA2). The resulting heterokaryon,

L(APT1)1 + (CL5001)1]1, sporulated. Fifty amoebal progeny clones were

isolated and plated on DSDM agar to test for the formation of plasmodia
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in plaques. Twenty-eight clones formed plasmodia in plaques at the same
time as CL5001 controls. The plasmodia grew on SDM agar without oat
flakes, or on DM-1 + leucine agar, but all died when subcultured to
DM~1 agar. The behaviour of these clones thus suggested that they were
derived from CL5001 nuclei. Twenty clones formed plasmodia in plagues
2~3 days later than CL5001 controls. These plasmodia died on SDM agar
unless supplemented with rolled oat flakes, and thus appeared to be
derived from‘(APT1)1 nuclei. Two clones did nqt form plasmodia, so that
there was no indication of their origin.

. These results (see Table 17) showed that most, at least, of
the amoebal progeny derived indirectly from (APT1)1 formed plgsmodia in
plaques, albeit with a "delayed" phenotype. It was probable, therefore,
that (APT1)1 was formed from revertant amoebae which had acquired the
ability to form plasmodia in plaques. However, it was also possible
that (APT1)1 arose without any heritable change, and that plasmodium
formation by its progeny was due to some cytoplasmic factor transmitted
from (CL5001)1 to (APT1)1 in the heterokaryon. The poor growth of
plasmodia derived from APT1 amoebae might have been due to pleiotropic
effects of a suppressor mutation causing revertant plasmodium formation.
Alternatively, the clone of APT1 amoebae used in this experiment might
have carried a mutant allele at a locus affecting plasmodial growth.
Analyses by Wheals (1973) and Dee et al., (1973), and evidence reported
in 3.3f, indicated that APT1 amoebae did not normally transmit such a
factor to progeny of crosses with other strains.

If the heterokaryon analysis is taken as evidence of reversion,
then evidence of reversion was found for 8 of the 14 mutant strains (see
also (iii)). Since three strains showed evidence of both revertant and

non-re#ertant plasmodium formation, the failure to detect reversion in
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any particular strain was no indication that the strain was unable to

revert.

(v) The genetic basis of clonal plasmodium formation in NPF

and heterothallic strains Other work (presented later in this chapter)

indicated that most of the NPF strains carried mutations in one or other
of two nuclear genes (npfB and npfC) in or closely linked to the mating
type locus; no recombinatiqn of alleles of npfB or npfC and mt was
detected. | Thus, if reversion of the NPF strains occurred by back-
mutation, crosses of revertant amoebae with heterothallic strains (e.g.
Eﬁa) would yield amoebal progeny which were all either,g}h;ggff or 235.
No gzhgggff recombinant progeny would arise, so that all clones which
failed to form plasmodia in plaques would carry the 525 allele and would
fail to cross with other 235 clones. Alternatively, if reversion of the
NPF strains was due to acquisition of suppressor mutations (§3f) unlinked
to mt and the npf genes, crosses of revertant amoebae with a 235 strain
would yield some amoebal progeny which failed to form plasmodia in plaques

but were able to cross with 235 strains (i.e. mt ;ngf-;ﬁgf recombinants).

—h

In addition to the investigation of reversion by the NPF strains,
the mutation of LU688 to CL~like behaviour was analysed in the same way};
the similarity already noted between behaviour of heterothallic and NPF
strains suggested that mutation of LU688 might have occurred in the same
way as reversion of the mutants.

The two NPF strains studied were CL6099 (EEh;BEEpl_) and CL6129
(Eﬁh3n fB4~ ). The plasmodia (CL6099)9 and (CL6129)1 both gave rise to
amoebal progeny which gave rise to plasmodia in plaques on the same day
as CL controls. A single amoebal progeny clone of each of (CL6099)9 and
(CL6129)1 was selected for analysis (these clones were designated LU888

and LU889, respectively). In addition an amoebal clone derived from the

plasmodium (LU688)1 was selected for analysis and designated LU884.
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Amoebal clones LU888 and LU889, which both carried the fusA2
allele, were crossed with LU862 (EEB;quA1 - the derivation of LU862 is
described in Appendix 2), while LU884, which carried the fusA1 allele,

was crossed with LU647 (Egh;fusAz). All these crosses were carried out

at 29-30°C, since Adler and Holt (1974b) had shown in mt, X 235 crosses
that the proportion of clonally formed mt, plasmodia was reduced at this

LY

temperature. Plasmodia arising in the cross puddles were tested for
their fusion behaviour with known plasmodia of fusiqn groups I, III and
V. Crossed plasmodia were identified by fusion only with a group III
(fusA1/fusA2) tester plasmodium.

A single group III plasmodium from each cross was caused to
sporulate and about 50 amoebal progeny clones were derived from the spores
of each plasmodium. The analysis of these progeny is shown in Tables
18-20. They were first plated on DSDM agar to give well separated
plaques and incubated for two weeks. In each case about half the progeny
formed plasmodia in plaques and the remainder did not form plasmodia.

The fusion behaviour of the plasmodia was tested; about half were group I
(fusA1) and half group V (fusA2).

Those progeny which did not form clonal plasmodia were inoculated
into 0.2 ml bacterial puddles on DSDM agar with approériate heterothallic
strains (i.e. 535 for progeny of crosses involving ,LU888 and LU889, g§4
for progeny of the cross involving LU884). These plates were incubated
for six weeks. No plasmodia of appropriate hybrid fusion type were
obtained. Since it was known that CL6099 and CL6129 would cross with EE5

strains (see 3.3i) and that LU688 would cross with g&a strains (Cooke and -

Dee, 1974), the failure of these attempted crosses indicated that all the

progeny which did not form clonal plasmodia carried the mt, or EE'

1 3

allele (depending upon the cross). The 1 : 1 segregation of fusA1 and
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fusA2 types among the progeny which formed plasmodia in plaques (in each
case p?> 0.05) confirmed that the progeny were derived from heterozygous
diploid plasmodia.

The failure to detect recombinant progeny which did not form
plasmodia in plaques and were not mt, or mt.

1 >

cases, the change to CL-like plasmodium formation was probably due to

indicated that, in all three

mutation of a nuclear gene in or linked to the mating type locus. This
was consistent with the results expected if (CL6099)9 and (CL6129)1 were
formed as a result of back-mutations of the mutant strains CL6099 and
C16129.

(vi) Microscopic analysis of plasmbdium formation by ALC strains

Adler et al. (1975) carried out a microscopic analysis of plasmodium
formaticn in ALC strains and concluded that the life cycle of these strains
lacked the amoebal phase; spores germinated to yield plasmodia rather than
amoebae. |

To determine whether the four ALC strains identified in (iii)
showed plasmodium formation direct from spores, filming slide cultures
were set up with about 104 spores per culture. Spores of (CL6082)2,
(CL6111)3, (CL5001/8)7 and (LU648)5 were observed daily, and alsc (CL)20
spores as a control. (CL)20 spores began to germinate within one day,
yielding uninucleate amoebae. These amoebae proliferated and after &4
days some binucleate cells were visible within dense colonies of amoebae

3

(probably 10 celis or more). Plasmodia were seen after 5-6 days.
Spores of ALC strains germinated after 1-6 days and uninucleate amoebae
were observed in all cultures (Adler gz_gi.‘also reported that amoebal
colonies developed in some ALC strains). Plasmodia were observed after

5-7 days. Two plasmodia developed well away from any amoebae, so that it

was clear that they had either germinated from a spore or developed from
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an amoeba directly after germination. Due to the presence of amoebae
in the cultur;s, the possibility that plasmodia arose from groups of
5-10 amoebae could not usually be excluded.
It was conciuded that these observations were consistent with
the conclusions of Adler et al. that plasmodia arose directly from spores.
However, in no case was there proof that this was so; plasmodia might
have been formed within very small amoebal colonies. No attempt was
made to distinguish these alternatives, though. it would probablybhave been

possible with time-lapse cinematographic analysis.

3.3f Crosses of NPF mutants with a heterothallic strain

Wheals (1973) showed that an amoebal-plasmodial transition
mutant carrying a single nuclear gene mutation unlinked to the mating
type locus could be identified by analysing progeny of a plasmodium
formed by crossing the mutant strain with a heterothallic strain. He
crossed amoebae of strain APT1 with a mt, strain. One quarter of the

1

amoebal progeny of the cross formed plasmodia in plaques (th;a t-1"
recombinants) and the remainder failed to form plasmodia. A similar
analysis was carried out on all the NPF strains to detect mutant alleles
at putative npf loci unlinked to the mating type locus. "~ APT1 was also

included in this analysis.

(i) Preliminary screening for npf alleles at loci unlinked

to mt Crosses were set up at 26°C or 28.5°C of all the mutants (which
carried the fusA2 allele) with LU648 (g54;33§A1). In each case plasmodia
which fused with group III (fusA1/fusA2) tester plasmodia were recovered,
indicating the formation of hybrids in the crosses. Plasmodia which
fused with group V (£g§A2) testers were also recovered from some mixtures,
and from at least some mutants these apparently uniparental plasmodia

arose at frequencies higher than those at which plasmodia were formed in
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puddles of the mutants alone. This stimulation of "selfing" is
described in detail in.Chapter 4.

Spores were obtained from one hybrid plasmodium derived from
each cross. About 100 amoebal progeny clones were isolated from each
spore batch, plated on DSDM agar and incubated for two weeks at 26°C
or 28.3°C, as appropriate. The results indicated that only CL6III and
AFT1 carried mutant alleles at loci unlinked to mt, since only progeny
of the crosses CL6III x LU648 and ADT1 x LU648 included one quarter
which formed plasmodia in plaques (see Table 21). Four other crosses
each gave rise to one amoebal progeny clone which formed plasmodia in
plaques. These four clones were shown not to be normal haploid products
of meiosis and were excluded from consideration in further analyses of
the crosses. The nature of these anomalous clones is discussed in (viii)

The failure to detect mt”;npf* recombinants, except from the
crosses involving CL6III and AFT1, could be explained in several ways.

The most likely explanation was that NPF strains other than CL6III
carried mutations at or closely liniced to the mating type locus. However,
two other possibilities existed; either the plasmodia which were assumed
to be diploid heterozygotes were in fact haploid heterokaryons, so that
no recombination of nuclear genes was possible, or the mutants carried
extranuclear mutations inherited by all progeny of the crosses with

LU648.

(ii) Attempt to determine whether the crosses with LU648
yielded diploid heterozygotes If hybrid plasmodia formed in crosses of
the mutants with LU648 were haploid heterokaryons, no recombination of
nuclear genes would be detected in the progeny. Amoebal progeny of all
the crosses, except those involving CL6III and ARD1l, were classified for

their mt and fusA alleles (Tables 22-25). To do this, progeny were each



Table 21. Formation of plasmodia in plaques by progeny of

hybrid plasmodia derived from NPF x LU648 crosses

Progeny plated on DSDM agar

Hybrid plasmodia

Plasmodia Amoebae
in plaques only
(CL6049 X LU648)1 1 104
(CL6082 z LU648)3 0 99
(CL6C89 X LU648)9 0 96
(CL6099 X LU648)3 0 89
(CL6100 x LU648)10* 0 100
(CL6111 X LU648) 3T 21 79 1
(CL6II5 x LU648)4x* 0 100
(CL6129 x LU648)3 105
(CL6130 X LU648)3 1 99
(CL6134 X LU648)2 0 98
(CL6136 X LU648)5 1 98
(CL6143 x LU648)11 100
(cL5001/8 x LU648)12 1 99
(AFT1 x LU648)3 23 77

Tested at 28.5°C.



Table 22, Segregation of mb, and mt

alleles in

progeny of the plasmodium (CL6049 x LU648)1

Plasmodium formation when progeny

clones inoculated in puddles:-
Alone with LU648 with LU688

Number

in class

- - + -
+ - - -
- - - - + +
- - + - + +

- - - + +

- + - 4+
- - - - + -
+ 4 + + + +

N

* %

-

¥* %

.

A%

|21
o N

Each test carried out in duplicatet + + = plasmodia in

both puddles, + - = plasmodia in one puddle, - ~ = 1o

plasmodia.

* ¥ *
Retesteds result as

A

Segregation mt, & mt significantly different from

h © =1
131 (0.05>p>0.01).

Genotype of CL6049 mt, ;npf .
Genotype of LU648 mt
Genotype of LU688 mt,.




Table 23, Segregation of fusA? and fusA2 alleles in progeny

of the plasmodium (CL6049 x LU648)1

. *
Fusion behaviour of derived

Deduced Number
plasmodia with testers of groups:- progeny in
I 11T v genotype class
F NF NF fusAt 54
54
NF F NF fusA2 44
NF NF F fusa?2 _6
50
— ——.,....J.

