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GENETIC ANALYSIS OF A MYXOMYCETYH.

The work was undertaken because genetic analysis of
Myxomycetes wmay eventually yield information about the
action of gemes in morphogenesis. The Myxomycetes are
among the simplest ovganisms in which morphogenesis occurs
and in which the effects of genes in different cellular
environments may be studled. No previous work on genetics
of Myxomycetes has been repoxrted.

The species used was Physarum polycephaluwan, which had

previously been described but had never been cultured
through its life-cyvcle under controlled conditions., The
plasmodium, an amorphous syncytium, grows vegetatively

ox ceases growth and produces spores. The spores release
uninucleate "amoebae" which divide vrepeatedly. An unknown
numbey of amoebae fuses to form a plasmodium. In the
present work, techniques were developed by which each one
of these foux phases of the life-cycle could be produced
when required and in the presence of only one other organis

as food, a strain of Pseudomonas fluorescens,

Some of the processes underlying the life~cycle were
elucidated., Bxperiments showed that amoebae cultured from &
single spore would not form a plasmodium, that plasmodia wex
formed only by certain combinations of amoebae from differexn

single-spore cultures, and that these combinations indicated
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the existence of two mating-types among the cultures
investigated.

Photometric measurements of desoxyribonucleic acid
(DNA) content of nuclei in plasmodia and amoebae were done
to determine the relative ploidy of the nuclel in these
two stages, but the results were inconclusive.

A plating method for amoebae (or spores) was developed
to provide a means of accurate quantitative estimation of
growth, the isolation of rare mutants and the isolation of
large numbers of pvogeny from crosses.

One clone of amoebae resistant to emetine hydrochlorids
was isolated. A plasmodium synthesised from this mutant
clone and a sensitive clone of opposite mating-type was
found to be sensitive to emetine. Three hundred clones of
amoebae, each obtained from single spores produced by this
"hybrid" plasmodium, were tested for emetine-resigtance anc
mating-type and, with vespect to these factors, both
parental and boith recombinant types were found. The
frequencies of the four types indicated that emetine-
resistance and mating~ivype are determined by pairs of allel
at two unlinked gemetic loci., These results show that
genetic recombination occurs during the life-cycle of this
Myxomycete and that genetio analysis of the organism is

therefore possible.
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TNTRODUGTION .

The Myxzomycetes, oxr true slime-moulds, have a
unique life-~cycle in which they pass from one stage to
another through several startling transformations. The
stage most easily seen in natural conditions is the
fruiting body, which bears, on a stiff, evrect stalk,
numerous microscoplc spores, so hard and resistant that
they will exist for many years in dry conditions without
loging their capacity to develop. Im moist conditions,
the spores break open to release uninucleate motile cells,
which show amoeboid ox flagellarxr movement depending on
the amount of water present. These cells may lead an
independent life for long perliods of time, feeding on
bacteria and increasing in number by mitotic divisions.
Under certain conditions, however, by an unknown process,
and in a remarkably short space of time, this population
of independent, uninucleate cells gives origin to a
multinucleate mass of protoplasm, which moves raﬁidly
from place to place by wvigoxrous protoplasmic streaming.
This new form ils the plasmodium, a mass of delicate,
intricate ranches, sometimes brightly coloured, constantly
changing in form, and capable, in suitable surroundings,

of unceasing growth. In natural conditions, the



plasmodium is usually found on dead leaves or wood, and
1t probably feeds mostly on bacteria. The final trans-~
formation is from the moving mass of the plasmodium to
the static, regular forms of the fruiting bodies. This
change, which occurs when all available food is gone, is
also accomplished in a short space of time, it involves
a change throughout the entire mass, and 1ilg usually
accompanied by a striking colour change; in & few hours
fruiting bodles have been formed and no trace of plag-
modium remailns.

Because of this unusual 1ife~cyecle, the Myxomycetes
canunot Justifilably be grouped with any other known type
of animal oxr plant. Zoclogilsts and Botanists have still
not agreed in which domain they most properly belong.
With a few other small groups of orgenisms, such as the
Acrasilales, which they vesemble in some respecits, they
comprise a group distinct from both animals and plants.

The life~cycle of the Myxomycetes, in the form
describoed above, has been known for about a hundred years,
since the work of de Bary (L854) and Clenkowski (1863).
Many workeyxs have since studied the organisms, but most
of their efforits have been almed at morxrphological and

eytelogical descyiption of the stages of the life-cycle



and have not led %o any deeper understanding of them.

A few situddes were made of the factors influencing the
ocecurrence of the different stages when Myxomycetes were
" cultured in the laboratory, but these were never carrled
out under controlled conditlions. In recent yvears, very
little attention has been paid to the life-ocycle, but
the properities of the plasmodlum have been studied by

a number of workerxrs interested in the structure and
actlvity of protoplasm.

Although the Myxomycetes are a distinet group, they
are by no means specialimed. On the contrary, both the
uninucleate and multinucleate stages of their life-cycle
show extreme simplilicity of struciture, and because of this
ccmgination of simple structure with unique life-cycle,
they are excellent gubjects for several kinds of
invegtigation into genexal properities of bioclogical systems.
The chilefl use that has been made of them so far is in
biochemical studies on the properties of protvtoplasm,
which have utilized the simple structure and unlimited
capaclty for growth of the plasmodium. The possibility
that has not been explored is that of using the organism
for studles on morphogenesis, by means of the technigues

of genetic analysis.



The Myxzomyoetes are among the simplest organisms
to show morphogenesis; thav s, change of Lform as
distinet from and vnaccompanied by growth. In addition,
the Life-~ogyele involwes o dramatic change in the cellular
anvironment of Tthe nuclel, and, unlike the gometic stage
of higher oxgonigms, the wninuocleate stage caryios out
an independent existence so that it may bo as easlly
studied as the ploasmodium, Genetic analysls of the
Myxomycetes should therefore make possible o gbudy of
the offects of gones on worphogenetlic processes and of
the effects of gones in different cellulay envivonments,
which ids a paxrt of the situdy of differentiatlon. The
objoct of the present lavestligeilion was vo make a gbard
on the genetvic analysls of ome styain of Myxomycete.

The chief obsteaecle to this progyramue was bhe diffiloulty
of oulburing Myxomycetes thwrough theldr whole Life-=cyoclo.
Much time had %o be spend ;n this pavt of the problem,
but the rosulid has been thad most of the difficulbties
have bheen overcome. I the course of this work on
culd fure condidtions, Lt was found thed the uninucleate
giage of the life~cyvele could be easily handled by
stendayrd miceroblological btechnlgues. Tt was thewrefore
possible o look for and dsolete mubtant sdrains at this

stage of the life-pgyole. Croeses betwesen diffeventlye



marked styrains were thenr made and analysis of the progeny
revealed genetic recombination. Concurrently with these
preparations for the study of morphogenesis various
experimental technigues were also used in attempts to
understand the nucleax cyocle and the processes underlying
the formation of the plasmodium, These led to some
conclusions, though much is still uncertain.

The Myxomycetes are smuch fascinating creatures to
watch, and their transformation from uninucleate to
maltinucleate organism is so dramatic, that many previous
investigators have attempted to discover the truth about
this mysterious process by observation alone. These
attempts have led to numerous confliciing descriptions
and, except fof'the most recent, the results of cytologlcal
investigations of the nuclear cycle have been equally
unconvincing. The purely observational approach to these
problems has therefore been strictly excluded from the
present investigation, and experimental and genetical
techniques have been developed to tackle them, in the
hope that their answers may be more decisive.
Llagsification.

The Myxomycetes are now generally regarded as
forming a distinct class not closely related to any other.

They may be loosely grouped in the Myxothallophyta with



three isolated orders, Acrasiales; Labyrinthulales and
Hydromyzxales, all of which show a pseudoplasmodium which,
unlike the true plasmodium of the Myxomycetes, 1is wholly
o partially cellular in structure (Ainsworth and
Bisby, 1954),

Within the Myxomycetes are two subclasses:
Bubclass l: Exosporsac.
Subclass 2: Myxogastres.

Subclass Exosporeae consists of only one genus, Ceratiomyxa.

In this,. the spores arve produced exbternally on individual

stalks.

Subclass Myxogastres consists of 44 genera in four
orders. The spores are produced intevnally in fruiting
bodies of characteristic form, supported by a framework
which often contalns lime.

Since results on many different Myxomycetes are
discussed in this thesis, a complete list of genera is
given in Ffigure 1. The classification is taken from
Martin (1949).

The species used in the present investigation was

Physarvm polyvcephaluni, obtained in the form of a sclerotiuu

(dried plasmodium) from Dr. H.P. Rusch of Wisconsin
University. The identification of the species has been

confirmed by Dr. G.W. Martin of the University of Iowa.
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SUBCLASS 1. EXOSPOREAE

One genus only: Ceratiomyxa.

SUBCLASS 2. MYXOGASTRES

Orders

1. Liceales

2. Trichiales

3., Stemonitales

4, Physarales

Families

a)

b)

c)

Liceaceas

Reticulariaceae

Cribrariaceae

Dianemaceae

Trichiaceae

Echinosteliaceae

Collodermataceae

~

Stemonitaceae

Physaraceae

Didymiaceae

Genera

Licea, Tubifera.

Alwisia, Lycogala, Dictydimethalium, Reticularia,
Enteridium,.

Lindbladia, Cribraria, Dictydium.

Margarita, Dianema, Prototrichia.

Perichaena, Arcyodes, Arcyria, Oligonema,
Trichia, Hemitrichia, Calonema.

Echinostelium.
Colloderma.

Amaurochaete, Brefmldia, Elaeomyxa, Diachea,
Enerthenema, Stemonitis, Comatricha,
Clagtoderma, Lamproderma, Macbrideola.

Fuligo, Badhamia, Physarella, Cienkowskia,
Craterium, Physarum, Leooarpus.

Diderms, Mucilago, Didymium, Lepidocderma,
Leptoderma.



Terminologv.

"Amoebae". In this thesis, the organisms composing the

uninucleate stage of the life-~cycle have been referred to
exclusively as "amoebae". In former works, a variety of
terms has been used, and these have bheen reviewed by
Cadman (1931). In general, "amoeba" ox "myxamoeba®™ has
been ugsed to denote a stage when the uninucleate organisn
has no flagelium, and "swarm c¢ell" oxr "zoospore" for a
stage when it has a flagellum or is capable of developing
one. Ross (1957) groups specles of Myxomycetes into three
types, accoxrding to the relative lengths of time occupled
by "flagellate swarm cells" and "nonflagellate myxamoebae®
in the life-cycle, and for P, polycephalum, he reports
that the flagellate stage persists for not more than

130 hours aftexr emergence from the spore. In the present
worlk, these distinctions have been found invalid; clones
of the uminucleate, amoebold stage that have been cultured
for as long as two years on solid medium have stilill been
observed to develop flagella when placed in water, and
have also been found still capable of fusing to form
plasmodia. A single namée was therefore used Ffor the
uninucleate stage, and the term "amoeba™ was chosen

bocause it was the simplest and because it may validly



be used as a purely descriptive term and thus cannot add
confusion to any further dispute there may be about the
characteristics of the uninucleate stage of Myxomycetes
in general. On the solld medium used for all cultures
in this work, the amoebae move by pseudopodia, do not
possess vislble flagella, and in fact look exactly like
commonr "soll amoebae®.

"Hatching". In all previous works on Myxomycetes, the

term "germination" has been used to denote the emergence
of the amoeba from the spore. In the present work, the
term "hatching" has been used for this event. This
change is probably indefensible, since it is not strictly
necessary. It resulted from the inability of a student
of Zoology to conceive of any process involving the
emergence of an independent, motile organism from a shell
as "germination". The change of terminology is also well

supported by the Oxford Dictionary.



PART I.

TECHNIQUES TO CONTROIL THE LIFME-CYCLE.

BN ITTIR

Iotroduction.

The life~cycle of Physarum polyeephalum follows the
general description given above (see Fig. 2). The plas-
modium, which is bright yellow in colouvr, grows indefinitely
in a moist atmosphere, lts size depending on the amount of
food available. Under certain conditioms it produces
fruiting-bodies (sporangia) with a calcareous skeleton
supporting large numbers of black (ox dark purple) spores
which can survive in dyry conditions for several years. In
moisture, a spore, which is about 10 in diametezx,
releases @itﬁer one or two (both situations have been
ob&erved) transparent amoebae, slightly smaller in size.
Undeir suitable conditions an unknown number of amoebae
fuses Ho form a small, transpavrent plasmodium which
immediately shows protoplasmice streaming, grows rapidly
and soon develops yellow pigment. This whole life~cycle
was observed in the laboratory by Howard (1931a).

In the present work, the object was not to describe
the life-oyecle, nor to investigate fully the factors
influencing it, but simply to develop technigues that

would allow the various stages to be produced at will,
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Culture conditions that were fully reproducible werxe
therefore necessary; factors such as temperature,
humidity and nmutrition had to be controlled and all
contaminating organisms eliminated. No previous workers
had reported culturing the species undex such conditions
except a few who grew only the plosmodium (see below).
Throughout the present work, all cultures were
incubated at a constant temperature of 25°C (except
where it le stated otherwise) and the recognized
precautlons to maintain sterile conditions were used

foxr all cultures.
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1. Growth of the Plasmodium.

A number of authors have reporited growth of P.polyceph-

alum plasmodilia in falrly well controlled conditions.
Howard (1931a) grew the plasmodium on autoclaved oat
agayr, but did not take precautions to remove contaminating
organisms so that 1t is not certain whether the plasmodium
fed on the oats or on bacteria or yveasts present in the
culture. Cohen (1939) purified the plasmodium carefully
and found that it failed to gwow on autoclaved oat agar
unless a strain of veast or bacteria was added. He did
succeed in maintalning pure cultures of plasmodium on
autoclaved veast, as also did Hok (1954). Rusch (1959)
reporits the successful growith of plasmodium in pure culture
in a ligquid; "partially defined" medium, but the composition
of this medium has not yet been published, IHe has also
succeeded in growing the plasmodium in pure culture on a
mixture of oats and water (personal communication).
Throughout the present investigation, the plasmodium
has bheen grown on autoclaved oat agar, made by a method
gimilay to that described by Howard (1931b).(see below).
The plasmodium originally received was heavily contaminated.

It was purifiled by the use of antibioties and by migration



o 1l -

over non-nubtrient medium. After purdfication, growth in
oat agar was still vigorous, and a series of tests for

the praseﬁca of contaminating ovganisms, made by placing
sauples from the cultures in tubes of broth and other
nutrient media, showed that the plasmodium was probably
feeding on the ocats Withoﬁﬁ any ald from other organisms.
Wo furthér investigation of the nutrition of the plasmodium
was dona.

Prepavation of Oat Agair.

1) & guantity (1-2 litres) of agar of congentration 1%
(w/v) is made, sterilized and stored in flasks of
250 mi. capaclty. (Throughout this work the agax
used for all wmedlia was OQxoid No.3 and the waber was
Glasgmw tap watexr).

41) A 250 ml, flask containing 150 ml. 1% agar is heated
until the agar is melted.

iii) 12 gs. "loose rolled oats" avre added to the agar.

iv) The flask is heated in a water bath at 90°C for 10
minutes.

v) The cotbton wool plug is vemoved and veplaced by a
fresh plug of cotton wool that is pressed in as
tightly as possible and held in place with an elastic
band, I this is not domne, the plug is usually

blown out during autoclaving.



vi) The flask is autoclaved at 15 lbs. pressure for 15
minutes.
vii) The flask is removed from the autoclave and the
oat agayr is immediliately poured into Petri dishes
(9 cms. diameter).

viii) Subculturing to the fresh ocat agar is usually done
soon after the medium has solidified, but the dishes
of oat agar may be stored at room tempoerature fox
about one week without deterioration.,

Subcul turing of Plasmodium.

1) A pilece of plasmodium about 1 sq. em. in area and

the medium underlying it is out out from an oat
agar culture in a Petri dish and transferred to the
surface of fresh medium of the same kind.

i1) The dish is inverted and incubated in a moilst chamber
at 2560 for three days in the dark. In this time,
the plasmodium usually spreads to cover the entire
surface of the medium (see Figure 3).

1ii) The dish is vemoved from incubation and stored at
room temperature in the dark for about four days

before subculturing,
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2. Pormation of Spores by the Plasmodium,

a) Results of Previous Investigations. Several investigations

have been made of the factors influencing formation of
spores (fruiting) in Myxomycetes, Physarum polycephalum
having been used for most of the work. With this species,
Camp (1937) found that the plasmodium would not form spores
in the presence of food, and Howard (1931a) found that

spore formation would occur in the presence of food only

1f the food was "fouled" by bacteria. Gray (1938) reported
that spore formation could occur in the presence of food
but that it took place much more rapidly if food was absent.