% _
plasmodia derived by crossing progeny clones with LU648

(_1111;_1;£1_1__s_.ﬂ.1) or LU688 (g‘gz;_f_l_l_s_m.).

F = fusion. NF = non-fusion.

Segregation fusAl : fusA? not significantly different from

131 (p>0.05).

Genotype of CL6049 fusA2.
Genotype of LU648  fusAd.



Table 24. Recombination of mt and fusA alleles in progeny
of the plasmodium (CL6049 x LU648)1

Classes - No. in class
Parental -
mt, 3 fusa2
mt 3 fusAt 30
6
Recombinant s~
mt, 3 fusAf 24
mt, 5fusA2 34
58

Segregation recombinantstparentals not significantly different
from 1:1 (p > 0005)0



Table 25» Recombination of mt and fusA alleles in progeny

of hybrid plasmodia derived from ~IPF x LU648 crosses

% Recombinants Parentald
Hybrid prm—ee——— ~_ TTTTTTTTTT
plasmodia mt, ;fusAl mt*;fusA2 mt*;fusA2' mt*;fusAl
1 I '
(CL6049 X LU648)1 1 34 « : 30
(cL6082 x LUe48)3 I 20 26 B 29 24
(CL6089 X LU648)9 30 1 19 20 27
(CL6099 X 1IU648)3 22 25 1 25
(CL6100 X LU648)10" 4 3 6 -
(CL6IIS x LU648)4 2 ’ 4 ' 2 2
(CL6129 x LU648)3 27 25 22 31
(CL6130 x LU648)3 4 4 1 ,
(CL6I34 X LU648)2 3 1 1 1 3 3
(CL6I36 X LU648)5 2 i 2 i 2 4
(CL6I43 X LU648)11 4 ; 3 1 5 1 8
(CL5001/8 X LU648)12:, - 1 7 i 2 1 4

Progeny classified as shown in Tables 22-24.



inoculated into two 0.2 ml bacterial puddles alone, two puddles with
LU648 amoebae and two puddles with LU688 amoebae (EEQ)' The puddles
were incubated for éix weeks.,

Amoebal clones which formed plasmodia in both puddles with
LUé48 were classified as gzh;gg_f. Clones which formed plasmodia in
both puddles with LU688 were classified as nt,. None of the mutants
crossed readily with LU688 (see 3.3i), so that each progeny clone
normally formed plasmodia with one or other of LU648 and LU688. The
classification for mt alleles of progeny of the cross CL6049 x LU648 is
shown in Table 22. [FEach test cross was carried out in duplicate to
exclude mis-scoring as a result of low frequency clonal plasmodium
formation; examination of progény inoculated alone showed that the'
frequency of clonal plasmodium formation was not markedly different from
that found for the parent strains (see 3.3e).

Plasmodia formed in puddles with LU648 or LU688 were tested
for their fusion behaviour and the fusA alleles carried by the progeny
clones were deduced from the results. Table 23 shows the classification
for fusA alleles of progeny of the cross CL6CLY x LUE48. A single
plasmodium derived from each progeny clone was tested. LU648 and
LU688 both carried the fusA1 allele, so that recovery of group III
(fusA1/fusA2) or group V (fusA2) plasmodia from test cross ﬁuddles
indicated crossing or '"selfing'", respectively, of fusA2 progeny.

Group I (fusA1) plasmodia were assumed to arise from crossing or "selfing"
of fusA1 progeny, though clonal plasmodium formation by LU648 or LU688
when in mixtures with fusA2 progeny could have led to fusA2 clones being
incorrectly designated fusA1. This source of error was probably of
little significance, since 12 clones classified in this way as £E§A1 all

gave rise to group III plasmodia when mixed with known fusA2 strains.
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Recombinant types were identified within each set of progeny
tested. Table 24 summarises the classification for mt and fusA alleles
of progeny of the cross CL6049 x LU6L4S. Table 25 summarises the results
of analyses of all the NPF strains except CL6111. Where sufficient
numbers were classified allele ratios were no;\;g;nificantly different
from 1 : 1 (p» 0.05 except in one case where p 70.01) and there was no
significant deviation from free recombination of mt and fusA alleles
(p)0.0S). It was concluded that the progeny were derived from
peterozygous diploid plasmodia. .Thus the failure to detgct Ezh;gggf
recombinants, except from the cross CL6111 x LUG48, was not due to

failure to form diploid crossed plasmodia.

(iii) Crosses to determine whether NPF mutants carried

extranuclear nutations If scme of the NPF strains failed to form

plasmodia because they carried extranuclear mutations, the cytoplasmic
factors involved were presumably egually distributed to both mtl and Eﬁq

progeny of the crosses with LU6LS. Since all the gﬁh progeny of most
crosses failed to form plasmodia, it followed that in these crosses all
progeny must have carried the cytoplasmic factors.

It seemed likely. that two strains carrying the same factor
preventing the formation of clenal plasmodia would be unable to cross with
one another. Thus a gzq;£2§A1 clone was selected from among the progeny
of each cross with LU648 which did not yield gﬁh;ggff recombinants.
These clones were inoculated into 0.2 ml bacterial puddles with the -~
corresponding mutant strains (fusA2).

Plasmodia of group III (fusA1/fusA2) fusion behaviour were
recovered from each of these crosses, indicating the production of hybrid

plasmodia. This seemed to Suggest that extranuclear mutations were not

involved, and that the NPF strains must carry nuclear gene mutations at or



closely linked to the mating type locus. However, the basis of the test
was shown to Se doubtful when it was found that strains carrying the
(nuclear) mutant allele present in CL6111 were able to cross with one
another (see (vi)).

(iv) Heterokaryon tests to determine whether NPF mutants

carried extranuclear mutations Two non-revertant plasmodia formed

clonally from CL6039 and CL6099 (see 3.3e) were each allowed to grow into
contact and fuse with CL5001 plasmodia (Eﬁh;lggr1—) to form heterokaryons.
Fifty amoebal progeny of each heterokaryon were isclated, plated on DSDM
agar and incubated for two weeks. Some progeny formed plasmodia in
plaques and were shown to be 22271-, while the remainder failed to form
plasmodia in plaques and were shown to be }ggf1+ (see Tables 26 and 27).
Thus none of the }2271- progeny acquired the mutant phenotype. This was
strong evidence that CL6089 and CL6099 did not carry exiranuclear iutations.
Since CL6089 and CILA099 were representatives of the two
complementation groups subsequently identified in the strains carrying
apparently mt-linked mutations (see 3.3h), it was concluded that all the
mutant strains, except CL6111 and APT1, probably carried nuclear mutations

at or closely linked to the mating type locus.

(v) Analysis of progeny of the cross APT1 x LU648  Progeny of

the plasmodium (APT1 x LU648)3 were analysed. Clones which formed

plasmodia in plaques were classified as mtl;ant-1+. These plasmodia

were classified for fusA alleles. The remaining clones (mﬁh;agt—1- and
EEq) were classified for mt and fusA alleles as described in (ii). Amoebal

clones carrying Eiq were classified for apt-1 alleles by incubating them

in puddles with mti;aRt-1' strains; mt

__4;fusA1 progeny were mixed with

APT1 (mtl;fusAZ;apt-1-) and mt

mt,;fusA2 clones were mixed with LU86,

(a mt, ;fusA1;apt-1_ progeny clone of the cross). Clones giving rise to
mt, siusai;apt.
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group III plasmodia in these crosses were designated ggq;agt—1+, and
those not giving rise to group III plasmodia were designated gzq;agt-1-.
The results of the analysis are summarised in Table 28.

(vi) Analysis of progeny of the cross CL6111 x LU648  Amoebal

progeny clones of the plasmodium (CL6111 x LU648)3 were classified for
mt, fusA and a proposed gene, npfA (see Table 29). Clones which formed
plasmodiarin plaques when plated at 28.500 were designated mt ;22£A+'
The remaining clones were tested for the formation of plasmodia in
bacterial puddles at 26°C, and those which gave plasmodia (within two
weeks) were classified as E§h5EB£A1—' All other clones were classified
as Eﬁh' The segregation of g}h alnd-m_g_1 did not differ significantly
from 1 : 1 (p>0.05), and the segregation of 22£A+ and npfA~ in mt,
clones was also not significantly different from 1 : 1 (p> 0.05).

All progeny were classified for their fusA alleles (231 progeny
were crossed with LU688 to give plasmodia to be tested). Two clones
initially classified as g}h;n fA1™ were excluded from the snalysis when
it was found that they were heterozygous at the fusA locus. Further
information about these clones is given in (viii). Segregation of fusA1
and fusA2 did not differ significantly from 1 : 1 (p> 0.05).

To detect the segregafion of 52£A+ and £2£A1“ in the EEq progeny,
attempts were made to cross them (at 28.5°C) with EE£A1— clones. It was
expected that, if 22£A1- strains were unable to cross with one another,

1
type with mt;;nEfA1- strains carrying different fusA alleles (the mt,

half the mt, progeny (npfA1 ) would not form plasmodia of hybrid fusion

npfA1~ strains used were LUB67%fusA1, and LU868,fusA2). However, all the

g£1 clones gave rise to hybrid fusA1/fusA2 plasmodia in these crosses.

To determine whether any of the Eiq

was necessary to analyse mt; progeny of these hybrid plasmodia. -Twenty

clones carried the anA1- allele, it



Table 28. | Analysis of progeny of the plasmodium
(APT1 x LU648)3

apt-17  apt-1" Totals

fusAt 16 11 27 )
mty - 4 nt,)
fusA2 7 12 19 56 fusAt
fusmt 15 14 29) 44 fusA2
=, 54 t,
fusa2 17 8 25
55 45 100

For details of classification see text.

Parental genotypes:-—  APT1 _nlilh;fusAZ;apt—1

LU648 g_n_t_1 s fusA1 ;a'ot-1+
Recombination between:-
mt and gpt-1, recombinants 45 : parentals 55
apt-1 and fusA , recombinants 49 : parentals 51

mt and fusA , recombinants 52 : parentals 48

Allele ratios and recombinants : parentals do not differ
significantly from 131 (p>0.05).



Table 29, Analysis of progeny of the plasmodium
(CL6111 x LU648)3

npfA”  npfA1”T Totals
fusAl 9 18 27 ;
mby 3 47 mt,
fusA2 12 8 20 51 fusAl
tusat (2)° (2) 24 , AT fusA2
mty 51 mt
sz (2) (2) 27
25 30 98

*
Figures in parentheses refer to a sample of only eight

mt, clones classified for npfA.
For details of classification see text.

Parental genotypes:~ CL6111 gjc_pfusAZ;gp_f;M'
' 1U648 _rﬁﬁfusM;npfA"'

Recombination between:-
mt and npfA, recombinants 25 : parentals 30
npfA and fusA, recombinants 34 : parentals 21

mt and fusA, recombinants 54 : parentals 44

Allele ratios and recombinants 3 parentals do not differ
significantly from 131 (p>0.05).
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amoebal clones derived from each of eight hybrid plasmodia were isolated;

: . . + -
mti clones from four plasmodia showed segregation of npfA' and npfA1 , but

all mt] progeny of the remaining four plasmodia carried the npfA1 allele.

Segregation of fusA1 and fusA2 was detected in the gﬁh progeny of all

eight plasmodia. It was concluded that four hybrid plasmodia had arisen

from ggq;nEfA+ clones and four from mt, jn fA1~ clones. Thus, although

1
the anA1— allele prevented clonal plasmodium formation, it did not
prevent plasmodium formation in crosses between nEfA1— strains.

The analysis of the cross CL6111 x LUG48 showed no significant

deviation from free recombination of npfA, mt and fusA (p70.05).

(vii) Test for allelism of npfA1 and apt-1~  In order to test

for allelism of npfA1” and apt-17, amoebae of strain LUB6?7 (mt,;fusAl;
npfA1”) were crossed with LUB66 amoebae (LUB66 was a EE4;23§52;333¢1'
progeny of the cross APT1 x LU648) and plasmodia which fused with group
IIT (fusA1/fusA2) tester plasmodia were recovered. Spores were obtained
from one of these crossed plasmodia, (LU866 x LU867)1, and germinated.

Two hundred amoebal progeny clones were isolated, plated on DSDM agar

and incubated at 26°C for two weeks. It was expected that, if Eﬁfﬁq-

and apt-1~ were mutant alleles at two unlinked loci, approximately one
eighth of progeny clones would fqrm plasmodia in plaques (gzh;gggﬁ+;22£71+
recombinants), one eighth would form a few "delayed" plasmodia per plate
(gjh;ggiﬁ1—;gng1+) and the femainder would fail to form plasmodia. The
absence of clones able to form plasmodia in plaques would indicate that
npfA1” and apt-1 were alleles of the same locus, or of closely linked
loci. Twenty-three clones formed plasmodia in plaques (11 fusi1 : 12
EEEAZ) and 33 formed "delayed" plasmodia. Neither of these numbers
differed sigrificantly from the expectation for two unlinked loci(pY 0.05).