Gray (1938) found that P, polycephalum and three other

species with yellow plasmodia rarely formed spores when

kept in the dark, and in experiments with cultures of

P, polycephalum exposed to artificial light he found that

in either the presence or absence of food, fruiting occurred
more rapidly the greater the intensity of the light. When
cultures were treated with altermating short periods of
light and darkness, the total period of exposure to light
necessary for spore formation was less than when exposure
was contlnuous. In tests with different wavelengths, he
found that the shortest were probably most satisfactory

in producing spore formation. Ten species with white
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plasmodia formed spores equally well in light oxr darkness.

In another series of experiments on the frulting of

P, polycephalum plasmodia deprived of food and exposed

continuously to light, Gray (1939) found that both
temperature and pH influenced spore fbrmation and that

the effects of these factors were inter-related; the
higher the temperature,‘the lower the optimum pH. Seifrisz
and Russell (1936), after a series of experiments with

P, polvecephalum, reported that fruiting was unpredictable

and affected by none of the many factors they tested,
including temperature, nutrition and light.

Sobels and van der Brugge (1950) described a method
for obtalning spores from yellow plasmodia by growing them
in flowerpots standing in water. They bhelileved the method
to be successful because the plasmodium could choose the
most favourable position foxr fruiting on the gradient of
humidity provided by the vertical side of the porous pot.
The cultures were foed on oat agar in the presence of yeast
and exposed to daylight., Spore formation in the absence
of other organisms was not reported until Rusch (1959)
described a reliable method for obtaining spores from

P. polvcephalum plasmodium grown in pure culture in a
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"partially defined soluble medium", but unfortunately
the necessary details of this method were not availlable
until late in the course of the present investigation
(see below).

b) Results of the Present Investigation. The results of

previous workers had shown that some of the Tfactors

influencing spore formation in P. polycephalum were the

amnount of food present, light, temperature, piH and
humidity, and had also suggested some possible mothods
of oculturing the plasmodium in the most favourable conditions
for spore formation. All these faetors were taken into
account in a series of tests to obitain spore formation
in the present investigation, in which plasmodium grown
in pure culture on oat agar was used., 0Of move than 100
cultures used in these tests, only three produced spores,
and no conclusive results about the eoffects of the
different factors were obtained.

The effect of adding bacteria to the cultures was then
tested, using a pure strain of bacteria isolated from the
original contaminated plasmodium. (The strain has since

been ldentified as Pseundomonas sp.). 7The plasmodium was

kept dn flasks in the dark and allowed to feed on oat
agar and bacteria until it migrated away from the food;

the cultures were then exposed to daylight. In 41 cultures
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of this kind to which bacteria were added to the oat aganr
before inoculation of the plasmodium, spores were formed
in 30, while in 15 oat agar cultures to which no bacteria
were added, no spores were formed, The successful method
was therefore adopted as the standard method Ffor inducing
spore formation. (See Iigs. 4 and 5).

Detalls of Method.

1) The culture vessels used are Pyrex conical glass
flasks of capacity 150 ml., plugged with cotton wool.
About 5 ml. oat agar (prepared as described above)
is poured into each and allowed to solldify in a
thin layer a+t the bottom of the flasl.

ii) A suspensilon of the isolated sivain of Pgseudomonas,
of concentration approximately 2 x 10° bacteria/ml.
is made in saline and 0.5 ml. of this suspension is
added to each flask and spread over the medium by
agitation of +the flask. (In practice, the con~
centrations of baocterial suspensions are standardized
by culturing the bacteria on slopes of a Czapek-Dox-
glucose medium of standard area for a standard length
of time and washing all the growth off a slope into

a known volume of saline).
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© . Fig. 4. The method for inducing spore-—formation. P el R
S -(2/3 x natural si7e) S ,&‘n‘_:,fw,“A4.gu1 ‘

a. After five days incubation in’ the dark,ﬂTJTI

. The plasmodlum has. spread up the ‘aides of " LR

" the flask’ from the oat’'agar dt the bottom. ==
~and has condensed into- thick ‘veins. . Cotton .~ 7
wool is added 'to the: flask when all the .
1plasmodium has left the oat agar.;;;li_,

- rb Twenty—four hours after the cotton wooluq”@,wz?"
~ is added. . The" plasmodium ‘has all. left theg;fjifxﬁ
oo e gides of . the flask and has formed a mass’ B
L .. ... ‘om top. of ‘the cotton wool - (shown by . the9]£ 
EC ~,g]farrows) The marks on the ‘sides of the - . .
. .flask :are tracks of’ slime left: by thejﬁf:“ﬁVhif,ﬂ,”
w plasmodium.ﬁ The flask is now exposed to
'liéhtopﬁ ) SR

R S 38 Two daYs after the firqt exposureito"”fyfiff!ﬁff

.~ . .7 light. A mass of black spores has formed =\ . = -
.. "1 . on the cotton wool and no plasmodium remains,?ifjff

. The flask 4is viewed: from the. side that was'5571;” Q
| meavest to the light. . - SRR :







CPig.

ESporangia (fruiting—bodies) (x 36)

The - sporangia consist of masses of black SRR
spores supported on. a calcareous framenqtrﬁ’

"fwork., ‘The - shape of. the spore masses is .

. .characteristic of the ‘species. Individual
. 8pores may: Just be distinguished on the LA
‘surface of 'the mass at this magnification;*ﬁfl“

In the- background are branching tracks of -
‘slime left ‘by ‘the plasmodium. These Tl
sporangia were formed on a glass surface. o
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The oultures are incubated at 3“”& Lor 28 houss

in the darli,.

A plece of plasmodium about 1 sg. cm. In aroa cut
From an oat agar culture lu o Petri dish is placed
onn the moedium in each flask.

Thoe culturos are dncubated ab ﬁﬁow in the dewic until
all tho plasmedia hag leof¢ the modiuwn and has moved
up the sides of the flask. (Usually about 7 days).

A dump of sterile, non-absorbont covtton wool, bilg
enough to cover aboudt half the surface of Hthe modium
and about one third of the lnteinal hedght of the
flask is placed on the layes of medium in each flasl,
touching the glass at one side of the flask.

The cultures are inoubated at ﬁﬁaw in the dank forx
2h hours, At the end of this peoriod, all tho plaoe
nodium A uswally in a compoct mass on the cotton wool,
The flasks are placed about 15 ¢ms. Lrom two bars of
Osram fluorescant, "Daylight' illumination in the
8500 incubator. The light is switched oun end off by
n time switech, giving alternate perileds of & minutes
Tight and 14 minutes darkness, with this timing, the

gultuires do not heooome over-hoabod.
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Under these conditions, spores usually form in most
of the cultures 1l-2 days after they are flrst exposed to
light., The spores may then be easily remeoved by pulling
out the lump of cotton wool. The pilieces of cotton wool
to whilch spores are attached are separated from the rest
of the mass, dried in Petrd dishes covered with filter
papexr at 2500, and stored in small tubes at room temperature.
The entire procaess of spore formation takes about 10 days.,

Alternative Method Derxived from Rusgh. Rusch (1959) reported

that if a pilece of plasmodium was deprived of food and
incubated in the presence of nicotinic acid for several
days in darkness, it would form spores soon after it was
exposed to light. His method conslats of incubating the
plasmodium on moidst Tilter paper supported on glass beads
over a layer of medlium contalning only salts, calcium
carbonate and nicotinic acid. The flasks are exposed to
light foxr two hours after four days incubation in the dark.
Spoire formation usually occurs within 12 bhours of illumine
ation. The details of this method were not published until
some time after the oat agar method had been developed, and
it has so far been used only a few times. Spores were

formed in some of the cultures, but the method is probably
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less satisfactory than the oat agar method for plasmodia
regularly grown on cat agary Rusch's method was designed
for use with plasmodia grown in liquid culture from which,
unlike ocat agar culiture, large volumes of plasmodium may
be easily harvested and washed free of growth medium.

c) Discussion. The work of Rusch (1959) has clarified

the processes involved in apore formation. He found
that a plasmodium formed aepores if it was, in seguence,
(1) deprived of food,
(ii) incubated in the presence of nicotinio acid in the
dark for fouxr days,
(i14) exposed to light for two houvs.

All these conditions are necessary: Iif nicotinic
acld is supplied in the growih medium and not during the
period of incubation in the absence of food, spores are
not formed, and if the period of incubation with nicotinic
acld in the absence of food is less than four days, spores
are not formed., From his work, Rusch concluded that the
period of incubation with nicobtinic acid beforxre illumination
was "pregsumably required for the conversion of nlcotinic
acid %o pyridine nucleotides, which in turn (presumably)
re~orient metabollsm towards sporulation by directly ox

indirectly sensitising the plasmodium to light®,
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He suggested that the minimum incubation period of
four days represented ithe tlwme required fox thils process
to be completed. After this time, exposure to light
initiated spore formation. He found that the process of
re-orientation was reversible untll the end of the period
of exposure o light. If growith medium was added to the
cultures before they wore exposed to light, all plasmodia
began to girow again and falled to foxm spores, but if it
was added after two hours exposure 4o light, all culftures
formed spores and failled to grow, even though none of the
morphological changes associated with spore formation had
been visible when the growth medium was added.

The Effect of Bacterlia. In the present work, one of the

conditions found Ho be necessary for spore formation was
the presence of bacteria, If it is assumed That Rusch's
Findings apply egually well to the type of cultures used
in the present work as to his own, it may be suggested

that the bacteria help to supply one of the conditions

that he found necessary. It ls quite likely, 1n fact, that
the bacterila produce nicotinic acid in the medium, which
acts on the plasmodium after the nutritional content of

the food has been exhausted. On the other hand, it 1s

possible that the bacteria simply serve 0 cause migration
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of the plasmodium away from the food., At the time when
the plasmodium leaves the medium and moves up the sildes
of the flask, there are nearly always some unused oats
lefft, but the surface of the medium is covered with
bacterial growth, Bacterial waste products may ocause the
migration. In other words, the presence of food that

is "fouled" by bacteria may be equivalent to "absence

of food" foxr the purpose of inducing a plasmodium to
cease growith and turn bo spore formation. The effect of
"fouling" by bacteria in producing spore formation was
also found by Howard (1931a).

If the "“"absence of food" is the necessary require-
ment satisfied by the bacteria, it may be wondered why
plasmodia grown on oat agar withoudt bacteria do not
eventually form spores also. It ig possible that the
weason for this 1s simply a matter of time; 1in the
absence of bacteria growth on cat agar is slower and
it is possible that by the time +the food is exhausted
other conditions in the culbtures, such as humidity, have
become unfavourable.

The Lffect of Light. The vesulis of Gray (1938) and

Rusch (1959) showed conclusively that exposure to light

ig a necossary condition for fruiting. The present work



- 28 w

has suppovied the resulits of these authors in showing
that avtificial light is as satisfactory as daylight so
long as it ig of falrly short wave~lengih (white, not
yellow), and that fractionation of the period of exposure
does not inhiblt spore formation. Since spores can be
obtained from plasmodia of P, polygephalum exposed to
light for short consbant perilods of time at constant
temperature, as in this work and in Rusch's work, 1t
appears that effects of daylength ov seasonal change are
not imporitant in influencing spore formation in thisg
species.

Humidlty and Surface Texturs. The results of the present

work suggest that, as might be expected,; therve are other
factors extremely important in influenclng frulting apart
from those clearly implicated in the variousg investigations
described above. Two of these factors appear to be the
humidity of the ocultures and the texture of the surfaces
available in them. The evidence for this coucluslion is
derived chiefly from obsewxvation of a large nunber of
unsuccegsiunl cultures. It may be illustrated by two
particulayr obsexvations:

i) Before the details of Rusch's work were published,

the information was available that nicotinlo acid



induced spore formation (Rusch, personal communication).
Barly in the present work, a number of attempts were
therefore made to test the effect of nicotinic acid,

but these were so unsuccessful that they were eventually
abandoned. DBut when the details of the method became
known, it was used successfully. The chief difference
between these tests was that in the unsuccessful ones,
nicotinic acid had been supplied in a water agar medium,
while in the successful ones, the plasmodium was placed
on filter paper supported by glass beads over a Lliquid
medium containing nicotinic acid.

ii) When the standard oat agar meithod of imducing spore
formation was adopted, it was Lfound that cultures were
successful more often if cotton wool was added to them
before they were exposed %o light. The cotton wool
cloarly forms a very sultable surface for spore form-
ation since, when it is preseunt, the spores are almost
invariably formed on it, and very few are ever formed
on the glass or on the medium.

Both these obseyrvations suggest that, as also suggested
by Sobels and van der Brugge (1950), a fibrous, porous
surface is a favourable substvrate for spore formation,
Whether the effect 1s due to the fibrous structure itself

or to the gradient of humldity that accompanies it is of
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course uncertain, but it is likely that one or both of
these factors s important.

3. Development of Amgebae from Spores.

a2) Results of Previous Investigations. Previous workers

with Myxzomycetes seem to have had little difficulty in
inducing the spores to hatch and the amcebae to multiply.

Howard (1931la) found that the spores of P, polycephalum

germinated satisfactorily in water. Smart (1937) found
that the percentage of spores hatching in many Myxomycete
specles was ralsed by the presence of nutrient decoctions,

but since in P, polycephalum he found that 80% of spores

hatched in tapwater o distilled watexr, the effect of
added nutrients was slight in this speciles. He also
concluded that the optimum temperature foxr hatching was
between 229C and BOQC and that the speed of hatching,
though mot the percentage, could be increased by the
presence of other hatching spores.

Blliott (1949) found that the use of blle salts, such
as sodium taurccholate, as wetting agents increased the
percentage of spores hatching. Gilbert (1929) found that
the spores of some species gave a very low percentage of
hatching until they were a few months old, while those of

other species would hatch dmmedlately after formation.
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P. polycephalum was not included in this investigation.
Cook and Holt (1928) and Smith (1929) found hatching of
spores that were five years old and thirty years old

respectively in many species, but P, polyvcephalum was not

included in the investigation,

b) Results of the Present Investigation. In the present

work also, it was found to be simple to induce hatching
and multiplication of amoebae under conditions similar to
thoseo used by Howard and Smart. IHeavy suspensions of spores
obtalned from the initial, contaminated plasmodium were
inoculated on the surface of water agayr in Petri dishes
and the dishes ilncubated in molst chambers at 25“0. Many
spores hatched and there was dense growth of amoebae on
the surface of the agawr. It was Tfound that free water
was not necessary to the amoebae; growith from spores 1o
plasmodla took place in these cultures omn the surface of
the agar. Mlicroscopic examination of these plates,
inoculated with the contaminated collections of spores,
revealed that the amoebae were multiplying most quickly
in the areas where bacteria or other contaminants were
growing on the surface of the agar. The greatest
multiplication was found in translucent patches of

bacterial growth. The strain of bacteris giving this
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growth was therefoire isolated from the plates, purified

and esteblished as a stock on slopes of a nutrient agar
containing Czapel Dox and gluqnse. This strain of bactexila
has been used throughout the present work for feeding
amoebae and, in later parts of the work, has been used

for feeding the plasmodium when spore formation is regqulred
(see I.2 above). The bacteria are gram-negative rods,
motile and chain-forming. The strain has been ldentified

by Dr. J. Norrlis as Pseudomouas sp., pirobably P, fluorescens.

These bacterila give slight growth on water agar, forming
translucent "pools" in which the amoebae feed and multiply.
On richex medium, +the bacterial growth is too heavy for
succegsful growth of the amoebae.

As soon as the strain of bacteria had been purified,
tests to induce hatching and multiplication of amoebae
were domne under controlled conditions. Spores formed by
plasmodia that had been freed of contamlnating organisms
(as described in Section 1) were used aud the spore
suspensions were further cleaned by repeated washing by
centrifugation before use. Spores treated in this way

PRy b
cavried a negligible amount of bacteria with them. When

———r

placed on the surface of water agar, some of the spores

hatched but the amoebae encysted without multiplying.



- 33 -

However, when a suspenslon of the ilsolated bacteria was

inoculated on top of the encysted amosbae, they began to

maltiply. In all future tests, therefove, spores were

freed of all contaminants before use, and the only food

supplied for the amoebae was the lsolated strain of bacteria

growing slightly on the surface of water agar. (See Pig. 6).
A series of tests was then done to induce the

hatching and multiplication of amoebae from single, isolated

aporesa. BSpores were lesolated by manipulation on the surface

of agay with the aid of a dissecting microscope. Small

squares of agar carrying single spores were cub out and

sransferred to plates of water agar, where a loopful of

bacterial suspension was inoculated on top of each. If

the spore hatched, the amvebae multipliled until they had

eaten all of the small patch of bhacteria and then encysted

and vemalned viable untill transferred to fresh medium,

In the first series of spoxres vreated im this way, from

one set of sporangia (i.e. sporangia formed in ome culture

flask), 45 spores hatched of 221 isolated (20.4%). 1In

another seriles, with spores {from a different set of

sporangia, only 7 hatched of 273 isolated (2.6%).