(viii) Analysis of anomalous clones In the crosses of NPF
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strains with LUG48 (see (i)) six anomalous clones were identified and
excluded from the results of the appropriate analyses. These clones

were redesignated IU890-LU895 (see Table 30). Three clones which formed
plasmodia in plaques were shown definitely not to be haploid Ezh;gng
recombinants; plasmodia formed clonally from LU891-LU893 were found to
have approximately diploid nuclear DNA values (i.e. about 1.2 pg DNA/
nucleus instead of about 0.6 pg), and LUB91 and LU892 gave rise to
plasmodia of group III fusion behaviour (indicating heterozygosity at the
fusA locus at least). A fourth clone, LU890, which formed plasmodia in
plaques was found to give rise to a group V plasmodium with approximately
haploid nuclear DNA content. This result did not exclude the possibility
that LU890 was a haploid gzh;ggif recombinant; however, attempts to cause
sporulation of the plasmodium (LU890)1 failed and it was suspected that
this might be due to some genetic abnormality. Two clones derived from
the plasmodium (CL6111 x LUG48)3 were initially classified as gﬁh;ggiﬁﬁ-
but were subsequently shown to give rise to group III plasmodia; LUS%
amoebae and a clonally derived plasmodium were tested and found to contain
nuclei of apparently haploid DNA content. The results of these
preliminary investigations of LU890-LU895, which indicated that LU891-LU895
could not be normal haploid products of meiosis, are shown in Table 30

and Figure 24.

In order to obtain further insight into the anomalous behaviour
reported above, progeny of soﬁe clonally formed plasmodia were analysed.
Adler and Holt (1975) showed that diploid (or near diploid) amoebae
heterozygous at the mating type locus gave rise to plasmodia in plaques
without change in nuclear DNA content. Thus the likeliest explanation of
the behaviour of LU891-LU893 was that these were diploid clones -

heterozygous at the mating type locus. In order to test this possibility,
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Figure 24. Nuclear DNA contents of amoebae and plasmodia of anomalous
clones identified among the progeny of NPF x LU648 crosses. 1 (LUB90)1,
2 (LuS9il)1. 3 (LUB92)1., 4 (LU893)1. 5 LUBY4 6 {LUBY4)1. '
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twenty amoebal progeny of (LU892)1 and (LU893)1 were isolated. All
failed to forﬁ plasmodia in plagues. The clones were classified for
their mating type alleles in the same way as described in (ii). Progehy
derived from (LU892)1.were also classified for fusA alleles. Progeny
derived from (LU893)1 were classified for leu-1 alleles. These analyses
are shown in Tables 31 and 32. In each case both Ezh and EEH types.

were recovered and recombination of gz_and fusA or leu-~1 was detected.

This was consistent with the view that these apparently Ezh;gng
recombinant clones were in fact diploid heterozygotes.

The preliminary analysis of LU89C failed to exclude the
possibility that this was a ﬂzh;gzgf'recombinant clone, though the failure
of the plasmodium (LU890)1 to sporulate suggested that it was defective
in some way. If the formation of plasmodia in plaques was promoted by
heterozygosity at the mating type locus, not all mating type heterozygotes
would necessarily contain diploid nuclei; aneuploid nuclei might centain
two chromosomes carrying different mating type alleles. Microdensito-
metric analyses of nuclear DNA contents were not sufficiently accurate to
exclude this possibility.

If LU890 émoebae were heterozygous at the mating type locus due |
to aneuploidy, segregation of mating type alleles might occur in progeny
of the plasmodium (LU890)1. Since the plasmodium failed to sporulate,
it was fused with a CL5001 plasmodium (Ezh;lggr1-) to form a heterckaryon.
The heterokaryon was caused to sporulate and 50 amoebal progeny clones
were isolated. They were plated on DSDM agar and incubated for two weeks.
Forty-four clones formed plasmodia in plaques; all these plasmodia were
shown to carry the 22271_ allele and were thus presumably derived from

CL5001 nuclei. The six clones which did not form plasmodia were

inoculated into bacterial puddles with LU871 (a mt, ;fusA1 progeny clone



Table 31.  Analysis of progeny of the plasmodium (LUS92" )1

fusAt 3
mt, 6 mt, »
fusa2  3) 15 fusAf
fusAt 12 5 fusA2
mt 14 mt,
fusA2 2
20

¥ L0892 = (CL6136 x LU648)5:61
For details of classification see (ii).

Allele ratioss-

gﬁh:mi1 not significantly different from 131 (p>0.05).
fusAlsfusA? significantly different from 131 (0.05>p>0,01)..

Recombination between mt and fusA, (recombihants 5 @

parentals 15) not significantly different from 131
(0.05>p>0.01).



Table 32. Analysis of progeny of the plasmodium (LU893 )1

Zeu-1* 5;
mhy _ ) temty, R
leu-1 7T 11 leu-~1
leu-1" 6 9 leu-1"
mt, {8,
leu~1 2
20

*1U893 = (CL5001/8 x LU648)12:17. CL5001 was leu-1"

mt: classified as in (ii) exzcept that tester clones were
LU860 @1;fusA1;1eu-1‘) and LUB58 (mt,;fusdl;leu-17),

leu-1: group III plasmodia from crosses of progeny with LU860
or LU858 tested for growth on DM-1 agar and DM-1 + leucine
(homozygous leu-1" plasmodia die on DM-1 but grow on DM-1 +

leucines leu-1" plasmodia grow on both).

Allele ratios:-
mt, ¢ mt, not significantly different from 131 (p>0.05)
leu-1T1leu-1" not significantly different from 1:1 (p>0.05)

Recombination between mt and leu-1 (recombinants 13 @

parentals 7) not significantly different from 1:1 (p>0.05).
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of the cross CL60O49 x LU648) and LUELS8 (Eﬂq;£2§ﬁ1>- Four ciones formed
group III plaémodia with LU871, indicating that they carried the EEH
allele, and two clones formed group iII plasmodia with LU648, indicating
that they carried the g&h allele. This result (see Table 33) suggested
that LU890 carried two different mating type alleles, and thus that the
clone might by aneuploid. The results were consistent with the hyppthesis
that the formation of plasmodia in plaques was promoted by heterozygosity
at the mafing type locus.

The behaviour of the clone LU894 could also be explained by
aneuploidy. Forty-seven amoebal p;ogeny of the plasmodium (LU8S4)1
were isolated and plated on DSDM agar plates at 26°¢. All clones formed
"delayed" plasmodia within two weeks, indicating that they were of the
genotype EEh5EE£A1-' vThe plasmodia were teéted for their fusion
behaviour and were found to include representatives of groups I, IIIX
and V (see Table 34). The segregation of plasmodia of groups I (fusA1)
and V (fusA2) was not significantly different from 1 : 1 (p>0.05), and
was thus consistent with heterozygosity of the fusA locus due to
aneuploidy. The presence of group III (fusA1/fusA2) plasmodia indicated
that, if aneuploidy was the correct explanation for the behaviour of
LU89%4, this state could be maintained for many nuclear generations and

through sporulation (though not necessarily through meiosis since the

plasmodium was not diploid).

3.3g Screening of '"'delayed" strains for mutations at loci unlinked to

the mating type locus

The results described in 3.3f indicated that 12 of the 13 NPF
strains isolated in this study carried nuclear gene mutations at or

closely linked to the mating type locus. NPF strains, rather than
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"delayed" strains, were chosen for detailed genetic analysis because
they could be handled as easily as heterothallic strains. However, in
order to determine whether most of the "delayed" strains also carried
mutations associated with the mating type locus, a number of such strains
were analysed. [Eight "delayed" strains isolated from different enrichment
lines were inoculated into 0.2 ml bacterial puddles with LU862 amoebae
(g’gB;gx_sim - the derivation of LU862 is shown in Appendix 2). The |
puddles wefe incubated at 29-3000. Two plasmodia were picked from each
pﬁddle and tested for their fusion behaviour with plasmodia of groups I,
III and V. All plasmodia fused only with group III (£E§A1[§5§§2) testers,
indicating the formation of hybrid plasmcdia in the crosses. One hybrid
plasmodium from each cross was caused to sporulate and 20 amoebal progeny
clones were derived from each spore batch and anlysed (see Table 35).

In order to test for mt alleles, progeny clones were plated on
DSDM agar with E, coli and incubated for two weeks. Clones wnich gave
rise to plasmodia were classified as mt, and those which proliferated only

LT

as amoebae were designated 234. In each case the segregation of gﬁh and

mt, was not significantly different from 1 : 1 (p) 0.05).

Two classes of plasmodium formation were recognised; some
clones formed plasmodia in plaques at the same time as CL.controlé and
were designated ""CL-like'", while some clones showed the "delayed" phenotype
of the appropriate mutant parent. Seven crosses of "delayed" mutants
with LU862 yielded progeny of both the above types, suggesting that the
seven mutants involved might carry nuclear gene mutations unlinked to the
mating type locus. The overall segregation of CL-like and ''delayed"
plasmodium formation in the mt, progeny of these seven crosses was not

LAY

significantly different from 1 : 1 (p)0.0S). All the E-Eh progeny of a

further two hybrid plasmodia formed plasmodia with the same "delayed"



Table 35» Analysis of progeny of "delayed” x LU862 crosses

Plasmodium formation by progeny

Hybrid plasmodia clones plated on DSDM agar
Cl*like 'delayed” none

!  (CL6011 X LU862)1 { 0 ' 6 14
1  (CL6058 x LU862)1 1 s | 5 1
! (CL6O6I X LU862)1 1 6 ! 6 8
I (CL6062 X LU862)1 0 1 6 14
j  (CL6063 x LU862)1 4 I 7 9
;  (CL6066 X LU862)1 i;_L 3 11 5 11 12
i (cL6070 x Lu862)1 1 5 1 3 T 12
1 (CL6081 X LU862)1 6 1 8 6
! (CL6104 X LU862)1 ‘ 9

CL-like: plasmodia formed in plaques after 4 days, as in
CL controls.

"Delayed” : plasmodia formed as in control plates of
appropriate mutant strains.

None: no plasmodia formed within 14 days.
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phenotype as control plates of the corresponding mutant strains. Thus
there was evidence that these two strains carried mutations linked to the
mating type locus.

Plasmodia derived from all th progeny clones were tested for
their fusion behaviour with known plasmodia of groups I, III and V. In
each case some Ezh progeny gave rise to group I (£2§A1) plasmodia and
some to group V (fusA?) plasmodia. No group III (fusA1/fusA2) plasmodia

were identified. In each case individually testable, and overall, the

ratio of fusA1 to fusA2 plasmodia was not significantly differeant from

1: 1 (p»0.05). From the 1 : 1 segregation of fusA1 and fusA2 alleles
among the EEh clones it was concluded that all the progeny were derived
from heterozygous diploid plasmodia.

These results suggested that most ""delayed" mutants did not
carry mutations closely linked to the mating type locus. No attempt
was made to analyse these strains further, so that it was not possible to

determine whether few or many loci were involved, nor whether some mutants

carried mutations of the apt-1 or nEfA loci.

3.3h Complementation of NPF strains

The analysis of crosses with LU648 (see 3.3f) indicated that
12 of the 13 NPF strains carried nuclear gene mutations in or closely
linked to the mating type locus. In order to determine whether all 12
mutants were defective in the same gene, an attempt was made to test
complementation between them. It was not evident at the outset that
such an anlysis would succeed; it was not possible to carry out
complementation tests using pairs of strains of different mating types
and it was not known whether fusion of amoebae of the mutant strains could

occur. (The cytological analysis of plasmodium formation in CL amoebae -
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see Chapter 2 - had shown that amcebal fusions were not necessary for
plasmodium formation in this strain but did not exclude the possibility
that they sometimes occurred). CL6111 (_gl_t_h;n fA1 ) and APT1 (_n_l_i_:h;_a_pi-1-)
were included in the analysis.

Amoebal clones of the class designated mt, ;npf ;fusA1 (or
g}h;22371-;£2§A1) were selected from progeny of the mutant x LU648 crosses
(see 3.3f). Clones corresponding to each of the NPF mutants and APT1
were selected and designated LU864, LU867, and LU871-LUB83.  All possible
mixtures of these derivative strains with the original mutants were set
up in 0.2 ml puddles of bacterial suspension on DSDM agar plates. Each
mixture of amoebal strains was inoculated into five puddles which were
incubated at 2600, or 28.500 if temperature-sensitive strains were
involved. Each pair of independently isolated mutations was thus
crossed ten times (e.g. five CLEO49 x CL6082-derivative puddles and five
CL6082 x CL6049-derivative puddles), while each mutation was tested
against itself only five times. Plasmodia which arose were tested for
fusion with known plasmodia of groups I, III and V.

Sixty-four out of 196 combinations of strains were found to give
rise to hybrid fusA1/fusA2 plasmodia (i.e. group III). The results
obtained for non-temperature-sensitive strains (see Table 36) were
consistent with the interpretation that the strains carrying mutations
associated with the mating type locus were defective in one or other of
two genes, which were designated npfB and npfC. All npfB~ x npfC~
cohbinations gave hybrid ﬁlasmodia, but no 2225- X 2223- or 2229- X 5229-
combinations did so. Both 2223- and 2229- strains crossed with §2£71-
strains. While mixtures of strains carrying different mating type
alleles routinely gave plasmodia in nearly 100% of puddles within two

weeks, only about 40% of puddles of the complementing combinations shown
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in Table 36 did so, and these plasmodia arose during the period 2-6 weeks
after inoculation.

The efficiency of complementation was even léwer with puddles
involving temperature—sensitive‘strains at 28.5°C. Out of a total of
375 puddles incubated at 28.590, only three gave rise to plasmodia of
hybrid fusion type. The combinations of strains were CL6100 x CL6099,
CL6111 x CL6089, and CL6115 x CL5001/8, allowing the mutant alleles 22237_
and £2£ﬁ8~ to be tentatively assigned to the temperature-sensitive strains
CL6100 and CL6115, respectively. Since it was known that CL6111 carried
é mutation at the npfA locus, while CL6100 and CL6115 did not, it seemed
likely that the iow efficiency of complémentafion at 28.5°C was due to
the elevated temperature, rather than particular characteristics of the
temperature-sensitive strains. This interpretation was confirmed when
50 puddles of non-~temperature-sensitive strains found to complement at
26°C were incubated at 28.500; no hybrid plasmodia were formed.

Nuclear DNA contents of 16 different hybrid plasmodia obtained
in the complementation tests were estimated by scanning microdensitometry
of Feulgen-stained preparations (see Table 37 and Figures 25 and 26).

Mean values of 1.1-1.4 pg DNA/nucleus were obtained for each plasmodium.
These were compared with values of 1.1-1.5 pg DNA/nucleus for the
plasmodia formed by crossing the mutants with LU648 (Table 37 and Figure
26), and 0.5-0.8 pg DNA/nucleus for amoebae of the mutant strains, CL and
LU648 (see Table 15 and Figure 22). Thus all the hybrid plasmodia tested

appeared to be diploid rather than haploid.

3.31 Effects of npfB and npfC on the specificity of mating reactions

Since the genes npfB and npfC might be components of the mating

type locus, attempts were made to determine whether npfB~ or npfG~ strains



Table 37» Mean nuclear MA contents of plasmodia formed by mutant strains

crossed with one another and LU648

] * %
’

NoT Plasmodia DNA 1No. Plasmodia DNA
(pg/nucleus) (pg/nucleus)
1 T i
1 (CL6049 x LU648)1 1.32 . cL6049 x c1.6099 1.28
2 ! (CL6082 X1LU648)3 1.23 16 ' cL6049 x crL5001/8 1.25
, 3 ! (CL6089 XLU648)9 1.44 17 ~CL6049 x aPT1 1.24
"4 (CL6099 X LU648)3 1.20 18 ' CcL6082 x CL6099 1.27
5 (cL6100 X LU648)10 1.21 ;19 CL6082 x APT1 1.16
I 6 I (cL6111 X LU648)3 1.33 20 CcL6089 x CL6143 1 1.38
7 (CL6II5 X LU648)4 1.54 21  CL6099 x cLe100 i 1.34
8 (CL6129 X LU648)3 1.25 22 CL6099 X CL6129 1.15
i 9 (CL6130 X 1LU648)3 1.45 23 CL6099 x CL6130 ! 1.29
10 (CL6134 X LU646)2 1.14 124 i CL6II5 x cL5001/8 1 1.11
I (CL6136 X L.U648)5 1.34 125 5§ CL6129 x CL6136 1.29
12 (CL6143 x LU6B48)11 1.48 126  CL6129 x CL6143 1.32
I 13(C1I3001/8 X LU648)12 1.27 127 ' cL6130 x CL6136 1.07
I14 1 (APT1 X LU643)3 1.06 128 CL6130 x CcL6143 1.16
129 CL6134 x CL6136 1.17
30 cL6134 x cn5001/8 1.21
See Figures 25 and 26.
" Each of these plasmodia was the product of a cross between one of the
original mutants and a derivative strain. Thus plasmodium no. 15 was in

fact (CL6049 X LU879)1.



Figure 25, HNuclear DNA contents of crossed plasmodia isolated from
mixtures of NPF and LU648 amoebae. See Table 37 for key to strains.
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Figure 26. Nuclear DNA contents of plasmodia of hybrid fusion type
isolzted in the complementaticn analysis of NPF strains. See Table 37

for key to strains.
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were altered in their ability to cross with strains carrying various

mating type alleles. The mutants carrying nEfB- or nEfC- alleles were
inoculated into 0.2 ml puddles of bacterial suspension with amoebae of
Egh, mta, 925 and EE#'
plasmodia when crossed with LU648 (224), as already shown in 3.3f.

All the mutants formed heterozygous diploid

Plasmodia of appropriate hybrid fusion behaviour (group III) were also .
obtained from all puddles with LU862 (EEB;£E§A1) and LU863 (234;£3§A1).
LU688 (QEQ;£5§A1)'crossed very inefficiently, or not at all, with NPF

strains. Wheals (1970) had also found that the efficienéy of certain.

Ezh X EEQ Crosses was very low.' Since Dee (1966) Had noted that

crosses between closely related strains were particularly prone to failure,
a EEQ strain which was not of Colonia genetic background was used to
obtain the results shown in Table 38. This strain, i, was of the
genotype 552;£E§A2;£2§32. Thus, to allow identification of hybrid
plasmodia by their fusion behaviour, amoebae of strain i were mixed with
gﬁh;£E§A1;£5§§1 progeny of the mutant x LUEL8 crosses (the same clones,
LU867-1LU883, were used as in 3.3h). Five puddles of each test were set
Upe. All puddles involving ER£B+;£2£Q- strains gave hybrid (group IV,

fusA1/fusA2;fusB2) plasmodia but no hybrids were produced with nEfB-;nEfC+

strains.

3.4 DISCUSSION

The joint application of mutagenesis and enrichment procedures
in this work yielded 13 independently isolated NPF strains. The number
of mutants per viable cell after mutagenesis was about 7 x 10_6 and

3

enrichment and screening procedures used a total of about 2 x 107 plates.

No attempt was made to isolate mutants without enrichment but the probable



Table 38. Crosses of NPF strains with strains of

various mating types

rFormation of plasmodia of hybrid
Mutant Genotype fusion type with araocebae of%-
strains mtA E?pg mt
CL6049 npfBl" ;npfC* + - + +
CL6082 npfB2" ;npfC* - + +
CL6089 np£B3™;npfC** +. - + +
CL6129 npfB4~;npfC* + - + T
CL6130 ;2ipfc* + - + +
CL6134 nofB6 ;npfC* + - + +
CL6IOO np£37" ;npfC* + - + +
CL6II5 npfSS ;mofC"*" - + £
CcL6099 npfB'*' ;npfC1~* + + + +
CL6136 np £BE; npfC2" + + + +
CL6143 + + +
CL500I/8 npfB+;npfC4" + + + +

Hl-i Strain = LU64B (fusAl;fusBl)

mtg strain = i (fusA2; fus32)

mt”® strain LU862 (fusAI; fusBl)

mt¢ strain LU863 (fusAl; fusBl)

Mutant strains were crossed with mt.,mt-, and rat. strains
to give plasmodia of group III fusion type. Derivative
strains LU87I-LU883 (fusAl;fus3l) were crossed with amoebae

of strain i to give plasmodia of group IV.

+ = hybrid plasmodium formation. - = no hybrid plasmodia.
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effort involved may be calculated. When mutagenised cultures were
plated out to give separate plaques (this was done to obtain viable
counts) the development of different colonies on each plate was very
asynchronous; when the first large piasmodia were migrating outwards
from the plaques in which they had formed, other amoebal colonies were
barely large enough to be visible. Given this degree of asynchrony,
screening of no more than twenty plaques per plate for plasmodium |
formation would have been possible. Thus, to screen 2 x 106 clones,
it would have been necessary to examine about 105 plates. The number
of plates used in the isolation procedure described in this chapter was
only 2% of the number which would have been necessary to screen the same
number of cells without enrichment. The enrichment therefore gave
significant savings of effort and materials provided the use of this
method led to recovery of at least 2% of the mutants which would have
been isoclated without enrichment. If less than 2% of mutants were
recovered, this would imply a mutation rate of about 1 x 10_3 or better.
Poulter (personal communication) failed to isolate NPF strains by NMG
mutagenesis without enrichment but would probvably have succeeded if the
mutation rate had been as high as 1 x 107>,  \heals (1973), using UV +
caffeine mutagenesis but no enrichment, recovered APT (i.e. NPF) mutants
at a rate of about 1 x 10“5 per survivor.

Although the enrichment procedure proved effective in isolating
NPF strains, it clearly restricted the mutant classes recoverable to
those in which amoebae, or small multinucleate cells, retained the
ability to proliferate at nearly the same rate as wild-type amoebae. It
was thus 1ike1y that at least the majority of mutants would be defective
in the initiation of plasmodium formation, and the fact that all the NPF

strains grew as uninucleate cells indistinguishable from amoebae was
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consistent with this view. Dispensing with the enrichment might allow
mutants with defects of later stages in plasmodium formation to be
isolated. One of the'strains which Wheals (1973) isolated without
enrichment was APT1, yet the reconstruction experiment with mixtures of
APT1 and CL amoebae indicated that enrichment for APT1 cells was readily
achieved.

NMG was used as mutagen because it was already known to ba

effective in P. polycephalum (e.g. Cooke and Dee, 1975). However, it

was also known that NMG caused high freguencies of double mutants in
some prokaryotes (Guerola et al., 1971). The analysis of crosses with
LU648 sugéested that none of the mutant - stréins carried unlinked doublé
ngf mutations. A1l the NPF strains grew well as amoebae and
occasicnally gave rise to viable plasmodia. In additicn, when progeny
of the revertant plasmodia (CILE099)9 and (CLE129)1 were examined, it was
found in both cases that reversion was probably due tc mutations linked
to or at the sites of the original EEEB— and 22£9_ mutations. This

was consistent with the occurrence of back mutations and implied that
the NPF phenotypes were due to single nuclear gene mutations.

Adler and Holt (1975) suggested that heterozygosity at the
lmating type locus in diploid amoebae promoted the formation of plasmodia
within plaques. The results obtained in the analysis of anomalous clones
derived from crosses with LU648 were consistent with their interpretation.
From work reported in this chapter it seemed that plasmodium formation
was also promoted by mating type heterozygosity probably due to aneuploidy.
In addition, one clone was shown to be heterozygous for fusA alleles but
not for mating type. This clone did not form plasmodia in plaques but
behaved as expected for a strain of the genotype th;EE£A1-'

The formation of plasmodia in plaques was frequently used to



indicate that amoebal clones were of thé genotype Ezh;ggff. The
possibilify that many clones might be heterozygous at the mating type
locus cast some doubt on this assumption. However, fhere were two
arguments against the formation of mating type heterozygotes leading

to misinterpretation of data. (1) The work of Adler and Holt (1975)
suggested that amoebae heterozygous at the mating type locus were‘mainly
generated in crosses of amoebal strains which were diploid or polyploid.
In the current work it was shown that the NPF mutants and other strains
were haploid rather than diploid. (2) Adler and Holt tested the fusion
‘behaviour of niﬁe mating type heterozygotes clonally deriﬁed from the.
spores of a crosé between strains differing in their plasmodial fusion
genotypes. Four strains retained the hybrid fusion type of the crossed
plasmodium and it might thus be expected that, among the progeny of
crosses of fusA1 and fusA2 strains, a proportion of amoebae heterozygous
at the mating type locus would be of the genotype £3§A1/£E§A2. This
expectation was strengthened when it was found that two of the four
Egh/gzq amoebal clones analysed in this work were also heterozygous for
fusA alleles. Plasmodia formed in plaques were routinely checked for
fusion type and were never (except in the two cases mentioned above)
found to be of group III (fusA1/fusA2) behaviour.

The analysis of the temperature-sensitive mutant CL6111
indicated that a mutation at a locus (npfA) unlinked to the mating type
locus affected the ability of EEh amoebae to form plasmodia in plaques,
but did not affect crossing, even when both strains involved in a cross
carried the same mutant allele. This may indicate that the formation
of plasmodia in plaques requires the function of some product not necessary

in the formation of crossed plasmodia, though it seems likely that most

functions involved in plasmodium formation are the same for both '"selfing"
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and crossing.