Fig, 6.‘a. Spores (x 310)

o

b Amoebae and the str41n of bacteria

'v.

A suspension ‘made by crushing sporangia
in water. . The - photograph shows typical
vnriation in size. :

(Pseudomon&s sp.:) on. which they feedc' 
(X 2*707

A suspension made in water from a culture
of, amoebae and bacterla on water agar. -iwﬁ
‘Some of the amoebae are active, §irregularﬁ
in shape) and some are encysted (round) '
The bacteria are chaln-forming rods.‘
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The Plating Method. When amocebae were growing under the

conditions described above, by feeding on a layex of
bacterial growth on water agar, it was noticed that the
areas in which they had multiplied were c¢learly visible
to the naked eve, Asgs the amoebae multiplied and ate the
bacteria, they caused a translucent area to appear in the
more opague backgroﬁnd of the bachterial layer. It was
noticed also that where a single amoeba had inltiated
such a patch of multiplication, the pateh was always
clrcular, this being presumably caused by the fact that
each amoeba fed and divided without moving wvery far over
the surface. The centre of such a patch consists of
encysted amoebae which have Tinlshed the avallable food.,
These observations suggested the possibility of a
gimple plating method fo spores ox ammebae.. A similar
method was developed independently by Kerr and Susasman

(1958) in work with Didymium nigripes. The principles

of the method used in the present work were devived from
those commonly used foxr other micro-organisms. A method
for successfully plating amoebae was easily worked out
but plating spores was found to be more difficult. The

detalls of the method used foir amoebace are as follows:
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1) The medium is water agar of congentration 2% (w/v)
in 9 em. diameter Petri dishes, poured about half
an hour before plalting.

ii) A suspension of amoebae is made in distilled water.
The suspenslon is made homogenceous by pipetting with
a Pasteur pipette,

1ii) The density of the suspension is estimated by
haemocytometer counts.

iv) The suspension is diluted to the required density by
gserial dilutions in distilled water. Dilutions are
made so that 0.1 ml. oxr 0.2 ml, of the final suspension
will contain the nuuber of amoebae required on one
plate (the most convenient mumber is 100).

v) The required volumes (0.1 ml. or 0.2 mi.) of the
appropriate dilutions are plated on the surface of
the water agar by spreading with a glass rod.

vi) The dishes are allowed to stand at room temperature
for 1~5 hours to enable the water Lo soak into the
agar.

vii) The dishes ave spread with bacteria. The suspension

of bacteria (the isolated strainm of Pseudomonss) is

made in saline from a two~day culture on Czapek=-Doxe

glucose medium. The concentration of the suspension
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is approximately 1 = 10%° bacteria/ml., and 0.1 ml,

" is spread on each dish., Spreading is done with a
glass rod. In practice, the concentration of the
bacterial suspension is standardized by growiling the
bacteria on slopes of constant area and washing all
the growth from a slope into a standard volume of
sallne.

viii) Tho dishes are allowed to stand at room temperature
until the surface of the agar is dry (often they are
left in this position overnight).

ix) The dishes are inverted and incubated at 25°C.

After four days incubation, growth is wvisible on the
plates, a circular, clear area having been produced by each
amoeba that has produced a viable colony. These clrcularw,
clear areas have been called "plagues" by the author (and
also by Kerr and Sussman, 1958) because of theixr similarity
to the "plagues" produced by bacteriophage (sece IPlgs. 7 and
8). The number of plaques on each plate is counted after
four days incubation and the counts are continued until the
plates have beoen incubated foxr ten days., New plagues
continne to appeaxr during this time.

The efficiency of the plating method has been thoroughly

tested by platings of amoebae. The viability of amoebae is
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usually nearly 100%; that is, the number of plaques
corregponds closely éé the number expected on the basis
of the haemocytometer counts. Also, the counts on
different plates of a series show a variance not
subgtantially greater than expected by chanegae,

It was concluded that the plating method could be
used to estimate the viabilitiles of batches of SRPOYOS.
Since the 100% viabilisy found in platings of amcebae
indicated that each plagque arose normally from only a
single amoeba, it was also concluded that platings of
gpoves could b@'us@d as a quick method of isoclating
the products of si@g;@ spores. Tests were done to
digcover the most sultable conditiorz foxr plating
spores. LIn these, however, it was found that plating
spores gave less regularly successful results than
plating amoebae. Two series of platings with two
different batches of spores were done befoire the
conditlions necessary for successful plating of spores

were discovered.
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Plating Age of ¥o. of | Total Ho. Result Aﬁpawu ww
¥o. Date Spores Pizates of Spores viabis 0ﬁ¢ﬂ«w K Treatment
\ _ .
i. | 31.120.538] 2 weeks i0 1,000 305 1y “Calsolene® (lauryl sulphonate)
-t ! used as wetting agent in speore
suspension.
. o L months 16 6,000 12.5% a) Range of bacterial concgné-
2 3:3.39 2 v ’ rations tested: 10° - 10°
bact./diskh.
b) Treatments %o increase
humidity.
. |2k, 7.50 months 20 10,000 2 plates ¢
3 7.591 9 with amoel
&, 3.8.59 9% momths i35 10,000 Some plates incubated at Naanm
the rest (imcluding the two -
good plates}) at 25 C.
5. | 4.8.59 | 9% months 16 10,000 a} Pretreatment of spores in
5% sucrose solution. o
b) Ineubation at 20°C ama 25°%¢.
6. | %.8.39 | 9% months 16 10,000 a) Pretreatment of spores with
cold sheck (-1i2 mu.
b) Incubation at 20°C ard 25%C,
7. 18.10.59 | 31% months 24 12,000 -
8. | 9.12.59 | 135 months 2k 9,000 Bacterial suspensions made with

cultures of different ages
(2 - k2 cays oid).




Table 2.

"Results of - the second series of spore
-~ platings. . The. spores. used had. ‘been - S
formed on 16,12, 59. For explanation:u,r ‘

of terms see Table 1.
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Plating Age of No., of Total Ho. Result | ffotal
. i
No. Date Spores Plates of Spores viable _ﬁﬁﬁww Treabtment
PR

1. 6.1.60 3 weeks 20 70,000 1 plate |artly Bacterial suspensions made
covered ([Lth with cultuzes of different
amoechac.| [.01% ages (2 = 25 days old)
on the mfpt.

2. 8.1.60 3 weeks 14 90,000 1 plate |pvered Bacterial suspensions made

. with zmeipae. with cultures of different
0.03% onifhe rest.| ages (2 -~ 30 days old)

3. 18.1.,60 5 weeks | a)} 8 8,000 8 platesipovered Various treatments ito

with amoipac. increase humidity: dishes
sealed with water or agar;
surface of medium broken
up; second layer of agar
poured ovVer SpOres.

b)10 10,000 1 plate ghrély Nutrients added to the
covered yith , medium: vidamins; oat
amoehae. D.04% decocition.
on the r¢pt.

4, 8.2.60 8 weeks 18 12,000 1 plate <pvered Sodium taurocholate used
with amogbae as webting ageni in spore
5 plates partly suspension,
covered Hith
amoebas, D.03%
en the zdst.

5./ 12,2.6C 8 weeks ié 8,000 3 plates partly Bacterial suspemsion
covered uith mized with agar and poured
amoebae. |P:00% over spores after plating.
on tag rast.

6.f 18.2.60 © weeks a) 8 3,000 & plates %@ﬁ@%m& Sodium tauro-) Agar
with mﬁamﬁm@. oWﬁHmwm used poured over
0.00% oz lthe west{ as wetting ) spores after

" agent., M.wwmﬁwwm.
b) 8 3,00C 2 plates parily Bacteria
coversd yith amoey - ) plated om
ae Jew \W”. [e2:0 <] / ® of thi
rest. i mmWobn WQ@Wr
7. [28.2.60 10 weeks 21 7,000 6 plates cpvered |Agar poured over spores
with amoeblie 0.00% after plating. Bacteria

on the resii.

lated on bop of this second

-




The results of the two series of platings are shown
in Tables 1 and 2. Platings 1 and 2 in the first series
(Table 1) gave quite good results, and the method used
in Plating 2 was adopted as the basis for all the otherx
platings. The method was similar to that described for
amoebae, the chief diffevrences bheing: |

1) The medium was 1% agar instead of 2%.

ii) Approximately 1 x 10°% bacteria were spread/dish
instead of 1 x 107, (The results of Plating 2 were
equally good on plates spread with 106 and 108
bacteria/dish).

1ii) The dishes were not allowed to dry before they were
incubated,

iv) The dishes were incubated in a moist chamber.

The various treatments applied in attempts to improve
results with this method are shown in Tables 1 and 2.

Some of the treatments were suggested by the results of
other workers and some by a consideration of results in
the present work. Comparison of the successful and un-
successful platings in the present work suggeéted that
high humidity was an important requirement for success.
Much attention was paid to the conditions of humidity in

the disheg and all factors that could affect humidity,
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such as the concentration of the agar, the volume of
spore and bacterial suspensions plated, the btype of dish
used, the conditions of incubation and the intervals of
time between the different stages of the plating were as
far as possible ddentical with those of the succeasful
platings. However, none of the treatments used in the
first series had any significant effect on the results.

In the second series, the use of sodium taurocholate
as a wetting agent in the spore suspension (Elliott, 1949)
perhaps gave a slight improvement in the results of
Platings 4 and 6 (see Table 2), but soon after this a
successful plating method was developed in which no
wetting agent was used.

As shown in the Tables, Platings 3 and 4 in the first
serlies and Platings 1 and 2 in the second sories showed
irregular results. In each of these platings, so many
spores hatched on one or two plates that these plates
were covevred with amoebae and plaques could not be counted.
A ecareful consideration was made of all possible differences
that could exist between these successful plates and
ungsuccessiul ones in the same plating. It was concluded
that the two factors most likely to be causing the effect

were:
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i) Humidity. Variations in the conditions of humidity
between diffevent individual dishes all poured at
the same time, plated with same volume of liquid and
incubated under the same conditions could still be
cauged by differences in the depth of the agar, the
temperature at which it was poured or the tightness
of £it between the dish and its lid.

ii) Presence of nutrients., A few dishes that bhad been
inadequately washed could contain traces of vitaming
or other substances that might stimmlate the hatching
of spores.

Plating No.3 in the second series was done to test
these %two factors (Table 2). 1In elght plates, (a) several
different treatments weve applied to increase humidity
in the dishes. In ten plates (b) traces of various
vitamins were added to the medium in different amounts.
The result was that every one of the first set of eight
plates was covered with amoebae, while only one of the
second set was covered and the total viability on the
remaining nine plates was 0,0l%,

It was concluded that the treatments used to increase
humidity in this test were effective in dnereasing the
percentage of hatching spores. The most convenilent of

these treatments consists of pouring a second thin layex
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of well«cooled wateyr agar ovex every dish several hours
after it has been plated with spores and bacteria. The
hatched amosebae multiply between the two layers of agavr.

Before this method was finally adopted, two minox
variations of it were fested in Platings 5 - 71

1) Ia Plating 5, the bacferial suspension was mixed with
the second layer of agar instead of being plated
beneath it; and

ii) In Platings 6 and 7, the bacterial suspension was
plated on top of the second layer of agar instead of
beneath it.

Both these methods gave good results on some plates,
but the original form of the two-layexr method gave the
highest percentage of growth and the most clearly-
defined plagues. It was also found in these tests that
the plagques were more clearly defined 1f the concentration
of the bacterial suspension was higher than that used
in most tests previously (109/dish instead of 108).

The standard method of plating spores is now as
follows:

i) The medium is water agar of concentration 1% w/v
1o 9 om., diameter Petri dishes, poured about half an

hour before plating.



ii) Spores are suspended in distilled water, washed
once by centrifugation, and then re-~suspended and
distributed homogeneously in the suspension by
plpetting with a Pasteur pipette.

iil) The density of the suspension is estimated by
haemocytome ter count.

iv) The suspension is diluted to the required density
by serial dilutions in distilled water.,

v) The required volumes (0.1 ml, or 0.2 ml.) of the
appropriate dilutions are plated in the surface of
the water agar by spreading with a glass rod.

vi) The dishes are allowed to stand at room temperature
for 1 = 4 hours to enable the water to soak into
the agar.

vii) The dishes are spread with bacteria. The concen-

tration of the suspension is approximately 1 x 10lo
bacteria/ml. and 0,2 ml. is spread on each dish.
Spreading is done with a glass rod. The bacterial
suspension is made as described in the plating method
for amoebae.

viii) The dishes are allowed to stand at room temperature
for about 1 hour.

ix) The dishes are inverted and incubated at 25°C for

24 nours.
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%) The dishes are vemoved from incubation and a second
thin laver of 1% agar is poured on each. The agsy

is poured at a tempevature of 45-50°C and about L4 ml,

is pouved on cach Qiﬂh. The thiockuness of the top

layer is thus abou§ 0.6 mm, The dishes are tilted
and shakon about while the ager ids s4ill liguid so
that it will set dn a thin laver all over the surface.

xi) As soon as the top layer of agar has set, the dishes
are returned to dncubation ab Rsaﬁe

Bix or seven days after incubation sbtarts, plagues
are counted and isolation of amoebae from plagues may be
done. The plaques are formed between the btwo lavers of
agar and cannot easily be seen with the naked eye. They
are counted with the aid of a dissecting microscope, and
isolation of amoebae f£rom the plagues igs done under the
same condibions.

This wmethod was immediately used in four platings of
spores obtained in the cross of doubly-marked strains and
1% enabled large numbers of progeny of this cross to be
isolated (msee Part ILI, 2). The results of these platings
are given in Table 5 (p.101). The average viability
ranged from 2.1% to 6.8% and in each plating all the

plates showed silwmllayr numbeirs of clearly-defined
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plagques. The irregular results found during the test
platings described above have not recurred since the
adoption of the two~layer method of plating.

¢) Discussion. The work that has been described in this
seoction did not have the obJject of discovering faoctors
that promoted or inhibited hatching, but was aimed simply
at developing a satisfactory method by which spores could
be dnduced to hatch and their products isolated. Thus
few of the factors that were tested were investigated
oxhaustively and no conclusions, apart from the few
remarks that have been made above, can be drawn from this
work about the effects of temperature, nutrients owx
wetting agents. .

Nodther have any tests been done on the effect of
ageing on the viability of spores, a factor found to be
of importance in some speciles by Gilbert (1929). In the
series of platings desocribed above, the smallest age
tested at which spores hatched successfully was two weeks
and the greatest was ten months. Since age may affect
gpore viability and since different batches of spores

may have different viabllity, valid conclusions cannot be

drawn from comparison of the results of different platings.



Results from which conclusicns might validly be
drawn, however, are those obtained in the platings in
which many spores hatched on a few plates and very few
spores hatched on the other plates, since in any one
plating most of the conditions of treatment are the same
for all plates. This effect was found in eight different
platings.

As explained above, the two factors that seemed most
likely to be causing this effect were humidity and the
presence of anutrlients. Plating 3 in the second series
(Table 2) was designed to distinguish between these two
alternatives and it showed that good results were obtained
when any of a variety of treatments was applied to increase
the humidity in the dish. However, most of the treatments
that were applied to increase humidity in the dishes, in
particular the addition of a second layex of agaxr, would
also decrease the rate of diffusion of substances towards
or away from the spores, and among the wresults of this
would be a veduction in oxygen tension in the spore's
surroundings. A change in oxygen temnslion, rather than an
increase in humidity, may be the factor that induces a
spore to hatch. Clearly, no conclusions about the
particulaxr factors that influence hatching can be drawn

from these results. .



An additional factor that must be consldered is
the effect upon unhatched spores of the presence of
hatching spores. This was found by Smart (1937) to
increase the speed though not the percentage of hatching.
It is possible that this factor may have contributed to
the high degree of success on the particular plates
that were successful in the present lnvestigation., If
a sufficient number of spores hatch, they may stimulate
others to hatch in environmental conditions that would
otherwise be unfavourable. However, since the percentage
of hatching on the other plates of the series in which
the successful plates were found was always consistently
low, it ig extremely unlikely that sufficlent hatching

spores rcould occur on one plate by chance to cause such

an e¢ffect. Other factors must first have caused a
high degree of hatching, even if the stimulating el fect
of this hatching on other spores caused the plates to
be so densely covered.

4., FPormation of the Plasmodium by the Amoebae.

a) Results of Previous Investigations. The formation of

plasmedia by amoebae has been achieved by many workers

both in ligquid and on solid medium. Many authors have



claimed, as a result of microscopic observatlon, that the
formation of a plasmodium ls initiated by the fusion of
a single pailr of morphologically gimilar amoebae. In

Physaxum pelveephalum, this observation was made by

Howard (1931a) and, most recently, by Ross (1957). Abe
(1934) looked for physiological differences bebweon the
two members of a pair of fusing amoebae and concluded
that they differed in electrie charge and in oxidation-
reduction potential, but Kambly (1939), whe repeated
Abe's experiments, found no such differences.

Only a few workers have performed precise experiments
to discover whether oxr not plasmodla can be formed by the
amoebae resulting from a single spore or single amoebha.
Working on Didymium difforme, Skupienski (1926) found
that although multispore cultures gave rise %5 plasmodia,
single~spore cultures did not. VWhen he mixed amoebae
from itwo different single-spore cultures, he obtalned
plasmedia, However, in the same species, both Cayley
(1929) and Schitinemann (1930) found development of plasmodia
in single~gpore oultures.

With Didymium pigripes, Schiinemann (1930) found

development of plasmodia in single-spore cultures,

Skupienski (1918) also obtained plasmodia from single-spore



cul tures but found no plasmodisa in cultures developed

from sivgle anoebae. He concluded that a spore contains
muolel of two difforent mating-types whioh segregate altey
the amoebae hateh. He does not record how many amoebae
engrged from a single spore. However, HKeirr and Sussman
(1958) found development of plasmodis in cultures developed
from single amoecbae as well as in those {rom single
spores. Von Stosch (1935) studioed two varieties of

D nleripos and found that they gave different results.
With D, nisripes wvar, xanthopus, he found development of
plaosmodia in single-spore cultures, but with D. nigripes
yvar., cunisrives, he found no pleasmoedio in single-spore
cultures. With this latter vardesy, he perxrformed o sories
of tests, mixing samples of awmeebae from palrs of single-
pgpore cultures. Frow gsome of these mixvtures, ho obtained
plasmodia, and he concluded from his results that a single
pair of mating-type fLfactors controlied plapmodium formation.
b) ﬁgﬁg&&g;ggmﬁggwgggggpt Investigation. Plasmodla were
found fr@qu@ntly in the early cultures of amoobae grown
from groups of contaminated spores on the surface of
wator agar. When controliled conditions for the culture of

anoebae had been developed, sowme geries of single-spore
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and multispore cultures were grown. In one series of
cultures, grown from spores taken from one batch of
sporangia, plasmodia developed in ten of the vwenty-five
multispore culfures; but in none of forty-five single~
spore cultures.

Ten groups of amoebae derived from ten different
single-spore cultures were then mixed togethexr systeom=-
atically., They were used to set up Tifty-Ffive different
cultures: ten of these culitures were started wilith amoebae
of the ten groups taken separately, and forty-~five were
started with amoebae from all possible combinations of
the ten groups taken two at a time. Aftexr several days
incubation, plasmodia had developed in thirteen of these
cultures. The incidence of plasmodium formation among
the cultures was plotted on 2 chart, and the results
indicated that a simple two-type (+/-) mating system was
in operation. The test was repeated twice and on each
occasion plasmodila developed in 20 of the 55 culiures.
None of these results disagreed with the expectation
derived from the results of the firstv test. In the
combined results of all three experiments, plasmodium
formation occurred in twenty-one of the twenty-~Live
cultures-in which it was expected on the basis of a

+/= aystem, and it did not occur in any of



the combined-group cultures in which it was not expected
or in any of the ten single-group cultures (see IFigure 9).

The Effects of Environmental Conditions. The conditions

used to induce amoebae to form plasmodia have been similar
to those used for the culture of amoebae. Pools of a
heavy bacterial suspension are inoculated on the surface
of water agar, and loopsful of heavy suspensions of the
amoebae are placed in them while they are still wet and
mixed together, The plates are incubated in moist chambers
at 2500. The pouring and inoculation of each plate is
done as rapldly as possible and the plate is idncubated
immedliately. The surface of the plates is kept moist but
is not so wet that the different pools on one plate oan
run together and mix.

After four days incubation, the plates are examined
with a dissecting microscope. The amoebae have eaten
most of the bacteria by this time and plasmodia are
usually found in some of the cultures. Plasmodla usually
continue to appear in other cultures for several days,
and the plates are incubated until a few days after
plasmodia have ceased to appear. Plasmodia are at first
l1little bigger than the amoebae and almost spherical, but

they can easily be recognized even at this stage because
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there is always an area around them from which the
amoebae have disappeared. As the plasmodium grows, it
assumes various forms and moves arouintd in the culture
by protoplasmic streaming. (See Figs., 10 - 12), Wherever
it moves, the amoebae disappear. As soon ag a streaming
plasmodium ls observed in a culture, the agar on which
it is situated is cut out and removed from the dish so
that the plasmodium cammot move to the other cultures.
In some cultures, only one plasmodium ls formed; in
others, many are formed simultaneously (see Fig. 12).
Undexr the condlitions described above, plasmodium
formation occurs in many cultures but it still does not
occur in all of those in which it 1s expected. Slight
variations in the treatment appear greatly to affect the
success of the cultures., In the three tests described
above, plasmodia were found in 20 cultures in each of the
second and third tests, but in only 13 cultures in the
first test, The treatment of the cultures in these testis
was identical except that examination of the plates was
done much more slowly in the first test than in the later
ones. Lt was concluded from observation of these plates
that drying of the medium may reduce the frequency of

plasmodium formation, and much care was taken in the later
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tests to ensure that the surface of the agar remained

molist.

c) Discugsion. The Tirst hypothesis considered to explain

the results obtained by mixing amoebae from single-spore
cultures was that a +/- mating-type system was in operation.
This is the simplest kind of mating system known. It
implies that two types of amoebae, denoted by + and =~
reagpectively, exist, and that the fusion of amoebae of

the two types is necessary to initiate plasmodium form-
atlon, Since plasmodia do not develop in single~spore
cultures, it is assumed that all the amoebae developing
from the hatching of one spore are of the same mating-type.
Because of this, it is likely that all the amoebae in a
single-~spore culture are of the same genetic constitution,
and the oulture of amoebae derived from a single spore

may therefore reasonably be called a "clone",

All the positive results obtained in the three tests,
that is, all the observations of plasmodium formation,
agreed with the expectation worked out on the basis of
this hypothesis, A departure from perfect agreement with
expectation was caused only by the absence of plasmodium

formation in four of the cultures in which it was expected.



There are Htwo reasons for believing that this depariure
From expectation is not caused by the existence of a
more complex mating-type system.

1) The four cultures in which plaswodium formation was
expected and did not occur involved amoebae of seven
different clones. ILf the absence of plasmodium
formation igs to be explained by attributing mating-
types moxe complesx than simply + or « to the clones
that falled 1o reach,; this treatment must be applied
to all seven clones. When an expectation is worked
out on thig basig, using any of the known mating-type
systems (Burnett, 1956), it ls found that many of the
positive results observed in the tests disagiee with
the expectation.

1i) In the first test, plasmodium formation did not occur
in twelve cultures in which 1% was expected, but in
the two repetitions of the same test it was absent
in only four of these. Thus it iz clear that environ-
mental conditions affect the incidence of plasmodium
formation, and it is likely that repetition of the
test would eventually reveal plasmodium [ormeation in

the remainder of the cultures in which it was expected.
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From the results reported in this sootion, it seome
rosasonable to conclude that, among the clones of amosbae
investigated, only two mating-types ocour and that there
is a gimple +/» mating-type systom of the kind descyribed.
Lf other colleotions of plasmodis or spores of the same
gpeocles were made, it is of course posslble bthat different
mating<dype factors might be found in themy; €this hag
not boon investigated.

The resulss found are similar ¥o those obitained by
Vou Stosch (193%) from mixing single~spore cultures of
D. nilgripes var. ocunigripes. e also concluded that a
siaple +/« mating-type systom was in operation. The
rosults also agree with the legs detalled obseyvations
1LE 1 oxp

of Skupionski (1926) with D. and with thoe many

reoorded obserxvations of amoebae fusing in palrs. However,
in both D, nloeipes and D, difiorme, thewe hag Leen dige
agreement amoung different dmvestigators; some have
vogerded that plasmodiuvm formation can occuy in single-sgpore
ecultures and otherg that it cannot, It is pogsible vhat
this disagreemont resulte from the uwse of different séraines
of & species. Both types of mating sysbtem occur in gtharp
groups of orgenlems and differeny species or different
straing of the same species are known o differ in some

cases, For example, of two species of Bhizopus one 1s



homothallic and the other hetevothallic (Burnett, 1956).

In strains in which plasmodium formation regularly
ocours im s&nglemapof@ cultures, there are three possible
interpretations of the si%uatign;

i) A mating~type system operates but a single spore

produces amoebae of both mating types. .

ii) A single spore produces amoebae of one gemotype only
but these fuse to inlitiate plasmodiuvum formation.

iil) Neo fusion of amoebae is necessary to initiate plasmodium
formation.

Results that provide any evidence to enable discrimine-
ation between these int@rﬁretations are available only forx

D, nigripes. Skupienski (1918) obtained plasmodia from

single~spore cultures but not from single-~amoeba cultbtures, .
and his interpretation was therefore the first one.. Kerr
and Sussman (1958) obbtained plasmodia from both types of
cul ture and thus provided evidence that the second or third
interpretation is correct. Here again, it seems probable
that different strailns may diffexr in their behaviour. .

The results reported in this section show that the
formation of a plasmodlium is initiated by the fusion of
amoebae of two different types. They do not show (i)

whether this iniltial fusion cccurs between two individual
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amoebae ©0r between groups of amoebae, (ii) whether the
amoebae that disappear from the cuiture as the plasmodium
grows coalesce with the plasmodium nf are eaten and
digested by it, or (iii) whether nuclear fusion occurs
when the plasmodium is formed. These questions will be

discussed in Part XV,



SUmMNary .

1. From a contaminated sclerotium of Physaxrum polycephalum

received from Dr. Rusch, a plasmodium was oultured,
purified and maintained on oat agax in the absence of
contaminating organisms.

2. A gtrain of bacteria, Pseudomonas sp. (probably

P fluorescena), devived from the contaminated sclerotium,
was lsolated and maintained iun pure culture.

3. A method for inducing the plasmodium to form spores was
developed, The plasmodium is grown on oat agar in pure

two-membered culture with Pseudomonas sp. and exposed

to artificial light foxr fixed periods of time at constant
temperature.

L, A method was developed for pure two-membeved culture of
amoebae on the surface of water agax. The surface is

spread with Pseudomonas sp. and inococulated with spores

or amoabae.

5« A simple plating method for amoebae was developed., A
suspension of amogbae is spread on water agar together
with a heavy suspension of Pseudomonas sp. Each amoaba
multiplies to form a clear "plague®™ in the bacterial
laver. The plaque counts for a series of plates show
low variance and correspond closely to the estimates

made from haemocytometer counts of the suspension.
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6., A modified plating method had to be developed fox
spores. Successful results were obtalned when a second
layer of agax was poured over each dish after plating
with spores and bacteria. This provided a means of
isolating the products of single spores.

7. 8ingle spores were also isolated by hand and cultures of
amoebae were established from them.

8. In these single-spore cultures, it was observed that
plasmodia were never formed, though they appeared in
a proporiion of oultures from palrs of spores and in
most cultures from larger numbers of spores.

9. Mixing of amoebae from ten single~spore cultures in all
combinations of two at a time showed that only certain
combinations formed plasmodia, and the incidence of
plasmediwm formation among the different combinations
was that expected for a single~factor (+/-~) mating-
type system.

10. It was concluded from these results that plasmodia were
formed only when amoebae of different mating-types were
mixed, that a single spore produced amoebae of one
mating-type only and that only two maiting-types occurred

in the spores investigated.
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PART L.
ISOLATION OF MARKED STRAINS.

L

Introduction.

When techniques had been found for the control of
the life-cycle, the second stage in the preparations fox
genetic analysis was the search for markers by which
strains could be identified. The discovery of the mating-
type system had provided one marker but for the detectlion
of recombination at least one more had %o be found. This
search for markers was carried out only on the amoekae,
since, for such work, they have several advantages over
plasmodiazs
i) The amoebae are uninucleate and probably haploid, so
that any mutant arising should be immediately detect-
able. BIven a small plece of plasmodium contalins a
very large number of nuclei.,

141) The amoebae can be handled in large numbers by the
usual technigues of microblology. The large size and
the extreme mobility of the plasmodium make it wvery
difficult to handle.

iii) A clear distinction between growth (i.e. multiplication)
and absence of growth can be obitained in the amoebae.
In the plasmodium, the form is so irregulaxr that it is

difficult to distinguish between growth and movement.
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Technigques were developed for the efficient handling
of amoebae foxr the purpose of isolating mutants. A
search was then carried out for amoebae regsistant to
certain drugs that normally inhiblt growth, and one

clearly-defined resistant mubtant was obtaimned,
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1. Genexral Techniques.

a) Conditions of growth. The conditions of growth used

in this work have been desoribed in detall in Partv I,3.
The amoecbae feed on a pure strainm of bacteria (Pseudomonas BR.I
which grows slightly on the surface of 2% water agaxr. The
stock of bacteria is malntained on slopes of a minimal
medium, A few attempts weroe made to feed amoebae with

the same straim of bacteria killed by heat oxr by strepio-
mycin, but they gave little ox no growith of amoebae,

b) Isolation of Clonesv Lt was shown in Part I, 4 that
amoebae in a single-spore culiture will not give rise to
plasmodia. A stock of amoebae may thevefore be established
from a single~spore culture and maintained for long
periods. The stocks of amoebae used in the work described
in this Paxrt all belonged to two single~spore cultures

and were called g and i in the mating-type tests described
in Part I, 4. Both stocks were purified by plating the
amoebae and pilcking from single plagues, seo that it was
certaln that each purified stoek was a cloney that is,
thet it consisted entirely of amoebae descended from one
amoeba by repeated division. These stocks, a and i, have
now been maintained for over two years., Lt is, of course,
impovtant to use clomnes for experiments in which reproduc-

ible wresulits are regquired, since the majority of individuals
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in a clone are genetically uniform and ounly individuals
with the same genetlc constitution may be expected to
behave in a consistent ﬁay.

Clones are mailntained on water agar slopes in test-
tubes, which are of course inoculated with bacteria., When
the amoebaec have multiplied sufficlently to have eatén
all the bacteria, they encyst and remaln alive in this
state for at least several months., Subcultures to fresh
slopes are made at intervals of a few months.

¢) Plating Method., The plating method has been described

in detall in Part I, 3. It 1s an dlmportant tbtechnique
because 1t allows accurate quantitative estimates of
viability of differendt strainsg under the same conditions
or of ome sitrain undexr different conditioms, It also
provides a simple method for the isolation of clones,
which 1s a necessary requirement®t for the genetic analysis
of the results of crosses.

The efficiency of the method and the effects of a
numbexr of factors that might influenoce it were thoroughly
tested by repeated platings of stock a, and these tests
resulted in the cholce of the standard method described
above., In the course of these tests 1t was found that
there was no signiflcant difference im the wviability of

cultures of amoebae that were still active at the time of



plating and those that had been in the encysted state
for various lengths of time.

d) Test Plates. To discover simply whether or not a given

clone of amoebae will grow on a certaim medium, the
plating method is unnecessarily complicated. Instead of
it; foxr this purpose, test plates are used. A small avrea
of a plate of water agay is inoculated with a bacterial
suspension and the amoebae to be tested are transferred
to the area in a loopful of water. After a few days
incubation, it is easy to see whether oxr not the amoebae
ars multiplying., Since the amoebae do not spread wvery
Tar beyvond the area of the bacterial inocculum, a number
of different clones can be tested on the same plate.
When a number of clones have to be tested on a series of
different medla, they are arvanged in a corresponding
pattern on all the dishes of a series so that each clone
15 easily ddentifiable on each dish. (8ee Fig, 13).

2. Isolation of Drug-Resistant Mutants.

The method of searching for drug-resistant mutants
is very simple, Large numbexs of amoebae are spread on
medium contailning a drug to which the amoebae are sensitive
but which does not affect the bacteria. Awmoebae resistant

to the drug will then multiply and will foxm plaques,
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and thus can be easily detected and isolated.

a) Selection of Suitable Drugs. The suitability of a

drug was tested as follows: two streaks of bacterial
suspension were made across a plate of water agar, and
a atreaﬁ of amoeba suspension was made on top of one

of these. A very heavy suspension or solution of the
dirug was then streaked across the plate at right-~angles
to the bacterial streaks so that baocteria and amoebae

- were exposed to a gradient of concentration of the drug.
After incubation, the plates were examiuned for growth
of bacteria and amosbae.