In addition to its importance as an amoebal-plasmodial transition
mutant, CL6111 has several features of value in routine genetic analyses.
(1) Dee et al. (1973).demonstrated that APT1 could be used to identify
recessive mutations carried by heterothallic strains and expressed only
in the plasmodial phase. Laborious backcrossing would be required to
reveal such mutations with only heterothallic strains. Dee et al. crossed
amcebae of a heterothallic strain with APT1 amoebae and isolated progeny
clones. One gquarter of the amoebal progeny formed plasmodia within
plaques (gzh;92371+ recombinants) and some of these showed a néw phenotyre, -
plasmodial growth requirement for valine. The details of the analysis of
this valine requirement were complex, but in principle any plasmodial
character due to a nuclear mutation unlinked to the mating type locus
should have been identifiable in plasmodia formed within vnlaques. CL6111
and other strains carrying the §B£A1- allele would be of particular value
in this kind of analysis, since at 26°¢ all the EEh progeny of crosses
with hetercthallic strains would form plasmodia within clones, including
half which would form plasmodia in plaques (Ezh;22£A+)' (2) Cooke and
Dee (1975) used a "delayed" stféin (CLd) as wild type in mutant isolation.
The use of CId alléws large amoebal populations to be obtéined (an
advantage for studying amoebal mutants) but readily yielés clonal plasmodia
which can be scored for plasmodial characters. However, Cooke and Dee
found that most plasmodia isolated from mixtures of CLd and 354 strains |
appeared to have arisen by "selfing' of Cld. The use of CL6111 as a wild
type strain in the isolation of amqebal mutants would be preferable to the
use of Cld; at 26°C clonal plasmodia would be formed as readily as by
.CLd, while at 28.500 mixtures of CL6111 and mt, amoebae would giée rise

1

only to crossed plasmodia.
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Twelve of the thirteen NPF mutants carried mutations at or
closely linked to the ﬁating type locus, and the crosses between these
mutants defined two complementation groups. However, more than two genes
could have been involved, since cell fusion was not demonstrated in those
combinations of strains which did not complement; if cells failed to fuse
there would have been no possibility of intracellular complementation.

The results of crosses with LU648 were pooled for all 5223-
strains and for all 2229- strains. The pooled data indicated that the
probability tﬁat all Eih progeny would be npf-~ (as found) was equal to or
greater than 5% if npfB was O.4 map units or'less from mt and if npfC was
0.8 map units or less from mt.

The complementation 6f strains designated EEfB- and ngp_ gave
rise to diploid plasmodia in every case tested, rather than haploid
heterokaryons. Since this was the normal behaviour of strains carrying
different mating type alleles, the behaviour of these strains was consistent
with their carrying mutations at the mating type locus. This view was not
contradicted by the analysis of clonal plasmodium formation; NPF strains
gave rise to clonal plasmodia at about the same frequency as did hetero-
thallic strains, and progeny of some plasmodia formed in'both NPF and
Aheterothallic clones gave rise to plasmodia in plaques.

One possible explanation for the existefice of two complementation
groups associated with the mating type locus was that these did not
represent mutations in two genes, but that the Ezh allele mutated to
generate heterothallic strains which were able to cross with one another
(EB£B~ might then be assumed to be similar to 232). However, it seemed

unlikely that twelve independent mutational events would generate only two

heterothallic mating types (i.e. nEfB- and npfC~ ), since Collins (1975)

had demonstrated that there were ten different mating type alleles in the
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five heterothallic isolates of P. polycephalum he studied. It was

concluded that 3223_ and 2229— strains probably carried mutant alleles
of two genes.

When Adler and Holt (1975) concluded that the presence of two
different mating type alleles within the same cell promoted plasmodium
formation, they also suggested that EEh might consist of two different
méting type alleles closely linked on the same chromosome. The results
obtained in the complementation analysis of npfB~ and npfC~ strains were
'consistent‘with this suggestion. - If the EEh strains from which the
mutants were derived each contained two mating type alleles, mutation-
causing loss of expression of one allele wouid result in a strain
expressing only the other mating type. Two complementation groups would
be expected, as was found. The failure of EEEB—;ER£p+ strains to cross
with a mt, tester strain would suggest that the ER£9+ allele might be

—2

identical to the EEQ allele.

The nature and role of the mating type locus are discussed

further in Chapter 6.
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CHAPTER 4 STIMULATION OF "SELFED" PLASMODIUM FORMATION

4.1 INTRODUCTION

As was noted in Section 3.3f, some crosses of the NPF mutants
(fusA2) with LU648 (fusA1) yielded not only plasmodia of group III
(fusA1/fusA2) behaviour, but also plasmodia of group V (fusA2). For
example, out of ten plasmodia picked from crosses of CL6CH9 with LU6G4S8,
four were of group V. If, as seemed likely, the group V plasmodia were
derived from amoebae of the NP¥ strains, the frequency of such plasmodia
was higher than would be predicted by puddle tests of the NPF.strains
alone (see 3.3e).

This chapter presents a brief account of preliminary work carried

out to investigate this stimulation of "selfed" plasmodium formation.

4.2 MATERIALS AND METHODS

Methods were as described in Chapter 1. All cultures were

incubated at 26°C.

Strains Amoebae: CL6049 gﬁh;£££31-;£ggﬁa
CL6082 mt, snpfB2”; fusA2
CL6089 mt, snpfB3 ; fusA2
CL6099 mt, ;npfC1; fusA2
CL6143 mt, snpfC3™; fusA2
LU648 mt,;fusAl
- LU688 mt,; fusA1
Lug61 mt . ; fusA2

Lu871 mt, ;npfB1~; fusA1
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Plasmodia: Fusion testers of groups
I fusA
III ' fusA1/fusA2
v fusA2

All strains carried the fusB1 and fusC1 alleles.

4.3 RESULTS

L.2a  Frequency of "selfed" plasmodium formation

In order to estimate fhe frequency with which "'selfed” plashodia
arose within mixtures of strains, attempts were made to determine the
proportion of plasmodia formed which were ''selfed" and the total number of
plasmodia formed within each puddle.

To determine the yproportions of iiselfed” plasmodia, mixtures
of five NPF strains and LU861 (EEE) with LU64S (934) were inoculated into
0.2 ml bacterial puddles on DSDM agar plates. Two small (less than 1 mma),
well separated plasmodia were picked from each puddle and inoculated on to
separate SDM agar plates; the plasmodia were clearly of independent origin.
About 50 plasmodia were picked for éach mixture of strains and tested for
fusion with known plasmodia of groups I, IiI and V. Thé results of this
analysis are shown in Table 39.

The total number of plasmodia formed per plate was estimated by
scanning puddles daily, scoring plasmodia as they became visible (i.e. when
they were 0.5-1.0 mm2) and removing them from the puddle by cutting out
small blocks of agar. This procedure prevented the puddle tests becoming
overgrown by a few large plasmodia. About 25 puddles of each of the
crosses CL6143 x LUA48 and LU861 x LUALB were treated in this wa} and the

average number of plasmodia picked per puddle was about fifteen. This was



Table 39. Proportion of fusA? plasmodia among plasmodia
derived from mixtures of fusAl and fusA? amoebal strains

Fusion type* of resulting plasmodia| % fusA2?
Cross I III vV | plasmodia
C16049 x LU648 0 31 16 34
CL6082 x LU64S 0 49 5 9
C16089 x LU648 0 50 10 17
CL6099 x LU648 0 54 6 10
CL6143 x LU648 1 49
LUB61 x LU643 2 43 2 A
I
* Fusion groupst- I fusAi
IIT fusAtl/fusA2
v fush2

b The first strain shown in each cross carried the fusA2

allele, the second strain fusAt.
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a minimum estimate, since when this number of plasmodia had been cut out
of a puddle, most or all of the puddle had been removed. It was thus
assumed that about twenty plasmodia formed in each puddle, with the
qualification that the real figure was probably much higher.

The number of '"'selfed" plasmodia formed per puddle in each cross
was calculated by multiplying the total number of plasmodia assumed to form
on each plate (20) by the proportion of plasmodia which were of group V
fusion behaviour. The numbers of plasmodia formed per puddle of the NPF
strains and LU861 alone were calculated from the data shown in Table 14.

As shown in Table 40, the frequencies of "selfing" by the three EBEB"
strains in crosses with LU648 were 30-300 times higher than the frequencies
of plasmodium formation in puddles of the Eﬁfﬁ- strains alone. For the
two Eﬂfp- strains and LU861 there was no clear difference between behaviour
alone and with LUE4S.

Evidence from other mixtures indicated that the stimulation of
"selfing'" only occurred in mixtures of strains which were able to cross
with one another. Puddle tests of CL6049, CL6082 and CL6089 were set up
with LU688 (EEQ;£E§A1). As shown in 3.3i, the three EEfB— strains did not
cross with 232 strains. Eight puddles of each attempted cross were set
up. The frequency of group V plasmodium formation (i.e. "selfing")
observed in puddles with LU648 was 1.9-6.8 per plate, yet the 24 puddles
with LU688 yielded‘only one group V plasmodium during six weeks incubation
(this plasmodium arose in the cross CL6082 x LU688). The result was not.
significantly different from that expected for CL6049, CL6082, and CL6089

incubated in puddles alone.

4L.3b Analysis of plasmodia apparently derived from CL6049

The stimulation of "selfing" in mixtures with LU&48 was greatest



Table 40. Comparison of "selfing" fregquencies of amoebal

strains in puddles alone and with LU648

Amoebal Genotype No. of fusA2 plasmodia per puddle:-
strain* with LU648** alone
CL6049 | mt, snpfB1~ 6.8 - 0.02
CL6082 | mt, 3npfB2” 1.9 0.06
CL6089 ! mt, snpfB3” 3.3 0.08
CL6099 | ﬁh;p_p_i_'_cr | 2.0 0.76
c16143 | mt, snpfC3” | 0.¢ 0.20
U861 [L mb | 0.9 0.82

* All carried the fusA2 allele.

W* ¥
fusAi




104

for CL6049 amoebae (mt, sn fB17) and it could be argued that, for any
group V plasmédium arising in the cross CL6O49 x LU648, the probability
that it was formed as a result of the presence of LUG48 was 99.7%.

Two "selfed" plasmodia, (CL6049 x LUL8)8 and (CLECHY x LUELS)9,
were analysed in an attempt to determine whether any progeny were derived
from LU648 nuclei. The plasmodia were first caused to sporulate and
about 100 progeny clones were derived from the spores of each (188 clones
in all). These amoebal progeny were inoculated into bacterial puddles
on DSDM agar with g}h;n fB1~ strains carrying fusA1 and fusA2 alleles
(LU871 and CL6049, respectively). It was expected that any gzq‘progeny
clones (which must be derived from LU648 nuclei) would give rise to crossed
plasmodia of hybrid fusion type (group III) when mixed with one or other
of LU871 and CLAO49. The puddles were incubated for six weeks.  About
ten plasmodia arose and were tested for their fusion behaviour; no
plasmodia of group III fusion behaviour wére recovered., Since no evidence
was obtained to indicate that any of the progeny clones carried the EEq
allele, these results were consistent with the interpretation that group
V plasmodia arising in the cross CL6049 x LU64S were derived only from
CL6049 amoebae.

Nuclei were isolated from the plasmodium (CL6049 x LU648)8 and
their DNA contents estimated. The mean value was 0.76 pg DNA/nucleus and

the majority of values fell in a single peak corresponding to the haploid

DNA content (see Figure 27).

L.h DISCUSSION

The results presented in this chapter showed that at least some

of the NPF mutants gave rise to "selfed"-plasmodia at higher frequencies in



Figure 27. Nuclear DNA contents of the plasmodium (CL6049 x LU648)8.
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mixed cultures with LU6LS (gjﬂ) than when cultured alone or with

LU688 (52). This stimulation of "selfing" seemed to be restricted to
EEEB- strains, suggesting that npfB and npfC might have different functions.
Since the stimulation of "selfed" plasmodium formation was noted only in
mixtures of strains which were able to cross, it seemed likely that it was
in some way dependent upon crossing. Thus an understanding of the
mechanism of stimulation might lead to greater knowledge of the nature of
crossing itself.

Three types of explanation could account for the stimulation of
"selfing". (1) Diffusible factors were released into the medium and in -
some way stimulated apogamic plasmodium formation. (2) Interaction of
cell surfaces of the two strains led to the initiation of plasmodium
formation without cell or nuclear fusion. (3) Cells of different strains
fused with one another and initiated plasmodium formation but did not
undergo nuclear fusion.