Of the eight drugs tested, four were unsultable
because they did not inhiblt growth of amoebae:
mycostatin, quinine, pamaquin, sulphadiazine. The
othexr four drugs did inhibit growth of amocebae and were
therefore used in further tests. These were:

1) Thiram, a sulphur fungicide (tetramethylthiuram
disulphide).
ii) Venturicide, a mercury fungicide (2%% phenyl mercury
chloride).
iil) Captan, a polyhalogeno fungicide (N~trichloromethyl-
thiotetrahydrophthalimide).

iv) Bmetine, an allkaloild amoebicide (emetine hydrochloride).
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Captan and Venturicide also inhibited the growth of

the bacteria but this effect appeared at concentratlons
higher than those necessaxy to inhibit the growth of
amoebae.

b) Method for Plating Amoebac at Hich Density. In the

search for drug-resistant mutants, amoebae were plated
in most tests at densities of 1 x 106 to 3 % 106 per
dish. If highex deonsities were used, it was difficult
to decide whether ox not multiplication of amoebae took
place because of the background of encysted amoebae., In
ordexr that large numbesxrs of amoebase would be ready for
regular platings, a stock of amoebae of one clone was
maintained and subocultured frequently. The amoebae were
grown in Petri-~dishes by the usual method, fed on a
heavy suspension of bacteria. For each plating, a
suspension was made by thoroughly washing the amoebae
from the surface of about ten of these stock plates afterxr
they had been incubated for about five days. About

5 x 106 amoebae were usually obtained fxom each stock
plate. A laxge volume of suspension was made, which was
concentrated by centrifugation. The concentrated
suspension was spread on the drug plates. For each
plating, control plates of water agar alone were spread

with about 100 amoebae/dish from a dilution of the

concentrated suspenslon. From the number of plaques
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observed on the control plates, the average number of

viable amcebae per dish plated on the drug plabes was

estimateds ALl aumbers guoted in the following account

are those derived Ffrom such caloulation and not those

estimated from the haemocytometer counts.

c) Platiogs on the Selected Drugs.

i) Thiram. The stock of amoebae used was of clone a.

ii)

Three platings were done in which plates containing
Thivanm at a geries of different concentrations were
spread with about 1 x 106 pmoebae/dish, The results
were found to be inconsigtent; FLor examplie, growth
some tiimes ocourred on plates in which the dirug was
ten himes as concentrated as in otheyxr plates on which
girowth did not ococur. No further tests were done
with this drug.

Venturieide, The stock of amoebae used was of olone a.
Preliminary platings on a series of conceuntrations

of Venturicide were done and the lowest concentration
at which consistent inhibition of the amoebae ocecurred
was pelected. Two platings were then doane on this

6

concentration, the first with a tobtal of 12 x 10
amoebae and the second with 56 x 106. Thirteen
plagues were found oun the first set of plates, but

when the amoebae were transferred $o medium of the
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same concentration, they did not grow. Six plagues
were found on the second set of plates, and the
amocbae from these did grow when transferred to
similar» medium. However, they were found to be

mized with a contaminating strain of bacteria, and
when this was removed, they would no longer grow oun
Venturicide. It therefore seemed likely that
Venturlcide was easlly broken down by contaminating
organisms, thus giving misleading results. No furithex
tests were done with Venturicide.

iii) Captan. The stock of amoebae used was of clone a.
Three preliminary platings on a series of concentrations
of Captan were done, and the lowest concentration at
which consistent inhibition of the amoebae occurred
was selected., Nine platings were themn done on medium
of this concentration, and a total of 4 x 108 amoebaeg
was plated, In only two platings was any growth found.
In the first of these, amoebae fyom five plagques were
isolated but they all failed to grow when transferred
to medlium of the same concentration. In the second,
amoebae from one plaque were isolated and these did
grow when trangsferred to medium of the same concentration,

but after three further transfers on Captan,; including
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a purification by plating, they failed to grow on
the medlium. Thus, no permanenisly wesistant mutants
were found.

1) Em@tin@quh@ stock of amoebae used was of dlome L.
Four preliminary plavings on a series of concentrations
of emetine were done and, of bthe concentrations tested,
the lowest on which comsistent inhibltion of the amoebae
occurred was found to be 0.031%. (i.e. 0.031 g. emetine
hydrochloride in 100 ml. 2% water agar medium), The
next concentration in the series tested was 0.015%,
which allowed patches of growith on plates spread with
I x 106 amoebae Or more.

Five platings, involving a total of 0.7 x 108 amoebae,
were done on medium containing 0.015% emetine, and awmcebse
were isolated from 24 patches of growth thal appeared on
these plates. ALl of these amoebae falled to grow when
transferred to medium of the same concentration, and all
were therefore dilscarded.

Bleven platings, involving a total of 2.6 x 108 amoebae
were done on medium containing 0.031% emetine. Growth was

found in only thyee of these platings - nos. 5, 6, 9.
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Plating NWo.5. Amoecbae from eighieen plaques were isolated

and tested. The clones were called EL - EL8., All failed
to grow when tramnsferred to 0.031l% emetine, but four of
them (£2, Bl3, E16, Ei18) grew well on 0.015% emetine.
These four strains were subcultured and tested furither.
After five succepsive transfers on water ager, they were
tested five times on a vange of concentrations of emetine.
Bach time, they gave growth slightly better ﬁhan the stock
strain but not good enocugh foxr them to be clearly dis-
tingulshed from it. During the btests, all four strains
were purifled by two succesgive selections from single
plagues. These strains have been malnbtained, but have

not yet been used for any further tests.

Platinge No.6. Amoebae from two plaques were transferrved
to mediuwm of the same concentration but faliled to grow and
were discaxded.

Platine No.9. Amocbae from one plague were isolated and

tested, They falled to grow on 0.031% emetine but showed
very good growth on 0.015% emetine. The clone was called
E19. Afver three successive transfers on water agar, the
straln was tested on concentrations of cmetine up to 0.019%
and showed good growth on all, After two successive

transfers on 0,019% medium, it was then plated at low



density oR concentrations up to 0.031% and om all
concentrations it showed approximately the same average
growth (number of plaques) as on the water agar conitrols.
The strain was then taken from 0.019% emetine
medium and purified by selection from single plagues
in two successive platings on 0.019%. The purified
straln was maintalned on slopes in two parallel serxies,
one on wabvey agar and the other on 0.019% emetine.
Thus one strain reslstant to emetine has been

isolated after 3.3 =x 108 amoebae have been tested on

this drug.
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Summary .

i. Two stocks of amoebae (g and 1) were established from

L
(3- .

two single«spore cultures and purified by repeated
cloning on water ager (plating and picking from

single plaquaes).

With these stocks, the efficiemncy of the plating method
was thoroughly tested and further minor techniques were
developed for the convenient handling of large numbers
of amoebae.

Four drugs were selaected that inhibited multiplication
of amoebae without noticeably affecting the bacteria
provided as food.

On each of these four dyrugs, incorporated in water agar
at appropriate concentration, dense platings of g or i
amosbae were done. All plagues that appeared were
tested for the presence of amoebae resistant to the drug.
One strain of amoebae resistant to emetine was 1isolated
from stock 1 after 3 x 108 amoebae had been plated on
this drug.

This emetine-resistant strain (Bl9) was purified by
successive cloning on water agar containing emetine and

maintained in culiture on water agax,



PART IXIT.

CROSSES OF MARKED STRAINS.

Zntroduction.

The work described in Poarts T and II provided two
characteristics by which strains of amoebae ocould be
classified into distinct groups. Theso characteristics,
mating-type and resistance Yo emetine; could therefore
be used as genetic markers. Crosses between strains
carrying different foxms of each marker were now made.
The first crose analysed was between stralng of amoebae
differing in mating-type omly (Part III, 1). Vhen
preliminary tests had shown that emetine resistance
was suitable as a marker, a cross between the reslstant
strain and a sensitive sitrain was made, these strains
of courge being of different mating-types. The
preliminaxry tests and the crose avre reported and

discussed in Part III,2.
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1. Sianglyv-Maxrked Strains.

a) Iirst-Generation Progeny of the Cross a x i. A plas-

i

modium was obtailned by mixing amoebas of the two clones,
2 (mating-type +) and i {(mating=-type =), which had been
originally isolated for the mating-type tests described
in Part %, 4. Spores formed by this plasmodium were
plated and £ifty clomes of amoebas wexre dsolated. These
firstegoneration progeny weore vtesbved for mating-type by
backerossing to the itwo parent clones; that is, amoebae
from each clone were mixed with amoebae of clone g and,
separately, with amochas of clonre i, and the incidence
of plasmodium formation in the cultures was recorded,
This test was repeated seven times because so many
pf the cultures falled to produce plasmodia. In the
combined results of all seven tests, fifteen of the fifty
clones produced plasmodia in combination with g only
and ten with i only; the remaidnlug tweniy-five falled to
produce plasmodia with elither parent. The full results
oi' the seven tests are given in Table 3. Slight changes
were made in bthe conditlons under which these tests were
periormed, in an attempt to increase the incidence of
plasmodium formation, These will be mentioned in the

discussion,



Table 3. Results of seven tests in which fifty clones
of the first generatlon fyxom the cxoss g x i were tested
foxr mating=-type by baclkcrossing with the parent clones,

a (+) and & (

*

-
wer

@

plasmodium formation in any one test.

#%* = plasmodium formation in any two tests, ete.
Reaction | Reaction Reaction Reaction
Clone| with g with i Clone | with a with 1
1 26
2 % a7
3 28
Iy W% 29
5 % 30 Ko o K N
6 31
7 32 32 #
8 33
9 k1 » 4
10 35 R
11 36 30480
12 * 37
i3 38
ik 39 *
1y PR UERE LT Lo % 353t K
16 e Iy,
17 * o #
18 I3
19 bl U
20 W RN LY X
21 it L6 E
22 by
23 Kb La
alb % Lo 2K e it
25 50 He 4k gt




Ten of the Ffifty Ffirst-generatlion clones (those
numbered 27-36) were also tested for their veactions
with one another, This test was ldentical din plan with
the ordiginal test for mating-types performed with the
ten clones a - Js3 all possible pairing combilnations
of the ten clones were made. The test was done twice,
The resulits of both repetitions ave given in Figures
1 and 15, in which swo diffevrent theoretical inter-
prebations of the wresul¥s ave represenied.,.

b) Discugsion. Three alternative hypotheses to explain
the results ave considered below:

i) Single~Factor Mabing-Type Systems +/= at One Locus.

This 1s the mating-type system that was deduced to

bg in opexation from the vesults of the original test

for mating-types. It is assumed that a single pair

of factors at one locus controls the wmating-type:

a single amceba carries either + oxr « atv thils loocus.
None of the positive resulits vecorded in this section
disagrees with the result expected if this is the
system in opexation. When the fifty first-generation
clones were tesbed by backorossing, each wreacted with
only oune of the btwo paremnts, and the ratio of the
numbers that werve classified as + and -~ from this

test was approximately ltl. When ten of these clones
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were c¢rossed with one another, five of them had already
been classified as + or - from the backecross tests and
the othexr five, which had failed to reactv with either
parent, could all be classified as + or - from the
results of this second test. Assuming a +/~ system,
the full expectation of the results in thils test could
then be worked out. None of the positive resultis
obtained disagreed with this expectation (see Iig. 14),

Howevexr, in both the backerossing and intercrossing
tosts, many of the combinatioms of clones that were
expected Ho produce plasmodia failed to do so.- in
the backoross tests, fifty clones were expected to
produce plasmodia in combination with one or other of
the parents, buit, in the combined results of all seven
tests, only twenty-five did so. In the intercross
tests of ten of the clomes, twenty-one combinations
were expected to produce plasmodila but, in the combined
results of two tests, only nine did so.

The high proporticn of failures among cultures that
are expected to succeed in producing plasmodla suggests
that a more complex mating-type system may be operating,
and this possibility is discussed below. On the other
hand, it is stlll possible to defend the hypothesis of
the single~factor system when the evidence concerning
failure of crosses in all the mating-itype tests is

conslidered,.
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Bagkeross Tests of Firsts Gonmewation (Table 3): Although

2% of the B30 clones corossed successfulliy with one pavent
when the resulis of all seven tests were combined, the
total number that produced plasmodia in each of tho
seven tests was 6, 0, 1, 18, 23, 12, 11 respectively.
There were only plight differences in technigque between
those tests and the only known factoxr that the more
puecessful tests had in common was that harder agar

was weed as thoe modium.

gnt@r:wnagmiggggmggmﬁixﬁé Goneration (Fim, 1lk): Five
croseses that failed when this test was {irst dons

wore successiul when 1t was repeated.

Qriginal Mabing-Type Fests of o « J (Fig. 9, 0.56):
Seven crogses that failed when this te&ﬁ wag fivat done

wore succossful both times 1% wasn repeated.

Multiopore Cultures. In the carly tests whon multispore
cultures were compared with singlee-spore culitures (%, 4},
plasmodia developoed in onldy ften of twenty=Tive couliures
started Crom very large groups of spores. LIt is
gxtremely improbable that these culbures dild not all
contain amoebad of both mating-types.

Ail these results show that mixtures of amoeboe in

combinations whilch are known to be capable of producing



plasmodia sometimes faill to give this result. The

reason for these failures is presumably that the
conditions of the environment are mot sultable fox
plasmodium formation. There is a little evidence that
slight changes iﬁ%taahniqu@ tend to alter the numbex

of failures. The envirommental factors involved have

not been identified, In the original mating-type tests,
there was evidence that drying of the medium inhibited
plasmodium formation. In the backcecross tests, on the
other hand, there was evidence that harder agar (containe
ing less water and therefore drier) encouraged plasmodium
formation., It is possible that the desirable environment
involves both high humidity and good bacterial growth,
which is encouraged by a havder, drier medium.

If many cultures that ave known to be capable of
producing plasmodia frequently fall because of unfavour
able envivronmental conditions, it is reasonable to
suppose that the cultures that have been expected to
produce plasmodia and have neverxr done so have falled for
the same reason.

However, the failure of crosses among those expected
to succeed does not appear to be completely random. This

is most clearly seen in the results of the backceross
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tests (see Table 3). Although statistical analysis

of these results would be difficuls, it appears from
ingpection that when conditions are not sultable for
all crosses to succeed, some are more likely to succeed
than others. In other wovrds, factors inherent in the
clones othexr than the mating-type factors, + and -,

may determine whether a cross is likely to succeed ox
fail,

It 48 possible that this effect dnvolves interactions
between the factors caxrvied by the two clones in a
cross., In the original mating-type test of a - J
(rig. 9), it was seen that the same four crosses failed
in three successive tests and that there were seven
different clones involved in these four crosses. This
suggested that fallure of a cross was determined not
by characteristics of a particular clone but by
interactions of the characteristics of a particulax
paixr of clones. Similarly, some of the clones vhat
failed in the backcross tests crossed successfully
with clones of the same generation,

Conclusion: When the results of the backeross and
interoross vests axre compared with those expected on
the basis of a single~factor mating-type system, the

formation of plasmodia isg found in about half of the
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crosses in which it is expected and in none of the
crosses in which 1t is not expected. Many of the
crosses which were expected to produce plasmodia have
failed to do so. Thevre is evidence that crosses
frequensly fail as a result of unfavourable environ-
mental condltions, but there is evidence also that
such random factors may not be sufficlient to account
for all the fallures. The others must be assumed

to be caused by inherent characteristics of the clones
other than mating-type or by ilnteractioms of such
eharacteristics.

s
ii) Two=-Factor Mating-Type System: +/- at Rach of Two' lLogci.

On this hypothesis, it is assumed that two palrs of
factors at two unlinked loci control mating~type. Each
clone of amoesbae is of one of the Tollowing fouwr types:
Fopry wem, %y =i, When pairs of clones are crossed, only
those clones thatd carrﬁ different factors at both loci
produce plasmodim. Thus only two successful combinations
are possibles ++ with ~«;, and 4+« wilth =+,

This system was posbulated to explain the results of
the backeross vests. It is assumed that the parents,
a and i, areé ¢+ and -« respectively. Since it lg assumed

that the loci are unlinked, all fouxr {types are expected

in equal proportions among the firstmg@neration progeny.
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Approximately 25% of the progeny should be ++ and
should cross successfully with parent i, 25% should
be ~= and should cross with parent a, and the
remailning 50% should be += 0r -+ and should not cross
with either pavent. This corresponds very closely
with the results obtained: of the 350 clones tested,
10 crossed with i, 15 crossed with a and 25 crossed
with nelther.

When ten of the clones were crossed with one another,
five of them could already be classified as ++ 0O ==
from the results of the backeross tests. The remalning
five could be assumed to be +~ oxr -+ because they had
failed to cross with either parent, One of these clones,
number 27, was classified arbitvarily as -+. (It makes
no difference to the results whether this is ~+ 0r +=).
The others could then all be classified asg +~ or =+
by the results of the tests. The full expectation of
the results on the basis of this system could then bhe
worked out (see Fig. 15). When this was done, it was
found that plasmodia had been formed in all but three
of the ten cultures in which they were expected, but
also in two cultures in which they were not expected
(Fig., 1%)., This latter kind of disagreement with

expectation has not been found in any previous tests.

The unexpected positive results can be explained by
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3;ffin this chart iérbased on the éésumption HL
.that a two-factor (+/-:at each’ of two 1oci)b:
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—+ + -+ —+ 0) + ©
27 28 29 30 3 32 33 34 35 36

-+ 27
+- 28
-+29
030
-+ 31
+)32
+-33

Mating-type deduced from positive reaction with
parent In backcross tests © 34
Mating-type deduced from the results recorded in this table © 35
for clones that did not react with parents C~+ assigned
arbitrarily to no.27,) © 36

Other symbols as in previous figure
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assuming a breakdown of the mating-type system in
these crosses, ox by assuming chance contamination of
the cultures with amoebae of a different mating-type,
or emergence of amoebae of a different mating-type
by mutation in the clones.

If the mating-type system is assumed to be a
two=Tactor one of this kind, it must be concluded,
from the results recorded in Fig. 9, that the original
ten clones, a ~ Jj, were all of type 4+ or ~-. 8ince
all four types (44, ==, +=, =+) are expected in equal
proporiions from any oross, this ls unlikely; din
fact, the segregatlion obtained among these ten c¢lones
disagrees significantly with the expectation on the
basls of a two~factoxr system.
Conclusilon: When the resulits of testing firste-generation
progeny are compared with those expected on the basis
of a two~factor mating-type system, the formation of
plasmodia 1s found in all but three of the ten crosses
in which iv is expected. However, plasmodium formation
is also found in two érosses in which it is not expected
and there is no evidence that helps o explain these
unexpe cted fesults. The results of the original tests for
mating-type disagree with the expectation on the basis

of this system,



11i) Multifactorial Systems.

The systems that have been

considered are the simplest known systems that could

be used to explain the resulits (Burmett, 1956). The

only other mating-type systemn well known among micro-

organisms is that in whilch many alleles exist at each

of one or two loci., This

system i8 noi relevant +to

the present wesulits, since they concern the progeny

of only a single pair of clones and can thus dinvolve

only twoe factors at each locus,

The above consliderations show that there is at present

insufficient evidence to decide whether a single-ifactor ox

a two~factor system controls mabving-type and plasmodium

formation, but tvthat it is wvewry
one of these two. In order to
marker, it is not important vo
systems is the true one, since

segregation of mating-types is

are backcerossed to the parents,

likely +that the system is
use mating-type as a genetic
know which of these two

in either case an equal
expected when the progeny

and the progeny could nod

eagily boe scorved for a second mating-type markexr. PFurther

tests of mating-type will be done, however, in the hope

that the system may be identified precisely.
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2., Doubly-Marked Btrains.

a) Preliminary Tests of Straing. The doubly-marked strains

gelected for this cross were:d

B1l9: resistant to emetine, mating-type =

at sensltive to emetine, mating-type +

Doth strains were purified by picking from single plaques

in two successive platings lmmedliately before the following

tasts were done.,

1) Comparison of Growth on Various Concentrations of Emetine.

Suspensions of amosbae were made from the following three
cultures: strain g, growing om SA (m Standard Agar = 2%
water agar inoculated with Pseudomonas
2p.)
strain E19, growing on SA after two successive
| transfers on SA.
strain E19, growing on SA + 0,019% emetine
(1.e. 0.019 gd. emetine hydrochloride
in 100 ml. 2% water agar, inoculated
with Pseudomonas sp,).
Each of these three suspensions was plated at a dengity

of about 100 amoebae/plate on the following series of

platest

Plates 1 - SA
" L - 6 SA + 0.019% emetine
W 7 - 9 SA + 0.025% emetine

" 10 - 12 SA + 0.031% emetine.



- Q7 =

The wesults are shown in Table 4,

It is clear from these results that on concentrations
of emetine from 0.019% %o 0.031%, the vesistant strailn,
B19, may be easily distinguished from bthe sensitive
strain, a. %The resistant strain shows the same viability
on concentrations of smetine up to 0,031% as it does
onn SA, while the sensitive strain shows no growth on
any of the concentrations (see also Fig. 13, p.73).

It is also clear that the culture of strain E19 that
had been grown in the absence of emetine for two sube-
cultures did not show lower rvesistance to the drug than
the culture +thet had been kept on emetine. This was
evidence thatv resistance %o emetvine was a genetbilc
charvacteristic caused by a change selected by the drug,
rather than a characteristlc induced by the drug. Furither
tests supporived this view,

ii)Tests for Adaptation of E19., Two lines of the strain

El9 were grown in parallel: one on slopes of SA and the
other on slopes of SA + 0.019% emetine. Five subcultures
were made at intexrvals of about one week and both lines
weire tested for growth on SA and on emetine at the times
when the fourth and fifth subculfures were made. Strain
a was used as a constrol in both tesis.

In the first test, the strains were tvested on 0.019%

emetine; in the second on boih 0,019% and 0.031%. In



Table 4 .

Results of plating the resistant and semsitive sitrae
standard agaer containing different concentratiosms o

P ——

emetine.

ns, £19 and g, on standard agar and on

Strain EL3 m.uémm onlture

Strain E192 from culture

Strain 2 on S& on SA + 0.019% em.
amoebae plated/dish = 120 amocbae plated/dish = 96 amoebae plated/dish = 100
Ne., of Average ¥o,., of Average Wo. of Averace
Medium Plate | plagues Ho. Viabilityl|| plagues Ho.! Viability|| plagues Ho. Viability
¥

i g5 70 81

sa 2 ok 92 77% 85 8k 38% 85 83 83%
3 98 28 8k
L} o 83 &s

SA + 0.019%( 5 s) 0 0% 86 08 102% 93 9k LA
emetine é 0 iz26 103
7 o 83 87

S4 + 0.025%| 8 0 o 0% 85 51 95% 26 93 93%
emetine g 0 1ok 06
io o 77 73

SA + 0,031%|11 0 o % 88 89 93% 87 79 79%
emetine i3 o 103 »8
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both tests, the two lines of El9 grew equally well
o all the emetine plates, while the control strain,
8, grew on none of them. It was concluded that

the resistance to emetine of strain El9 was not a
result of adaptation. The line of E19 growing on

SA was uged in most of the subsequent work,

b) Plasmodium (a + B19) and its Reaction to Emetine. Amoebae

from the two strains, a (semsitive, +) and EL19 (resistant, =)
were stireaked together on SA and many plasmodia were formed,
Prom these, a single stock of plasmodium (a_+ E19) was
established on oat agar. The growth of (g + E19) on a
series of concentrations of emetine was compared with the
growth of (a_+ i) on the same media. Since strain E19 was
derived from strain 1, the strains 1 and E19 and consequently
the plasmodia (ga_» 1) and (a_t B19) presumably differ only
by the fLfactor that causes emetine resistance. Any difference
in behaviour between (g + 1) and (a_t BE19) may therefore
be attribuited to this factor,

The plasmodia were tested on emetine incorporated both
in 8A and in oat agar. No clear difference in reactlon
was detected between (a + 1) and (a_+ E19) om any of the
concentrations of emetine. Both strains appeared to be
inhibited by emetine at concentrations from 0.031% upwards.

On 0.006% emetine, growith was normal, and on concentrations
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between 0,006% and 0.031%, intermediate degrees of growth

occurred, wvhich were difficult to define guantitatively.

c) Pirst-Generation Progeny of the Cross a x E19.

Plasmodium (a_+ Elg) wasa induced to form spores. Samples

of’ spores were plated on SA and the resulting clones of

amoebae lsolated and‘tested for resistance to emetine

and for mating-type.

i) Spoxe Platings. The results of six of the first seven
platings of spores from (a_+ E19) are shown in Table 5.
Plating 5 dis omitted becéuse the total number of
plaques was so low that no isolates were taken. The
spores used for all the platings were formed by the
same stock of plasmodium, which was used to inoculate
serldes of flasks for spore formatlon on several different
dates. As indicated ln the table, spores from only
three different flasks were used: Platings 3 and 4 were
done with spores formed in the same flask and Platings
2, 6 and 7 with spores formed in another single flask.

Lach sample of spores was plated on a series of plates.
The plagues were counted and amoebae isolated fyrom them
as soon as possible, usually after about 7 days
incubation. The percentage viable count in each plating
and the number of idsolations made are shown in Table 5.

Since Set 3 was so small, it was discarded without

testing when Set 4 was isolated from the same spores,
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Tabkle 5. Results of plating spores formed by plasmodium {a = mr._.mw.
Platines Betails of Spowres . Isolates '
Date Flask Age when | Spores Xo. of Av. mo. Tage Total
Ho. DBaite formed Ho. pilated plated/dish dishes of plagues| viable count Ho. Set
1] 3.3.60 25.2.60 1k 7 davys 230 19 ! ih.6 6.3% 1ok 1
|
2150.3.60 26.2.60 7 5 weeks 150 & 6.0 4.,0%
104 2
g ® ® # 360 & 20.3 6.8%
3l21.%,60 11.2,60 é 10 weeks 70 8 2.1 3.0%
37 3
@ # ; " 1ko 8 3.9 2.1% {aiscardead)
5| &,5.60 | 11.2.60 6 | 12 weeks 00 16 | 13.7 3,49 100 4
6123.9.60 26.2.60 7 30 weeks koo 16 2,0 0.5%
716.10.60 26.2.60 7 32 weeks 500 & 3.0 0.6% 1 5
” L [ i 1000 & u.w Q.&ww
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Samples of amoebae from the plaques were idsolated
on plates of SA by means of a small wilire loop,
manipulated under observation through a Ilow power
stereoscoplc microscope. Care was taken not to
sample more than one plagque at a time and plaques
that had grown close together were avoided. Apart
from this precaution, no selection was applied;
all suiltable plaques om a plate were sampled, whether
small or large.

Tests for Fmetine Resistance and Mating-~Type and

Analvysis of Results. After growth on BA, the clones

of amoebae isolated from the spore platings were
transferred to plates of SA + emetine and control
plates of SA. The first set of isolates was tested
on 0.019% emetine; the second and fourth on 0.031%;
the fifth on 0.016%. Strains g and El9 were used as
controls in all tests, to ensure that the emetine
medium used would discriminate between resistant and
sensitive strains. Segregation for resistance was
found in sach set. The distinction between ability
and inability to grow on emetine was clear for most
clones, since, where growth occurred, many amoebae

on a spot would start to multiply at once, giving a
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large pateh of growth (Fig. 13), but a few clones
gave only slight multiplication and these wexre
cloassifled as "doubitful®. |

41 clones were also tested for mablog~type by
baclkorossing with the strains g and § {Bets 1 and 2)
ox n and BLY (Sets b and 5). Aas in previous teste
for segregation of matlng-itype, o lafge proporition
of the clones could not be olassified for this marker
by the backoross tests. However, those vhat could
e olassified for mating-type were sulfficient vo show
that recombinatlion had occcurred bhetween mating-type
and resistvance o emetine. The pumbers in each
class are shown in Tables ¢ « 8, The tosal ssmplos
shownt in this table ave pllightly smaller than the
numbers nﬁi@iﬂ&l&y isolated because in each set of
isvlates o Fewv falled $o grow or beoame conteminated
and were discarded.

Analysis of the results s shown in Tables ¢ -~ Ll.
The ratio ometine wesistant: emebtine sensitive
{(Table 9) deviates significantly from L:il in three
of the four sete and the results for the four sets
are heterogoneous. The ratlo movinge-typo +1 matings
type - {(Table 10) does not deviate significantly from
11l dn any of the four sets and the results Loy the

Four sets are homogeneous. The ratio vecombinanta:
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Tobles 6 < 8. Results of Testing First-Generation
Progeny of the Crosas g x BLY,

Table 6. Segrogation for Imetine Resisbanceo.
Bet L Set 2 Sat 4 Bet B
Roslntant 26 63 &R 21
Sensivive 20 10 33 25
Doubeful 6 3 2 3
Tobal 102 98 9% Lo
Table 7. Segregation Lor Mating«Type.
Set 1 Bob 2 Set 4 Set 5
Mating=-Type + 14 13 iy il
Mating-Typa = 13 12 25 i)
o Result Y&l 75 55 3a
Total 102 08 97 Lo
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and Mating-Type.

Pull Classification for Emeitine Resistance

Classification Classification 3
for emetine for mating-
resistance. type. Set 1 | Set 2 | Set 4 | Set 5 |
Resistant + 13 5 10 b
Resistant - 9 9 ik 3
Resistant No Result L1 Ly 38 ih
Sensitive + 1 5 6 7
Sensitive - 2 3 11 3
Sensitive No Result 17 26 16 15
Doubtful + 0 1 1 0
Doubtful - 0 0 0 o
Doubtful No Result 6 2 1 3
Total 102 98 97 b9

(b)., Classification omitting

"doubtfula" and Those

that gave no result in the Mating-Type Test.

Set 1 Set 2 Set & Set 5

(Res =~ 9 9 1k 3
Parental Types

Sens + 1 5 6 7

Res + 13 5 10 L
Recombinant Types

Seng - 2 3 11 3
Recombinantstparentals 15:10 8114 21:20 7110
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Analysis of the Results Shown in Tables 6-8.

Table 9, Segregation foxr Emetine Resistance.
X_z.
(for deviation
Registant | Sensitive [Total from 1:1 D.F. P
ratio)
76 20 96 32,67 i £ 0,001
62 33 95 8.85 1 0.01-0,001
4o .54 L
220 112 332 35.13 1 < 0.001
i
Heterogeneity'k 14,41
Corrected heterogeneity ;Xz
(allowance for deviation
from lil). 16.12 3 0.01-0,001
Table 10. Segregation foxr Mating-Type.
X‘I—
(for deviation
+ - Total from 11l ratio)| D.F. P
1k 11 25 0.36 1 0.7-0.5
11 i2 23 0.0k 1 0.9«0,8
3.1 6 17 101‘3’7 1 003“‘002
339 Ly
53 L1 107 0.01 1 0.95«0,90
»
Heterogeneity x 3.38 3 0.5-0.3
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table 11. Recombination Data for Fully-Classified Progeny
(omitting "doubtfuls" and those that gave no

result in the mating-type test.)

)CL
(for deviation
Recombinants Parentals | Total | from 1l:1l ratio)|D.F. P

8 1“’ 22 lc6ll' l 0.3""002

7 10 17 0.53 1 |0.5-0.93

3.19 b
51 54 105 0.09 1 0.8«0.7
L
Heterogeneity K. 3.10 3 | 0.5=-0,3




- 108 -

parentals (Table 11) also agrees with 1:1 and the
results foxr the four sets are homogeneous.

The results agree with the hypothesis that
mating=-type is determined by a single paixr of alleles
and that the factors determining mating-type and
emetine resistance recombine freely. Emetlne resist-
ance may also be determined by a single paixr of
alleles, but if it is, some Ffactor has disturbed
the segregatlon of the alleles in three of the four
samples tested. If it is assumed that mating-type
and emetine resistance ave determined by single pairs
of alleles at two unlinked loci, then whether the
cause of disturbed segregation for emetine resistance
ls wviability oxr misclasgification oxr both, the xatio
recombinants ¢ parentals is still expected to be 1l:l,
Thus, if a disturbing cause is assumed +to be present,
the results are consistent with the hypothesis that
mating-type and emetine resistance are determined by
single pairs of alleles at two unlinked loci. Resgults
that give furthexr evidence of disturbed segregation

for emetine resistance are given below.



- 109 =

ii1) Results of Re~Tegting Sets 1 and 4 on Emetine. The

first and fourth sete of lsolates were re-tested on
emetine after ome ¢r more subculitures on slopes of
SA. The timing of the tests may be summarized as
follows:
11.3,60 18,.3.60 25.4,60
Set 1l: lsolates on 8A — Test 1
N

SA slopes ——y Test 2
12,5.60 21,5.60 29,6,60 27.10,60 18,11,60

Set b: isolates on SA -» Test 1

8SA slopes—»Test 2
SA slopes 9 SA slopes—p Test 3

Por both sets, 1t was found that the classification of
some of the isolates was different in the different
vests. The changes in the total numbers classified

as resistant, sensitive and doubitful are shown in

Table 12, and the different ways in whioh the classifiic-
ation changed in Table 13. In Setv 1, 88 of the 101
isolates were classified in the same way in both tests,
and in Set 4, 77 of the 97 ilsolates were classified

in the same way in all three tests,
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Table 12, Results of Re~testing Sets 1 and 4 on Pmetine.

One lsolate of Set 1,

reasistant in the first

test, was discarded in the second test because

i% produced plasmodila.

Set 1 Set 4
Test 1 Test 2 Test 1 Test 2 Test 3
Resistant 76 68 62 51 614
Sengltivoe 20 31 33 38 30
Doubtful 6 2 2 8 3
Total 102 10t Q7 Q7 a7
Table 19. Changes in Classification of Sets 1 and 4 When

(a) Set 1.

They Were Re-tested on Emetine.

- m s@neiﬁiveg

Teast 1 Test 2

& + 68

- - 10

(+) (+) 1
88 | =

+ - 7

- (+) 1

{(+) - 5
13 e
101 ] =

(+) = doubtful,

Total
Tests

Total
Tests
Total

+ = preslstani

classifiled the same way in
1 and 2.

classified differently in
1 and 2.
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(b) Set b.
Test L Test 2 Test
. » + 50
- - - 247
(+) (+) (+) 0
77
+ - * 6
- (+) + )
- (+) - 3
13
- - + 2
- - (+) 1
- + (+) L
Iy
* (+) (+) 1
1
(+) - * 2
2
97

i

i1

Total classified the
same way in Tests 1,2,3.