Explanation (3) implies that heterokaryons formed by fusion of
NPF and LU648 amoebae were unstable. LU648 nuclei might have been
eliminated in some way; Cooke (1974) showed that elimination of one
nuclear type could occur in heterokaryons. Alternatively, cell division
in very small heterokaryons (e.g. fission of binucleate cells, as
described in Chapter 2) could yield uninucleate cg}ls whicﬁ might sometimes
develop into plasmodia.

Preliﬁinary experiments have been carried out in an attempt to
distinguish between explanations (1)-(3). Amoebae of strains CL6049 and
LU648 were cultured on opposite sides of thin (10 ym) permeable membranes
(Uni-Pore polycarbonate membranes, Bio-Rad Laboratories, U.S.A.). It was
hoped that any diffusible factors with a stimulatory effect on plasmodium

formation would act through the membranes, while the two cell types would
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be kept apart. This type of experimenf is subject to the criticism that
contact of cell processes may occur through the pores of the membranes.
Control experiments demonstrated that whole amoebal cells were able to
pass through thé.membranes initially used (0.8 um pore size). Further
work is in progress, using smaller pore sizes.
If trans-filter stimulation of clonal plasmodium formation can
be demonstrated it will suggest that diffusible factors may be involved.
It will also provide a sensitive test for stimulation. The experiment
described in Section 4.3a was insensitive, due to the large number of
érossed plasmodia formed in each puddle; trans-filter experiments would
be free of this "noise'. It would thus be simple to test many more
combinations of strains and determine whether, as suggested by the work
described in this chapter, the stimulation of "selfing" is restricted to
mixtures of EB;B- strains and strains with which they are zble to cross.
Therrien and Collins (1976) have recently reported that crosses
between a haploid amoebal strain of D. iridis and a polyploid strain
yielded only haploid plasmodia. The two amoebal strains carried different
mating type alleles and progeny of the resulting plasmodia all carried the
same mating type allele as the haploid parent clone. Therrien and Collins
favour the idea of a "'plasmodial inducing substance', which might be bound
to amoebal surfaces, but also suggest that cell fusion without nuclear
fusion might be involved. Their results are very similar to those reported
in this chapter and it seems likely that the same mechanism is responsible

for stimulating the formation of "selfed" plasmodia in both cases.
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CHAPTER 5 ' CHARACTERISATION OF THE EXTERNAL PROTEINS OF

AMOEBAE AND MICROPLASMODIA

5.1 INTRODUCT ION

If the mating types of amoebal cells are expressed at the cell
surface (see Chapter 2) the necessary mating type specificity might reside
in protein molecules. This chapter reports preliﬁinary experiments which
were mainly aimed at determining whether differences in external proteins
could be detected between amoebae carrying different mating type and npf
alleles. Microplasmodia of different fusion types were also studied and
a comparison of the external proteins of amoebae and plasmodia was made.

The technique employed to study external proteins was enzymatic
radio-icdination, using the lactoperoxidase system (Phillips and Morrison,
1970; Hynes, 1973). Intact cells were treated with 1251 and
lactoperoxidase. In the presence of hydrogen peroxide, lactoperoxidase

catalyses the reaction of iodide with proteins:

lactoperoxidase 125

1251' » Protein ——— I

Protein + H202 +

Iodination occurs specifically at tyrosine and (tq a limited extent)
histidine residues. Hydrogen peroxide was generated by the reaction of

glucose and molecular oxygen, catalysed by glucose oxidase:

f-D-Glucose + O2 ——n D—Glucose-S—Lactone + H202

Since lactoperoxidase has a molecular weight of 84,000, brief periods of
incubation label only proteins external to the plasma membrane. Labelled

cells were solubilised and electrophoresis was carried ont on sodium dodecyl



sulphate-polyacrylamide gels.

proteins labelled with 1251 to be identified and compared on the basis

of their molecular weights.

Autoradiography of the gels allowed
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This work was possible through the kindness of Dr. D. Critchley,

who was responsible for the radio-iodination and electrophoresis of

samples supplied to him.

5.2 MATERIALS AND METHODS

Methods were as described in Chapter 1, with additional methods

as described below.

5.2a  Strains

Amoebae:

Plasmodia:

All cultures were incubated at 26°C.

CL mt,
Lue48 mt,
LU683 mt,
862 nt,
LU863 mt,
APT1 mt, sapt-1"
CL6111 mt, snpfA1”
CL6129 mt, snpfB4”
CL6143 mt, ;npfC3”

testers of groups:

I fusA1; fusB1
I fusA1; fusB2
III fusA1/fusA2;fusB1
v fusA1/fusA2;fusB2
v fush2; fusB1

All strains carried the fusC1 allele.
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5.2b Preparation of cells for radio-iodination

Amoébal cultures were grown as described in Chapter 1 for the
isolation of nuclei. The cultures were harvested in 40 ml of phosphate-
buffered saline A (coﬁtaining, by weight, 1% NaCl, 0.05%KCl, O.144% NaZHPO#,
0.025% NaHZPO#; PH 7.2) and centrifuged for 5 minutes at 500 g. Cells
were resuspended and centrifuged a total of three times.

Plasmodia were grown as mic¥oplasmodia in shaken liquid culture
(Daniel and Rusch, 1961). To set up each culture a block carrying a
piéce of plasmodium was cut from an SDM agar plate and transferred to 25 ml
of liquid SDM in a 250 ml conical flask. The flask was placed on a
reciprocating shaker operating at 120 strokes/minute, the stroke length
being approximately 7 cm. The plasmodium broke into small fragments
(microplasmodia) which proliferated. Subculturing was carried ocut every
3-4 days by transferring about 2.5 ml of microplasmodial suspension to a
flask containing fresh mediwm. For radio-iodination, about 10 ml of
microplasmodial suspension was taken after about 24 hours incubation and
centrifuged for 30 seconds in a bench centrifuge. Microplasmodia were
resuspended in phosphate-buffered saline A and centrifuged again. Two

further washes were carried out.

5.2c Radio-iodination

To each amoebal or plasmodial pellet was added 0.5 ml of
phosphate-buffered saline (containing, by weight, 0.833% NaCl, 0.021% KC1,
X 0.011% CaCl,.2H,
5 mM glucose + Na 1221 (200 yCi/ml; Radiochemical Centre, Amersham, Bucks).

0.12% NaHPO, 0.021% NaH_,PO 0, 0.008% Mg012.6H20) +
The reaction was initiated by addition of 10 ul of a mixture of lacto-
peroxidase (Calbiochem) and glucose oxidase (Worthington Biochemicals) to

give final concentrations of 20 pg/ml and 0.1 units/ml, respectively.
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The tubes were incubated, with»occasional shaking, for 15 minutes at
room‘temperature. The reaction was stopped by addition to each tube of
3 ml of phosphate—bufféred iodide (phosphate-buffered saline A with the
NaCl replaced by Nal). The cells were centrifuged as described in
Section 5.2b and the supernatant was removed by suction. The cells were
resuspended in 3 ml of phosphate-buffered iodide and centrifuged, twice
more. Each pellet was resuspended in 360 pl of 0.1M Tris containing

15% glycerol and 2 mM phenyl methfl sulphonylfluoride (to inhibit
proteases). Sodium dodecyl sulphate (40 pl of a éO% solution in wafer)
was added to each tube whilst it was vortexed on a Whirlimixer. The
tubes were placed in a boiling water bath for 4 minutes. This treatment
caused a viscous precipitate to form in amoebal samples, which were thus
centrifuged at 500 g for 5 minutes. Radio-iodine labelling was restricted

to the supernatant, which was used for further procedures.

5.2d Sodium dodecyl sulphate-~polyacrylamide gel electrophoresis

Samples were reduced by boiling in O.1M dithiothreitol for 2
minutes. Electrophoresis was carried out on slab gels, essentially as
described by Laemmli (1970). Gels containing 4% ("stacking gel") or 7%
‘("running gel") acrylamide plus 0.1% sodium dodecyl sulphate were prepared
using a stock solution of 30% by weight of acrylamide (Bastman) and 0.8%
by weight of bis-acrylamide (Eastman). In addition, the stacking gel
contained 0.125 M Tris-HC1 (pH 6.8) and the running gel 0.375 M Tris-HCl
(pH 8.8). ° Stacking gels were polymerised by addition of 0.05% by weight
of ammonium persulphate and 0.2% by volume of tetramethyl ethylene diaminej;
corresponding percentages for running gels were 0.03 and 0.067,
respectively. Samples (50-100 yl), containing bromophenol blue, were

loaded on to the stacking gel and electrophoresis was carried out at 50
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volts. When the indicator dye entered.the running gel the potential
difference was increased to 100 volts. Electrophoresis through the
running gel took about 5 hours. The gel was removed from the apparatus
and stained overnight in Coomassie blue stain containing 125 mg Coomassie
blue per litre of a mixture comprising, by volume, 41% methanol, 52% water
and 7% glacial acetic acid. Destaining of the background was achieved by
soaking for about one day in the above mixture, without Coomassie blue.
The gel was washed in water and dried down under vacuum. Autoradiographs

were made on Kodirex X-ray fiim, using 5~30 days exposure.

5.3 RESUITS

Amoebal cultures were harvested, radio-iodinated; run on gels
and autoradiographed. The banding patterns obtained by staining the gels
with Coomassie blue were essentially the same for all amoebal strains
tested (listed in Section 5.2a). Similarly, banding patterns obtained on
autoradiography of these gels were essentially all the same. However, as
shown in Figure 28, fewer bands were visible in the autoradiographs than
in the stained gels. The difference in patterns suggestéd that only a
fraction of total cell proteins was iodinated, as expected if only external
proteins were available for iodination.

In order to determine whether the banding patterns obtained were
due to E. coli proteins, bacteria were inoculated on to LIA plates,
incubated for five days at 2600, harvested and iodinated. Harvesting and
iodination were carried out as for amoebal samples, except that
centrifugations were at 1500 g for 15 minutes and only one was was carried
out prior to iodination. The banding patterns obtained differed from

those of amoebal preparations (see Figure 28), indicating that the proteins



Figure 28,

Autoradiograph (top) of slab gel shown below.

The gel was

run downwards and shows bands in the molecular weight range 45,000

(bottom of gel) - 250,000 (top of gel).

show, from right to left, radio~iodinated preparations from:

1.
2.
3.
4.
5
6.

Te

9.

10,

Fusion group I plasmodium,
Fusion group IIT plasmodium,.
Fusion group V plasmodium,
CL6129 amoebae.
16143 zmscbae.
APT1 amoebae.
1LU648 amoebas.
CL6129 amoebese plus trypsin;
CL6143 amoebae minus lactoperoxidase.

Eocoli.

11 and 12. Bovine serum albumin standard mix

(non-iodinated),

Autoradiograph and gel both

The

main band (m.wt, = 68,000) has been marked on the autoradiograph.
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obtained from amoebal cultures were priharily of amoebal origin.

Plasmodial cultures were harvested, radio-iodinated, run on
gels and autoradiographed. All strains tested (listéd in Section 5.2a)
gave the same C&omassie blue banding pattern and the same banding pattern
on autoradiographs. As with amoebal preparations, autoradiographs showed
fewer bands than visible in stained gels. The Coomassie blue staining
patte:ns obtained for plasmodia and amoebae showed some differences and
autoradiographs showed fewer bands in plasmodial preparations than in
amoebal ones (see Figure 28).

In order to show that. iodination was dependent upon lacto- .
peroxidase, amoeBal and plasmodial preparatibns were treated as described
in Sections 5.2b and 5.2c¢, except that lactoperoxidase was omitted.
Coomassie blue staining patterns obtained from these samples were identical
to lactoperoxidase-treated preparations, but no banding pattern was
obtained on autoradiographs. Thus iodination was dependent upon the
presence of lactoperoxidase.

In order to obtain further evidence suggesting the external
location of the iodinated proteins, amoebal and plasmodial preparations
were obtained as previously described, with the modification that after
iodination and washing in phosphate-buffered iodide, the cells were
treated with trypsin. Very mild treatment was employed (20 pg/ml of
trypsin for 10 minutes, followed by addition of trypsin inhibitor), so that
removal of labelling would imply that iodination probably affected external
proteins. The intensity of bands obtained on autoradiographs was slightly
reduced for both amoebal and plasmodial preparations, but all bands could

still be seen. No firm conclusion could be drawn from this result.
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S.4 DISCUSSION

The preliminary studies reported here failed to detect any
protein differences between the amoebal strains tested, either on the
basis of banding pattérns on autoradiographs (to show external proteins)
or on the basis of Coomassie blue staining patterns (to show total cell
proteins). Among the group of amoebal strains studied, different members

carried five mating type alleles ( ’ 335, and 934) and two

By Db Bt
different alleles at each of four other loci known to be expressed in
the amoebal phase (apt-1' and apt-17, npfA’ and npfA1”, npfB” and npfB4~,
npfC* and npfc3”).