Total classified the
same way in Tests 1 and
3 only.

Total classified the
gsame way in Tests 1 and
2 iny ®

Total classified +the
same way in Tests 2 and
3 only.

Total clagsified
differently in Tests
i, 2, 3.

Total
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Theve was little variation in technlgue between the
tests. SBeveral different concentrations of emetine
were used but the results of a test were recorded only
if there was a clear difference between the reactions
of the resistant and sensltlive parents, E1l9 and a,
on the medium used. There was slight variation in
the age of the cultures of amoebae from which sauples
were taken for the tests. The varilations in technique
are summarized in Table 14, from which it may be seen
that there is no obvious corvelation between these
conditlons and the results.

iv)Results of Re-testing Set 5 on Bmetine after Cloning.

It was suspected that some of the changes in classgif-
ication recorded above might be caused by the presence
of isolates that were mot true clones. To test
this, the fifth set of isoclates was re-~tested alfter
cloning on SA, Cloning was done by streaking out
each original isolate omn a plate of SA and picking
amoebae from a single plaque.

There was very little change in classification
between tests made before and after cloning. The
results are shown in Table 15. Forty~-five of the

forty-nine isolates were classified in the same way
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Table 1l. Comparison of Condlitions in Tests of Sets 1-5
on Emetine.

Set 1 Set 2 Set & Set 5
Taest 1 | Teat 2 Test 1|Test 2 | Test 3
Concentration
of emetine 0.019% | 0.031%[0.031% 0.031%|0.031% | 0.0L6%| 0.016¢
Age of eulturé
of amoebacg 1 week | 5 weeks|l weelk 1 weeld weeks 3 weeks 1 weel
Result

(Res:Sens) 76320 68131 |61:3k]| 62:33|51:38 64330 21:25

Table 15. Results of Testing Set 5 Before and After Cloning.

(a) Totals in Each Class.

Original Isolates |After Cloning
Registant 21 21
Sensitive 25 26
Doubtful 3 2
Total ho 19
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(b) Changes in Classificatiom.

Original After
Isolates Cloning
+ + 19
- - 25
(+) (+) 1
Ly = Total Classifled the same
way in both tests.
b - 1
S (+) 1
(+) o+ 2
L3 = Total classifled different-
ly in the two tests.
%9 = Total
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in both tests. Set 5 was also tested foxr mating-type
before and after cloning and the only difference
found between tests was that four of the isolates
could be classified for mating-type in one test but
not in the other. Seventeen were classified in the
same way for mating-type in both tests, although
among these were three of the four isclates that were
classgified differently for emetine resistance.

These results give no cleaxr evidence of the presence
of isolates that contain mixtures of amosbae of
different types. Evidence that such mixtures were
sometimes present was found, however, among the
oviginal isclates in Sets 1L and 5. In Set 1L, two out
of 104 isolates and, in Set 5, three out of 54 isolates
had te be discarded before testing because they had
produced plasmodia. These lsolates presumably contained
mixtures of amoebae of different mating-type.

d) Discussion. From the results of the cross described
above, 1t may certainly be concluded that recombination
of hereditary determinante has occurred during one
life=-cycle of the Myxomycete, The two characteristics,
masing=-type and resistance to emetine, were inherited
consistently through many divislions of the amoebae in

the parent strains., When these strains were mixed,
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a plasmodium was formed which carriled the factors
determining the characteristics although it did not
manifest them, and when this §1asmndium formed spores,
they produced amoebae that showed the two characteristics
in the two possible new combinations as well as in the
parental ones. Thus at some stage in the life~cycle,
recombination of the factors determining mating-type

and emetine resistbtance occurrvred.

The nature of the determining factors and the mechanism
of their recomblnation are, however, not cextain. The
gimplest hypothesis to explain the facts, and the one
mest in accordance with results in othexr organisms, is
that the two characteristics are determined by chromosomal
genes which recombine during melosis. In order to discuss
the results expected om this hypothesils, some assumptions
must be made about the nuclear cyele.,

Since the amoecbae are of ftwo different mating-types
which fuse to form the plasmodium, 1t is reasonable to
assume that the amoebae correspond to the gametes of othex
organisms and are consequently haploid. This is supported
by the observation of Ross (in press) that melosis occurs

in P, polvcephalum just before spore formation. The

plasmodivm may bhe heterckaryotic or diploid, but it must
be assumed that fusion of nuclel in pairs and, subsequently,

meiosls occur at some time hefore spore Fformation.
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If this life-cycle is agsumed and if it is furthermors
agssumed that only nucleld of opposite mating-type can
fuse, then when a plasmodium is formed by two strains
¢f amoebae carrying different alleles at one genetilc
locus, %0% of the amoebae of the next generaition are
expected to carry ome of the alleles and 50% the other.
If the parent amoebae carry different alleles at two
unlinked loci, 50% of the mnext generation of amoebae
will carry alleles at the twe locl in the same combin-
ations as the parents, and 50% will carry the two other
possible combilnations.

The analysis shown in Tables 92 - 11 tested for dise
agreement of the results with this hypothetical situation.
The segregation of mating-type in the cross agrees wilith
the hypothesis; +the two mating-types, + and -, carried
by the parents, segregate consistently in the ratio 1il
in every sample of spores from the hybrid plasmodium.
Mating-type may therefore be assumed to be determined by
two alleles of a chromosomal gene, The inheritance of
mating-type has already been discussed in Part ILI, 1,
and it was shown that the system may idnvolve + and -
alleles at either one oxr two loeci, However, as was also
pointed out in that discussion, when mating-type is tested
enly by ability to cross with one paxent or the other,

the segregation of the two types expected is 1:l whether



e 118 -

the system involves one or two pairs of alleles. The
results in the present section support the hypothesis
that the factors determining mating-type are alleles
of chromosomal genes and they are consistent with a
system involving elther one or two palrs of alleles.
The analvsis of recombination data in Table 11 shows
that mating-type and emetine resistance recombine freely.
The parental and recombinant classes agree consistently
with the ratio 131l in all samples of spores from the
hybrid plasmodium. Thue whatever the factors determining
inheritance of emetine resistance, they segregate
independently of the factors determining mating-type.
The analysis of segregation of emetine resistance in
Table 9 shows that nearly all the results disagree with
the hypothesis that this characteristic is determined
by alleles of a chromosomal gene., Except in Set 5, the
segregation deviates significantly from 1l:1l. The
segregatlion in Set 5 agrees with l:1l but this sauple
is incongistent with another sample (Set 2) which was
taken from the same batch of spores. If emetine
resistance is assumed to be determined by alleles of
a chromosomal gene, explanations must be found foxr the
deviation from 131 and for the heterogeneity of the

samiples.
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The factors that are most commonly found to cause
deviation of allele ratios from li:l are selfing, viability
difference and misclasasificatlion,

i) SBelfing. "Selfing" is said to occur when pailrs of
nuclei fusing before meiosis conslst sometimes of
nucleil derived from the same parent gitrain. In some
organisms, selfing mnever occurs; only fusions of nucleidl
of different pavental origin resuld in melosls and the
formation of the next generation. If selfing of one
parental nuclear type occurs moxe often than selfing

of the other, the alleles carried by that parent will
appear in greatexr f{requency among the next generatvion
and the allele ratios will deviate from 1:l. However,
the segregation of parentalirecombinant types must also
deviate from 1l:l since there wlll be an excess of
parental types. In the results of the present cross,
the segregatvion of parentals:recombinants agrees with
1:1 and thus it may be concluded that selfing does not
nccuﬁ.

In connection with the investigations of +the nuclear
cycle (see Paxrt IV), it is interesting to notice that
this conclusion means that nuclear fusion occurs normally
only between nuclei of different mating-type. IF

nuclear fusion occurs when a pailr of amoebae fuse to
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initiate plasmodium formation (as suggested by Ross,
1957), this is not surprising because the amoebae

that fuse are presumably of different mating-type, but
if 1t occuwrs Jjust before spore formation it suggests
that the mating-type factors function at two stages

of the life-cycle;, controlling both cell fusion and
nuclear Fusion,

Viebility Difference. If spores or amoebae carrying

the allele for emetine reslistance are in any way more
viable than those carrying the allele for sensitivity,

a2 deviation of the allele ratio from 1:1l 1s expected,
accompanied by no deviatlon of the vyatio of recombimants
to parentals. The reslstant spores may survive longer,
mature more quickly or hatch wmorxe quickly, or the
amoebae may multiply moxre quickly after hatching, Any

of these differences would result in more isolations

of resistant than of sensitive clones when amoebae are
taken from the plaques formed in the spore platings.
There is no great difference in viability betweoen the
amoebae of the parent strailns, a and E19 (see Table k),
but it is possible that a difference between resistant
and sensitive sitrains may be manifested during formation,
maturation or hatching of spores even if 1t does not

show in the amoebae.’
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The hoeterogenelisy of Bets 2 and § wmight also be
explained by suoh a viebllity difference bhoetween the
strains. I, for szamplo, spores ceryying the resistang
allele matured wmors qguiclkly than those corrying the
allele for sengdldivity, platings done with yvoung spoxes
would give an excess of resistant clones while plabtings
with oldex spores would nov. The spores that gave
rlase to Sev 5 were seven months old when they were
plated, vhereas those used for Sets 1, 2 and 4 wore
one week, five weeks and bthree months 014 respectively
(soe Table 5), Consistent with this hypothesis also
is thoe faot that Seot 1, which contained the greatest
excens of resistant isolates (Table 6), was dewxrived
from spoves plated at the smallest age.

The diffoerence batween Seds 2 and b counld walso bhave
been caused partly by soelecbive death of wesistand
ppores. The wviebility of the spores faell during the
time Batwoon the isolatlions of Sev 2 and Set 5 from
Sy to 0:.5%. With this drop in viaebility, the proporiion
‘of resistant clones wonld fall frowm 60% in Set 2 to
50% 41 SBot % if the nunbey of deaths snong resistond
spores was greater than the numbesr among sensitive

ppores by only 4%,
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iil) Misclassification. An excess of resistant isolates
among the progeny would also be found if misclassifice
ation occurred and some genetlcally sensitive clones
were classified as resistant.,. As with a viability
difference, misclassification is not expected to cause
deviation of the ratio of recombinantsiparentals.

A number of resulits recorded in section (o) suggest
that misclassification has been a source of error in
the cross., Principal of these is of course the fact
that so many changes in classification occurred, If
these changes had all occurred in one direction, for
example 1f many isolates originally classified as
resistant had later been found to be sensitive, the
changes in classificatlion might be taken as evidence
of real changes in the constitution of the amoebae.
But in Set 4 (Table 13), which was tested three times,
many of the disolates that had apparently lost thedir
resistance in the second test were found to have
gained it again in the third.

The behaviour of the "doubtful" isolates is also
evidence that misclassification occurred. Since the
initial tests of all the Sets (Table 6) showed a asmall
proportion of isclates, varying between 2% and 6%,

that appeared to be intermediate in their reaction %o
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emetine beitween the clearly~defined %resistant? and
"genaitlve” strains, it might have been suspected that
more than two classes exlsbted and, consequently, that
the control of cmetine wresistance was multifactorial,
In Sets 1, 4 and 5, however, in which 23 isolates
out of a total of 247 wexe classified as "doubtful"
at one time ovr unoth%rg only two were conglatently
classified as "doubtful" in all tests (see Tables 13
and 15). The total number of lsolates classified
conslatently as vresigtant or sensitive in all tests of
these sets was 208, The fact that nearly all the
"doubtful" isolates were involved in changes of
classification and that their changes showed no
consistent trend (as, for example, vesistant ~» doubtful -
sensitive, which seems a logillcal trend but which in
fact never occurred) suggests that they are mot a
distinct class caryving a genetic constltution inter-
mediate between that of the resistant and sensitive
clasees, but merely a symptom of uncertain classiflication.
The two most likely causes of this uncerdtainty in
clagssification are unnoticed variations in technique
and the presence of isolates contalnling more than one
clone., Variations in technigue would lead to mis-

classification and deviation of the allele xratio from

1:1 in the observed directlon if amoebae carrying the
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allele for sensitivity were under some conditions

able to grow on emetine.

The known variations in technique were shown in Table
14, and it was concluded from this table that there is no
correlation between these vawvilations and the segregation
for resistance found in the tesits. However, one tentative
suggestion of a corxrelation may be mede., If only Sets 1
and 4 are considered, the nearest approximation of the
allele ratios to L:1l is found in the tests in which the
oldest cultures of amoebas were used, It might be assumed
that when young cultures of amoebae are tested, the allele
ratlo apparently deviates from 1l:]l because some genetlcally
sensivive clounes are able to adapt te growth on emetine,.
When oldexr cultures are tested, fewer succeed in adapting.
If this is so, however, this ability to adapt to growth
onn emetine must itself be an inherited property of the
isolates, since in the tests of Set 4 (Table 13) the
majority (13 out of 20) of the isolates that varied in
their zreaction behaved ildentically in Tests L and 3. If
a random sample of sensitive isolates succeeded in adapting
in any one test, those that adapted in Test 1 would be
expected to be different from those that adapted in Test 3.
In other words, fewer + - 4 changes would be expected in

Table 173 and moxre 4 = = and = = 4,
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The deviation of the allele ratio and the changes in
clagssificatlion may also be partially accounted for if
some of the isolates consist of mixtures of amoebae
of more than one clone. If the ratlio of resistant to
sensitive clones is lsl, isolates contalinling mixtuxres of
two clones will consist of ome guarter that contain two
resistant clones, one quarter that contain two sensitive
clones and one half that contain a mixture of resistant
and sensitive clones. The mixtures of rosistant and
sensitive amoebae will show growth and will therefore be
classified as "registant". If there are vexry few resistant
amoebae in a sample of the mixture, only slight growth
may éccuw and the clagsification will be Ydoubtful". VWhen
a mixed disolate is subcultured to a slope of SA, allowed
to multiply and then sampled again, as in the re~tesis
of Seta 1 and 4, differences in classificatlion may result
from local differences in the proportions of the two types
of amoebae in the culture.

As shown in Section (c), there is positive evidence
that some of the isolates contalned more than one clone,
since plasmodia were found in them. In Set 1, for example,
2 out of 104 isolates gave plasmodia. From this figure,

a rough estimate may be made of the total number of

mixed isolates present (considering mixtures of two olones
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only). This involves first calculating the total number
of mixturesg comntalning amoebae of compatible mating-types,
since not all such mixtures give rise %o plasmodia. Tor
this purpose, the data of Table 7 may bhe used. This
table shows the number of isolates in each set that failed
to give plasmodia when crossed %o both parents ("No xesult™)
and the nunbers that gave plasmodia with one parent oxr the
other (clagssified ds "+" or "="), All the isolates were
cerossed with both parents. If the mating-type system is
a single=Factoxr one, every isolate is expecited to produce
plasmodia with one ox the other of the parentsy 4if it is
a two~factor system, only 50% are expected to produce
plasmodia. In fact, the proportion of isolates that
gave plasmodlia with one o tvhe othexr o0f the parents ranged
in the four sets from %0% to 20%. Thus assuming a single-~
Factor system, the proportion of compatible mixtures
expected to give plasmodia is in the range 40% to 20%;
assuming a two-factor system, it is in the range 80% to 40%.
Thus, assuming a single-factor mating-type system,
if the proportion of ilsolates gliving plasmodia s 2%, the
total proportion conmtalning compatlible mating-types will
be 5% to 10%. The total proportion of isolates containing
mixtures of two clones, vregardless of mating-type, will

be twice as great as this, l.e., 10% to 20%.
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Assuming a two-Ffactor matiung-type system, if the
proportlion of isolates giving plasmodia is 2%, the total
proportion containing compatlible mating-types will be
2.5% to 5%. The total proportion of isolates contalniag
mixtures of two clones, regardless of mating-type, will
be four times as great as this, i.e. 10% to R0%.