Similarly, no differences were detected between the plasmocdial
strains tested, even though they differed in their fusion types, which

are likely to be expressed at the cell surface. The strains used carried

various combinations of fusA1, fusA2, fusB1 and fusB2.

Since no protein differences were detected within the group of
amoebal strains or within the group of plasmodial strains, there was no
evidence that expression of different alleles of the loci mentioned above
was connected with the presence of different external proteins on the cell
surface. However, the failure to detect such differences did not indicate
that they did not exist. If different alleles of a locus specified
different external proteins which did not differ in their molecular weights,
the electrophoresis technique used would not have distinguished between
them. Alternatively, the harvesting and washing procedure might have
removed proteins prior to jodination or caused cells to stop exposing then,
or the cells might have been cultured in such a way that the relevant
proteins were never expressed.

The results for amoebae and plasmodia showed considerable

differences. This was not surprising, since amoebae and plasmodia show
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a number of differences in appearance and behaviour. However, fhe
possibility was not exeluded that the differences observed were due to
the different growth conditions used in the preparation of samples, or to
the presence of residual slime adhering to plasmodial surfaces after
washing.

Juliano and Behar-Bannelier (1975) showed that techniques
depending on surface labelling of intact cells may be subject to error
due to internal labelling of inviable cells. Further work is required
to demonstrate that iodination in the present work was restricted to
proteins external to the plasma membrane. However, the results reportéd
here constitute suggestive evidence that the external proteins of amoebae
and plasmodia may be susceptible to analysis by surface labelling
techniques. Several further studies are thus possible. Iabelling under
different growth conditions may reveal differences in the external proteins
of cells carrying different alleles of various loci. In addition,
changes in external proteins may allow a number of stages to be recognised
in the amoebal-plasmodial transition. Several other surface labelling
techniques are available (Juliano and Behar-Bannellier, 1975) and may
show differences between external molecules not distinguishable using the
lactoperoxidase system, such as glycoproteins and glycolipids. Mating

types in the yeast Hansenual wingei, for example, are known to be specified

by external glycoproteins (Crandall and Brock, 1968; Crandal et al., 1974).
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CHAPTER 6 GENERAL DISCUSSION

There is probably no need to justify the assertion that an
understanding of the complex molecular events which must regulate
differentiation in eukaryotes will not come from the study of any one
system, but will require a variety of approaches in a range of organisms.
Thus the kind of preliminary analysis described in this thesis must be
ﬁade in many systems in order to assess their potential value. It is
the aim of this chapter to show that the results obtained in this and
other studies indicate that the amoebal-plasmodial transiticn of

Physarum polycephalum is a developmental process which is a suitable

subject for further analysis.

P. polycephalum is a "simple" eukaryote which can be easily

cultured and manipulated by standard microbial techniques. The analysis

of differentiation in the cellular slime mould Dictyostelium discoideum

has well illustrated the value of one such "simple" system in the study
of development (Jacobson and Ledish, 1975). It must be emphasised that

D. discoideum and P. polycephalum have dissimilar life cycles, so that

different studies may be undertaken in these two slime mould species.
At present, genetic analysis can be performed relatively more easily in

P. polycephalum but biochemical studies on the amoebal-plasmodial

transition are as yet almost absent; biochemical studies of development

are well established in D. discoideum.

Early interest in the amoebal-plasmodial transition was mainly
concerned with mating, Horenstein and Cantino (1969) suggested that

the Myxomycetes (in particular P. polycephalum) were 'perhaps even the

choicest of fungi for studies of gamete physiology and fertilization
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mechanisms'", pointing to the fact that the gamétes (i.e. amoebae) could
propagate themselves apart from parental attachments and influence. The
existence of heterothailic mating type systems in some M&xomycetes
identified one locus (the mating type locus) which had an important role
in the mating process, though the nature of that role was not clear.
Formally, Myxomycete mating type systems were similar to the multi-allelic
bipolar mating type systems of some fungi (Raper, 1966) and self-
incompatibility systems in some plants (Arasu, 1968); these were all
homogenic incompatibility mechanisms (Esser, 1971; Esser and Blaich,
1973) which allowed mating only of individuals carrying different
incompatibility alieles.

Ross and Cummings (1970) proposed a model of plasmodium
formation in D. iridis. They suggested that a crucial event in
plasmodiuvam formation was amocbal fusicn, which was under the control of
the mating type locus; fusion triggered plasmodial differentiation,
which then followed as a more or less orderly sequence of events. As

already noted, plasmodium formation in P. polycephalum and D. iridis is

very similar, so that the model proposed by Ross and Cummings will be
discussed with reference to both species:

(1) The first step in plasmodium formation postulated by Ross
and Cummings was the induction of competence to mate. They pointed out
that fusions in D. iridis did not occur until several hours after
mingling of amoebae of different mating types and suggested that mating
competence was attained in response to chemical inducers released into

the medium. It is similarly found in P. polycephalum that plasmodium

formation in crosses does not occur immediately upon plating. Cooke

(1974) showed that plasmodium formation in Ezh cultures occurred after

an initial proliferative phase. He inoculated a number of agar cultures
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of CL amoebae and harvested these in water after different periods of
incubation. The suspensions obtained were diluted and plated. Amoebal
cells gave rise to visible amoebal plaques but cells éommitted to
plasmodium formation gave rise to plasmodia without first proliferating only
as amoebae. Only amoebal plaques appeared on plates inoculated from
cultures harvested during the early stages of growth. Holt and Adler
(1976) used essentially the same method as Cooke to carry out a fuller
study of the kinetics of clonal plasmodium formation in a number of
strains. They concluded that CL amoebae did not undergo the smoebal-
'plasmodial transition until a particular cell density had>been attained.
They suggested that amcebae might release a substance (or substances)
during growth and that plasmodium formation would be stimulated by a
critical concentration of this substance. The results obtained by Holt
and Adler were not compatible with the idea of a '"cellular clock" that
was set at the time of plating and which allowed plasmodium formation
oniy after an interval.

(2) Ross and Cummings suggested that induction of mating
competence occurred by new gene activity (particularly of the mating type
genes) which resulted in cell surface changes. Fusion was only possible
between competent cells expressing different mating types. Ross et al.
(1973) provided strong evidence that the mating type locus was involved
in the control of amoebal fusions in D. iridis; they showed that fusions
did not occur within clones under conditions in which fusions were
detectable in mixed mating type cultures. However, as discussed in
Chapter 2, this type of evidence does not exclude the possibility that
amoebal fusions are random, but only occur within mixed mating type
cultures. Cytological and biochemical analyses described in this thesis

did not provide clear evidence for or against the involvement of the mating
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type locus of P, polycephalum in the control of amoebal fusions.
However, it seems likely that the mating type locus will be found to have

similar roles in both P. polycephalum and D. iridis.

(3) Ross and Cummings suggested that plasmodium formation was
triggered by the act of fusion, or cell surface changes occurring as a
result of fusion. There is no direct experimental evidence to support
this view and work described in this thesis shows that EEh amoebae of

P. polycephalum can give rise to plasmodia without fusion; in this case,

at least, fusion is clearly not the trigger for plasmodium formaticn.
However, it is possible to reconcile the observations of mt] plasmodium

formation with the model by assuming that the cell surfaces of g&h amoebae
in some way mimic those of the products of fusion of sexually compatible
amoetae. For example, plasmodium formation might be triggered by the
interaction of mating-type-specified products at the cell surlace. If,
as suggested in Chapter 3, the Ezh allele is in fact two closely linked

heterothallic mating type alleles, the cell surfaces of Ezh amoebae might
be able to trigger plasmodium formation without the occurrence of fusion.
(4) Ross and Cummings assumed that plasmodial differentiation,
once triggered, proceeded through the activation of new genes, including
those responsible for plasmodial characters. They did not indicate
precisely how this activation was to be achieved, though it is possible
to envisage a mechanism of the sort proposed by Britten and Davidson (1969),
in which "activator" molecules (RNA or protein) bind to "receptor genes"
and thus allow transcription of genes under the control of the receptors.
The model proposed by Ross and Cummings provides a useful basis
for discussion since it_attempts to explain the whole process of plasmodium

formation. Other workers have tended to restrict their conside;ation to

the role of the mating type locus. Twelve of the thirteen NPF strains
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whose isolation is described in this thesis caffied mutationé in or
closely linked to the mating type locus; thus the role of the mating
type locus will be conéidered at some length.

Therrien (1966a) proposed a model of the mating type locus in
D. iri&is. He envisaged mating as a process of complementation,
suggesting that the mating type locus was "a linear segment on a chromosome
that is composed of adjacent sites:

i.e. a' b’ ot dl |

With all (+) "alleles" (as above) the organism is homothaliic. If,
however, one site is in the (-) state, then a genome with the (+) state .
for that site is required for plasmocdium formation'. Therrien
apparently assumed that amoebal fusion was necessary for plasmodium
formation, but in order to account for the behaviour of mt, strains in

==h

P. polycephalum it is only necessary to substitute "apogamic" for

Whomothallic" in the above description.

If, as suggested by Therrien, the mating type locus is a
cluster of genes, this model can account for both "selfing" and crossing
in a system with only a few alleles. However, there are at least ten

heterothallic mating type alleles in P. polycephalum (Collins, 1975),

each compatible with all the others. Thus there would have to be at
least this number of genes within the mating type.locus. Presumably at
least ten possible classes of complementing NPF mutants could then be
generated from gzh strains by mutations abolishing the activity of
individual mating type genes. However, the study reported in Chapter 3
identified only two classes of complementing npf mutations in the mating
type locus.

This problem can be overcome by assuming that the mating type

locus contains a single gene and that mating occurs not by inter-genic
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complementation but by intra-genic complementation. This is possibly

fhe simplest kind of mechanism which can successfuly explain the action

of the mating type system at the molecular level. Polypeptides specified
by different mating type alleles and located within the cell or at its
surface might form functioning multimers which would trigger plasmodium
formation; polypeptides specified by the same mating type allele would
not form a functioning product. The observations of Adler and Holt (1975)
and in Chapter 3, that amoebae heterozygous for mating type alleles form
plasmodia within plaques, are consistent with this model. In addition,

as shown in Chapter 3, the behaviour of mt, strains and the generation of

—h
BEEB- and 2229- mutants can be explained by assuming that the gﬁh "aliele"
is in fact two closely linked heterothallic mating type alleles. Although
mating can be explained as a kind of intra-genic complementation, this
model is not entirely satisfactory since it is difficult te imagine how

all combinations of different mating type proteins would interact;
intra-genic complementation normally occurs in only a fraction of the
possible combinations of different alleles (Fincham and Day, 1963).

Poulter {personal communication) has proposed another type of
model for the control of plasmodium formation. He suggests that the
mating type locus is essentially an operon whose structural gene product(s)
trigger(s) plasmodium formation. Transcription of the étructural gene(s)
is prevented by the binding to the operator of a repressor protein.

Both operator and repressor are mating type specific and the regulator
gene (which produces the repressor protein) is closely linked to the
operator. Poulter proposes that plasmodium formation is triggered when
the operator is no longer binding a repressor molecule. This normally

occurs in a cross when two amoebae of different mating type fuse, since

the consequent halving of the repressor concentration is sufficient to
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prevent efficient repression. Clonal plasmodia will occasionally arise
in heterothallic strains if the repressor concentration is low enough to
allow occasional transcription of the structural gene(s). Poulter
accounts for gﬁh strains by assuming that they lack repression, dué to
mutation in the regulator or operator genes. NPF strains may be
generated by the restoration of repression or by structural gene mutation
and more than two classes of complementing mutations might occur af fhe
mating type locus.

It is implicit in Poulter's model that fusion of smoebae is not
under the control of the mating type locus. A demonstration that the
mating type locus was involved in ampebal fusion would.thus be étrong
evidence against this theory.

A further prediction of Poulter's model which can be esasily
tested is concerned with the.generaticn from heterothallic strains cof
mutants with the ability to give rise to plasmodia within plaques; the
intra-genic complementation model of plasmodium formation makes a
different prediction. Adler and Holt assumed that, if the Eﬁh allele
was in fact two heterothallic alleles, it would have arisen through
non~reciprocal recombination in a mating type heterozygote. TYet a
clone of the mt, strain LU688 gave rise to a spontaneous mutant which
was able to form plasmodia within plaques, and this strain carried a
mutation in or linked to the mating type locus. It seems likely that
this "Cl~-like" mutant forms plasmodia in the same way as EEh amoebae,
yet it was not generated by non-reciprocal recombination in a mating
type heterozygote. One possible explanation of the origin of this
mutant is based upon the observed failure of mt. strains to cross with

LA

npfB~ strains. Possibly mt, is a mutant mt, "allele" of the genotype

npfB jn fC+, so that "CL-like'" strains can readily arise from mt. strains
npi! ¥ mts
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by reversion to 52£B+;22£9+. This explanation implies that strains
carrying other (single) heterothallic mating type alleles will probably
not be found to give rise to spontaneous mutants able to form plasmodia
in plaques. According to Poulter's model, mutations abolishing
repression of the plasmodial differentiation genes could occur at the
mating type locus in any heterothallic strain to generate "CL-like"
mutants.

The small amount of experimental evidence at present available
makes it easy to construct a variety of models for fhe control of
plasmodium formation. As shown above, simple tests of the type used
in this thesis should yield further useful information. However, these

alone would not merit sustained interest in P. polycephalum. It is,

for example, highly desirable to complement the genetical studies with
biochemical analyses. As discussed in Chapter 1, the plasmodial phase

of P. polycephalum is a well established system for biochemical analysis

and great progress has been made in the axenic liquid culture and
biochemical analysis of amoebae. However, the main requirement for
physiological and biochemical analysis of the amoebal-plasmodial
transition is not at present available; that is, the synchronous
formation of plasmodia in a homogeneous amoebal population. The comments
made earlier in this chapter on the possibility of.chemical induction of
plasmodium formation suggest that plasmodium formation might b'e synchronous
within shaken liquid cultures of gzh amoebae. However, preliminary
attempts to set up such cultures have failed (Anderson and McCullough,
unpublished), due to the occurrence of plasmodium formation before
proliferating cultures could be established. It is hoped thet this

protlem will be solved shortly.

There seem to be no insurmountable problems in the further
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genetic analysis of the amoebal—plasmodial transition, though it would

be foolish to suppose that genetic analysis in P. polycephalum is either

quick or easy. The possibility of isolating large numbers of mutants
specifically defective in the amoebal-plasmodial transition, including
some temperature-sensitive mutants, has been demonstrated. Although_
the thirteen NPF strains analysed carried mutations in only three geﬁes,
the preliminary analysis of '"delayed" mutants suggests that a number of
other genes affecting the amoebal-plasmodial transition may be identified
(particularly if different isolation procedures are employed). These
fesults provide an interesting comparison with those obtained on

conidiation in Aspergillus nidulans; Clutterbuck (1969) initially

identified only two genes essential for the later stages of conidiatioen,
yet Martinelli and Cluttertuck (1971) were able to show that the number
of loci specificélly iﬁvolved in conidiation might be 45-~150.

In conclusion, it seems undeniable that further investigation
is justified into the nature of the amocebal-plasmodial transition of

P, polycephalum. It is to be hoped that some insight into cell

differentiation in this eukaryotic system may be obtained from these

studies.



APPENDICES




124

APPENDIX 1

ANALYSIS OF A SPONTANEOUS MUTATION CONFERRING WHITE PLASMODIAL COLOUR

As noted in Chapter 3, CL6082 did not cross with mt, strains.

However, from one attempted cross between CL6082 and the 232 strain.
1U688, a group I (fusA1) plasmodium was recovered and found to be white
in colour instead of the normal yellow (see Figure 29). The white colour
was easily scored under all conditions of plasmodial growth and was thus

potentially suitable for use as a genetic marker. No other plasmodial

colour markers were available in P. polycephalum, though two unlinked

mutations conferring cream plasmodiai colour (instead of brown) héd been
reported in D. iridis (Collins and Clark, 1966; Collins, 1969).

When the white plasmodium,(CL6082 x LU688)1 grew into contact
and fused with a yellow group I tester plasmodium, the resulting hetero-
karyon was yellow. This suggested that white plasmodial colour was
recessive to yellow.

The normal way to analyse recessive plasmodial characters in
heterothallic strains would be to cross with APT1 or CL6111 and score
plasmodia formed in plaques by gsh;a t-17 or Eih;n £A" progeny (see
Chapter 3). The use of APT1 was avoided as there was a small chance
that this strain carried a translocation (Dee et al., 1973). Since the
white plasmodium was of fusion group I it presumably arose from LU688
amoebae. Unfortunately, LU688 amoebae do not cross with CL6111 and it
was thus not surprising that kO.bacterial puddles inoculated with CL6111
and progeny of the white plasmodium failed to give fise to any plasmodia
of hybrid fusion type when incubated at 28.5°C.

Since it was not possible to use CL6111 or APT1 in the analysis



Tigure 29,
light.

White and yellow plasmodia, photographed using transmitted

The white plasmodium (top) appears pale. x 1.3
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of white plasmodial colour, LU887 (a progeny clone of the white plasmodium)
was crossed with amoebae of a heterothallic strain and the colours of
plasmodia produced by backcrossing progeny of this cross to LUB87 were
scored. LUB87 amoebae were of the genotype mt,;fusA1 and were crossed
with IU853 amoebae (234;25552313271-). A group III plasmodium, (LU853 x
1U887)1, was obtained and caused to sporulate. Ninety six progeny amoebal
clones were derived from the spores and backcrossed to LU887. Progeny

of the genotype mt, ;fusA2 could be pbsitively identified in these back-

13
crosses as they gave rise to group III plasmodia. The number in thisb
class was 22, not significantly_different from the expectéd cne quartgr
(p»0.05).

Group III plasmodia produced in backcrosses of 534;23552 progeny
to LU887 were scored for their colour; 44 plasmodia were white and 8
yeilow. The expected segregation if white plasmodial colour was conferred
by a recessive allele (Egi;1") of a single gene unlinked to mt or fusA
was 1 ¢ 1. Linkage to either mt or fusA would lead to a shortage of

clones of the genotype mt fusAZ;whi-1*. The observed ratio was not

13
significantly different from 1 : 1 (p) 0.05).

The plasmodial marker most frequently used in thig laboratory
(excluding fusion markers) is leucine requirement (leu-1; Cooke and Dee,
1975). LU688 carried the lEBT1+ allele and the white plasmodium was
found to grow on DM-1 agar,‘showing that it did not require leucine for
growth. Since LU853 carried the leu-1" allele it was possible to test
recombination between whi-1 and leu-1; 534;£2§A2 progeny of the plasmodium
(LU853 x LU887)1 were crossed with LU858 amoebae (232;£E§A1;lggr1-).
Resulting group III plasmodia were tested for growth on DM-1 and DM-1 +

leucine agar plates; 7 plasmodia died on DM-1 but grew on DM-1 + leucine

and 15 plasmodia grew on both media. Thus the segregation of leu-1"
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and 23271- in the 534;£3§Az progeny was not significantly different
from 1 : 1 (p> 0.05). Table 41 summarises the results of the analysis
of gﬁh;zgéﬁz progeny for whi-1 and leu-1 alleles. There was no
significant deviation from free recombination between whi-1 and leu-1
(p>0.05).

Further work is in progress to analyse the inheritance of the

—h 3

Cooke (personal communication) has recently isolated a recessive nuclear

whi-1" allele more fully and it is being crossed into mt, and mt, strains.

ﬁutation conferring pale yellow plasmodial colour. Attempts are in

progress to test the complementation of this mutation with whif1-.



Table A1. Analysis of mt13fusA2 progeny of the plasmodium
(Lu8s3 x LUB8T)1

leu-1" 7
whi-1* 8 whi-1*
leu-1" 1 15 leu-1"
Leu-1" 8; | T lou-1"
whi-1" 14 whi-1" |
leu-1" 6§
22

Parental genotypes:-
1U853 mt, 3 fusA2; leu-1" jwhi-1
LU88T mt 5 fusAt sleu-1"jwhi-1"

+

Allele ratios:-

whi-1* & whi-1" not significantly different from 131

leu-1" & leu-1" not significantly different from 1:1
(p>0.05).

Recombination between whi-1 and leu-1 (recombinants 13

parentals 9) not significantly different from 1:1 (p>0.05).
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APPENDIX 2

DERIVATION OF STRAINS LU862 AND 1U863

Adler and Holt (1974b) derived 235 and mt, strains partially
isogenic with the Colonia strain CL. They supplied two strains,
CH188 (233) and CH207 (mt, ) to this laboratory. These strains are the

result of backcrossing to CL amoebae for six and five generations,

respectively. They are both of the fusion genotype fusi2;fusB1;fusC2
(Adler and Holt did not present conclusive evidence that the fusion
allele they designated fusC2 was not in fact a new allele of fusA cr

fusB). Strains used in this laboratory are normally fusA1;fusB1;fusC1

or fusA2;fusB1;fusC1, so that only plasmodial fusion testers of groups I,

III and V are routinely required.’ In order to cross mutants derived from

CL (fusA2;fusB1;fusC1) with mt., and mt, strains it was desirable to use

3 —4

heterothallic fusA1;fusB1;fusC1 strains. Thus 235 and EE% strains of

this fusicen genotype were selected from among the progeny of crosses of

CH188 and CH207 with LU64O (Egh;fusA1;fusB1;fusc1).

The crosses were carried out at 29-30°C to reduce the frequency
of plesmodia derived only from LU640. Plasmodia were picked from the
cross puddles and tested for their fusion behaviour. No hybrid (group
IX) plasmodia were available as testers; thus plasmodia were tested only
for group I fusion behaviour, since plasmodia arising directly from LU&4O
would be of this type. Two plasmodia which were not of group I behaviour
were selected, (CH188 x LU640)2 and (CH207 x LU640)1. These plasmodia
were caused to sporulate and progeny amoebal clones were isolated from
the spores of each.

Progeny clones of the two presumed crossed plasmodia were plated
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on DSDM agar plates with E. coli and incubated for two weeks., In each
case about half the progeny formed plasmodia in plaques (gﬁh) and the
remainder did not form plasmodia (235). The segregation g&h : 235 was

1 : 1 (20 : 20) while the segregation : 234 was not significantly

EEh
different from 1 : 1 (12 : 15; p>0.05). Thus the progeny were derived"
from hybrid plasmodia.

The 235 and 234 progeny clones were crossed with LU860 amoebae
(Ezq;fusA1;fusB1;fusC1;leu-1-) and resulting plasmodia were tested for

fusion with a group I tester plasmodium. Thirty-one plasmodia were
tested in this way; 10 fused with a group I plasmodium and 21 did not.
Clones which gave rise to group I plasmodia in crosses with LU860 were

designated mt,;fusA1;fusB1;fusC1 and Ezu;fusA1;fusB1;fusC1 (the plasmodia
D

were found to grow on DM-1 agar so that they could not have arisen by

"selling" of IG360, which was 13271_). A 224 clone was designated LU863.
CH188 carries a mutant allele (ggg?) conferring amoebal

resistance to emetine chloride (Adler and Holt, 1974b). Clones of the

genotype mt_ ;fusA1;fusB1;fusC1 were tested for growth on LIA plates
~/

containing ‘100 pg/ml emetine chloride. A resistant clone was selected

and designated LU862.
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ANATYSIS OF THE AOTBAL-PLASFODTAL TRANSITION 1IN SARM POLYOTPHATUL

by

B, W, Anderson

This thesis describes work carried out to analyse a develommental
nrocess in a eukaryote, the amoebal-plasmodial transition in the

Mywomycete Phvsarum nolveenhalua, Vacrosconic, multinucleate nlasmodia

are rormzlly formed by fusion cf microscopic, uninudcleate an uoLae

carrying different alleles of the mating tyne (mt) locus; hanloi

amoebae give rize to dinlold nlasmodia. Aroelbae carrylng the mt oty

ellele are capabie of undergoing the amoebgl-plasnmodizl transitien

P.molveenhalun, followed by a revicw of previcus work on the sncebal-

plasmodial transition in P.nolycenhalum and sowe ovher Myxonycetes,

The work described in this thesis is briefly introcduced znd deteil

[ &]

~of materials and methods are given,

Chanter 2 describes étudies undertaken to éetermine whether
amoebal fusions occur within clonal_cﬁltures. These studiés nainly
concern g&h strains; no clear conclusions emerge from genetical
analyses but a cin “atograohlc analysis indicates that-plasmodium
formation in g;h strains occurs without amocebal fusion

Chanter 3 describes the isolation and genetical znalysis of
mutants defect¢ve in cleonal plasmodium formation. , The results of
detailed analysis of 13 mutants allow three new geines to be identified.

Two of these genes (nnfB and nofC) are closely linked within the mating



tyne locus. Strains carrying nofB alleles mimic Qiz strains,

A third gene (nnfA) is unlinked to mt and a locus (ant-1) previously
shown to be involved in nlasmodium formation. A mutant allele of
nnfA appears to have no effect on crossed plasmedium formation, though
it renders clonal wnlasmodium formation temnerature-sensitive,

Chanters 4 and 5 describe preliminary attempts to characterise
physiologically and biochemically the mutant strains whose isolation and
genetical analysis are described in Chapter 3.

Chanter 6 contains a discussion of the work described in tﬁis
thesis, with varticular reference to the ocssible'roles of the mating

tyne locus.
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