Thus, for either wmating-type ﬁyﬁtem,the estimate of
the total proportion of mixed lsolates in the sample is in the
range of 10% to 20%. If the allele watilec for emetine
resistance is 1l:1l, half of +he mixed isoclates may be assumed
to be mixtures of resistant and sensitive ¢lones, that is,
%% o 10% of ilsolates. This proportion will be misclassified
ag resistant and may be vardable in their reaction when
re~tested., If 10% of isolates are misclassified as
vesigtant, the ratlio of resistant to sensitive expected from
a sample of 100 isolates is 55 to 45 instead or 350 to 50,
The ratio found in Set 1 ie 76 to 20. Thus the proporéion
of mixtures found in this sample is nmot sufficilent %o
acoount for the deviation from l:l although i1 is @ufficienf
to account foxr the proportion for which classification
was variable,

et 5 was lsolated and tested before and after cloningy
with the purpese of estimating the erxror caused by the
presence of mixed isclates. Out of 49 isolates, two that

were oviginally classified as yesistant were classified
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differently after cloning. If these twe isolates are
assumed %o have been mixtures of resistant and sensitive
clones, the proportion of such mixtures may be estimated
as 4%, with confidence limits of 1% and 14%. This is a
minimal estimate, since not all mixtures would be expected
to change theix classification after clonring., However, if
even 1U4% from a sample of 100 are misclassified as
reslistant, because they are mixitures, the ratio of resistant
to sensitive expected is %57 to 43 insitead of 50 to 50.
This is almost sufficient to account foxr the excess of
resistant isolates in the other samples and i% is sufficient
to account Ffor the proporition for which classification
was variable in Sets 1 and 4., However, since no excess
was found in 8et 5 and the samples are heterogeneous, it
is difficult to draw any general conclusions from these
results.

L% may be concluded from this discussion that some
misclassification has certalnly occurred in the tests
and that a consliderable proporticn of isoclates containing
mixtures of two or move clones has beem present. The
proporsion of mixXbures present is great enocugh to account
for the wvariations in classification that occurred on
re-testing and almost enough to account for the deviation

from 1l:1 in the xratio of resistant to sensitive isclates.
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It is of course surprising that with spores of such
low viability as 0.5% (es in Set 5), isolates containing
mixtures of clones should arise at all, Nevertheless,
in Set %, three of the 54 isolates were discarded because
they gave rise to plasmodia. It is very unlikely that
these mixtures rvresult from the chance proximlty of two
hatching spores and the haemocytometer counts befoxe
plating showed that clumps of spores were rare. It is
posslble, however, that the spores in the few clumps
that are present hatch more readily than single spores
because of some effect of one hatching spore on another.
If this is so, the proporvition of mixtures is expected
to be high. Alternatively, the mixtures may resuli
from single spores containing amoebae of morxe than one
nuclear btype, although such spores were never found among
those isolated by hand.

Lt may be concluded that although there is insufficlent
evidence that any one of the factoxrs considered has
caunsed the deviation of the emetine resistance allele
ratio from l:l, there is evidence that several factors
capable of causing the deviation have been operating in

this cross.
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Sumuary .

1.

The straims a (mating-type +) and I (mating-type =)

were crossed) spores obitained from the plasmodium were
plated}and isolates of amoebae were made from 50 plaques.
These 50 izolates were tested for mating-type by back-
crossing to the two parent stralns and i¥ was found that
some formed plasmodia with one or the other of the

parent strains only and some with neither. The results
were conslistent with the owriginal hypothesis of a
single~factor mating-type system but were also consistent
with the hypothesis of a vwo~factor system,

Intercrossing of ten of the 50 isolates in all combin-
ations of two at a time gave resulits that sgreed better
with a single~factor than with a two~factor system.

The strain E19 (emetine resistant, mating-type -~) was
found to maintain its reslstance to emetine tvhrough
successive subcultures in the absence of the drug.
Platings of amoebae of strains E1l9 and g (emetine
sensitive, mating-type +) on medium containing emetine
showed that there was a cleayr difference in the wviability
of the two strains on the drug.

The strains g and E19 were crossed. The plasmodium
fowmed)(a + Elg), was found to be as sensitive to emetine

as the plasmodium {(a 4+ i).
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10.

Spores eobtained from plasmodium (g_+ Bl9) were plated
and four sets of isolates of amoebae were made from

a total number of 346 plaques. The four sets of
lsolates weré separately tested for mating-~type and
emetine resistance.

I all four sets, the ratio mating-type + ¢ mabting~type =,
tested by backorossing the lsclates to the two pavent
strains, agreed with 13l and the resuldts for the four
sets were homogeneous. The results agyree with the
hypothesilis that mating-tvpe is determined by a palyxr of
alleles at one chiromosomal locus ox by pairs of alleles
at two unlinked chromosomal loci. |

In all four sets, the ratlo recombinant types : pavrental
types agreed with 13l and the results for the four sets
were homogeneous., IEmetine resistance and mating-~type
therefore recombine freely. The results avre consistent
with the hypothesis that these characoteristics arxe
determined by pailrs of alleles at two unlinked
chromosomal loci.

In three of the four sets; the xatlo emetine resistant:
emetine sensitive deviated significantly from 11l because
of an excess of the resistant type. 7The results for the

four sets weve heterogeneous. The resulits are not
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consistent with the hypoﬁh@@iﬁ that emetine resistance
is determlined by alleles of a chromosomal gene unless
factors can be demonstrated that may cause this
deviatlion.

Congilderation of the factors that may cause deviabtlon
of allele ratios shows that selfing has not occurred
in the cross but that misclassification for emetine
resistance has occursred and that a viability difference
may exist between emetine resistant and emetine

sensitive spores.



CYTOLOGICAL, ORSIERVATIONS .

Introduction.

A very large proportion of the work that has been
devoted Ho Myxzomycetes in the past has involved attempts
to understand the nuclear oyele by means of coytological
observation. These studies have resulted in so much
confusion that the simply observational method of approach
has not been used at all in the present investigation.

One quantitative method has been used, which wili be
describoed after a dlscussion of the work of previous
investligations.

Three major problems about the nuclear cycle of the
Myxomycetes have long been in doubt and have been the
gsubject of numerous investigations:

i) The stage at which meiosis occurs,
i1} The stage at which nuclear fusion occurs,

iii) The numbeyx of cells that contribute active nuclei

to the plasmodium.

If all three problems wervre solved, the ploidy of the
different stages would also be known with certainty. Converse-
ly, determination of +the plolidy would assist in solving the
problems and this is the basis of the gquantitative approach

used in the present investigation,



w L34 -

1, Resulis of Previous Investigations.

i) The Stage abt which Meiogis Oceurs. A decisive answer

%o this question has beeun given, for some species ab
least, by the recent work of Wilson and Ross (1955).
Thev obgserved meilosis during sporangium formation,
prior to final eleavage, 1ln nine specles of Myxcgastres,
rapraégn#iug three of the four erders. Bubsequently
(personal communicatbion), they have also observed

melosis at the same sbage in other species, ineluding

a member of the Lfourth order, Bhysarum polyvcephalum,

the species used ln the pregent investigation, In
Leratiomyxa, the only representative of the Dxosporsae,
they observed meiosls in the maturing spores aiftbexr
cleavage. Thelr photographs are the fivst convincing
1llustrations of wmeloasis in Myxomycetes that bave been
published.

Several previous woerkoers, however, claimed 4o have
seoen two melobvic divisions preceding cleavage in
developlng sporangia in the Myxogastres: Wilson and
Godman (1928) in Retlonlaria lyecopendon, Schinemann
(1930) in Didymiuwm nigripes and Cadman (1931) in
D, nigripes. Other authors falled to see more than

one divigion in the developlng sporaungia: among others,
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Howard (1931a) in Physarum polycephalum and Von Stosch
(1935) in D, nigripes. Von Stosch recorded that both
wmeliotic divisions occcuxrred in the spore and that

three of the four resulting nuclel degenerated, leaving
a uninucleate spore. Two other workers, Jahn (1933)

with Badhamis utricularis, and Schuve (1949) with

Mucilapo spongiosa, recorded that the Jirst meiotic
divigien ocourred before inal cleavage, the second
aftervards in the maturing spore.

In Ceratiomyxa, two authors, Olive (1907a,b) and

Gilbert (1933) recorded the same result as Wilson and
Rosa (1955); that meicsis occurs in the spore glving
the mature spore four nuclei. Jahn (1908, 1936)
disagreed, gtating that meilosis occurred at the time
of cleavage.

It is clear now that in Ceratlomyxs melosis occurs
in the maturing spore and that in many species of the
Myxzogastres melosis ocours 1in the develeoping sporangia
prior to c¢leavage. Uilson and Ross have not yet
examined all the species in which conflicting observations
have been made by past workers, so that it is possible
that in some species of the Myxogasitres, meiosils does
ooour partly or wholly in the spore. However, there

is little evidence of this at presenty none of the



illustrations gilven by previous workers have been
convinclng, and sinece Wilson and Ross (1955) noted that
all the nuclei in any one sporangium completed meiosis
in a very short period of time, it seems very probable
that this rapidity aloune bas led to the failure of sone
workexs to observe meilosis.

A few investigators have concluded from indirect
observations that meloslis must take place in the spore.
Skupienski (1918), with D. nigripes, obtained plasmodia
from single~spore cultures buit not from single-amoeba
cultures and concluded that {the amoebae Tfrom a single spore
must segregate for wmating-type. There is no answer to
this observation at present (see Part I, 4). Some of the
other workers who have obtained plasmodla from single-spore
cultures and have seen fusion of pairs of amoebae in the
cultures, for example Cayley (1929) with D. difforme,
have used this result to comoclude that amoebae from a
single spore earry different mating-types and that thero~
fore melosis ocours in the spore. VWnen single~amoedba
cultures have not been tested, this conclusion is not
valid, since {there is no reason to suppose that fusion
cannot ocecur beltween amoebae of the same genotype. Indeed,
Keryr and Susswman (1958) have shown that in their strain of

D, nlgiripes, simgle-amoeba cultures usually produce
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plasmodia. ®Similaxrly, the finding in other gpecies
that amoebae from a single-spore culture are always
of one mabting-type only camnol be nsed to counclude
that melesls occurs befove spore formation, alnee

it da quite reasonable Yo suppose that three products
of meliosls in the spore mighlt degenerate, as reported
by VYon Btosch (1935) and as commonly f.cnd in the
egegs of highex animala,

The Stape at which Nuclear PFusion Qccurs. The fusion

of nueclel in pairs has beon veported at two different
stages of the life-cgyecle of Mymomycetes; at the time
when the amoebae fuse in palrs, and at a time Juast
prior jo spore Lormation in the plasmodium.
Tuvestigators who have reported nuclear fusion at
the time of cell fusiom are Jahn (1911) in g&xsérum

didermoides, Skuplenski (1917) and Cadwan (1931) in

Didyuium nigripes, Wilson and Cadman (1928) in

Retioularia lycopevdon, Gilbert (1935) in Ceratiomyxa
and Ross (1957) in nineteen species of Myxogastres

vepresenting all four orders and including P, polvesphalumy

Investigators who have reporited nuclear fusion in the
plasmodium just prior 4o spore formabion are Olive
(1907a,b) and Jabm (3908) in Coratiomyza, Skuplenslki

(1927, 1928) in Didymiuw difforme and Schitnemann (1930)
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in D, nieripes.

It is not possible at presenit to decide which of
thege dnvestigators arve lLlikely to be corvect, since
piotures of nuclear fusion avre rarely convineing,

It is & process morve diffiecult to d@mnmaérate
eybologleally than medosis and wost of the illustrations
meant to demoustrate it could bhe takeu.simply as

showing the chance adjacence of two nuclel, or as

the final stage of nuecleary divislon. The most thorough
investigation was that of Ross (1957) who observed

both living and stained c¢ells in cultures in which
anvebae were fusing and foming plasmodia, and the
gseries of photographs that he published give good
evidence of nucleanr fuslon at this svage in some

gpecies at leastb.

Toe Numbexr of CGells that Contiribute Active Nnelei io

the Plagmodium. There is no doubi that as a plasmodium

inocreages in sizme in a culdure, the nunber of amoebae
around it decreases; those bthat disappear are certain-
1y adding %o the bulk of the plosmodium. What 1ls not
certain is whether the aucleld of those amcebae that
disappear are being biroken down and digested by the
plasmodium ox whether they ave continuing to exist

as active nueled in this new acellular enviromment.

This question has not vet been answered,
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Ounly a few workers have recorded that more than two
amcebae may fuse to form a plasmodium ox that amoebae
may fuse with a plasmodium without beling digested by it:
these are Clenkowski (1863), in several species, Skupilenski
(1926, 1927, 1928) in Didymium difforme, Schilnemann (1930)

in D, nigripes and Von Stosch (1935) in D. nigripes vazr.

xzanthopus, D, squamilosum and Physawum cinexeum, the three

species in which he found that plasmodia could be formed
in single-spore cultures. Awmong these four authors,
Cienkowski and Skuplenskil recorded the fusion of pairs of
amosbae, and Bkupienski the digestion of amoebae by the
plasmodium, in addition to the other processes.

FPugsion of paiwrs of amoebae and digestion of amoebae
by the plasmodium have been recorded also by Jaha (1911)

in Physarum didermoides, Skupienski (1917) and Cadman (1931)

in Didynium nigripes, Wilson and Cadman (1928) in Reticularia
lycoperdon, and Ross (1957) in nineteen spocies of
Mynogasitres rvepresenting all four orders and including
Physarum polvcephaltm. Among these authors, Shkuplenski,
Cadman, Wilson aund Cadman, and Ross recorded also the

fusion of small plaswmodia to produce bigger ones. These
authors believed that plasmodium Tovmation was inltiated

by the fusion of one pair of amoebae only, that this was

followed by fusion of the two haploid nuclei, and that all
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the nucled iln the plasmodium were then produced by
division of the diploid nucleus or weve diploid nuclei
acqguired by fusion wilth other plasmedia. They believed
that whenevexr haploild amoebae entered the plasmodium,
by fusion or by ingestion, their nuclel were broken
down and digested.

It may be noted that the recorded observations of
fusgion of padrs or of groups of amoebae do not depend
on whether the observations were made on multispore
or single~spore cultures. Von Stosch (19353) recorded
fusion of groups of amoebae in the species in which
plasmodia could be obtained from single-spore cultures
and fusilon of pairs in the species in which they could
not, while Skupienski recorded fusion of groups in the
specles in which plasmodia could not be obtained from
gingle~spore ocultures and fusion of pairs in the apecies
in which they could. Cayley (1929) also observed the
fusion of palrs of amoebae in single«~spore cultures of
D, difforme.

It is not possible at present to decide which of the
wmany irecorded observations arve coxrvect., It is reasonable
to suppose that all the suggested processes may somebtimes
ocour, but that not all of them ocour in every species or

under every type of culture condition.
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2. Results of the Present Investigsation.

The cytological observationg made in the present
investigation consisted of an attempt to determine the
relative ploidy of ameebae and plasmodium by means of
photome tric measurements. The method is based on the fact
that, when a sample of nuclel is stained by the Feulgen
me thod, the density of stain in any nucleus of the sample
is directly proportional to 1ts content of desoxyribose
nucleic acid (DNA), although the ratio of stain to DNA
is not constant for nuclel stained under different
conditions (Walker and Richards, 1957). The method
depends also on the fact that accurate measurements of
the density of stain in individual nuclei may now be
made by the use of an integrating microdensitometer of
the type first designed by Deeley (1955).

a) Details of Method. (For instruction in these methods,

the author is grateful to Mrs Sylvia Wilson). Two

smears weie made on each slide, one of plasmodium and the
other of amoebae. Samples of plasmodium were taken from
two-~day cultures on oat agar plates, oun which the plag-
modium was growing vigorously. Samples of amoebae were
taken from water agax plates in which some of the amoebae
were still actively feeding and dividing and some were

encyated.
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The smears were immediately frozen ian lsopentane
and fixed in butanol and later stained by the Feulgen
method. The hydrolysis time used was 12 minutes, since
this was found most satisfactory by preliminary tests.
After staining, the smears were mountved in glycerine and
covered with cellophane. With these methods of fixing
and mounting, the nuclel remain soft and flexible, so
that when each 1ls brought under pressure from the crughing
condenser on the mlcroscope, it spreads to Torm a layer
of more even density, which is more accurately measured
by the densitometer.

The microdensitometer consists of a mlcroscope connected
with a scanning device and a photomultiplier. BEach smear
is examined systematically with the cll-immersion objective
of the micyoscope. Whenever a single nucleus is found
sufficiently isolated from its neighbours, it is brought
in Yo the centre of the field and crushed gently until 4it
ig of fairly even density; the field around it is then
reduced as faxy as possible by means of a diaphragm in
the tube of the microscope. The scanning device is then
set into operation, so that the total deunsity of the field
is measured. The measurement is read om a dial which is
marked with arbitrary values.

Three readings are taken for the same field and then
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the nucleus dls moved fyrom the flield and three readings

of backgréund density are takem., The difference between
the averages of the two groups of readings is the arbitrary
measurém&nﬁ of density, and thus of DNA content, that is
recorded fox the nuclsus.

A considerétion of the possible sources of erroxr in
such readings weas made by ﬂgel@y (195%), who concluded
that the wandom error was not more than 20 and that errowx
from other causes was equally small,

b) Resulis. The results of itwo sets of measurements are
shown in FPigures 16 énd 17. ZPBach set shows the distri-
bution of values for nucled from one slide only, since
only measurements for muclel stalned under identical
condltions are sitrictly comparable. All tﬁe nuoledi
measured were in intevrphase; no dividing nuclel were seen
during the investigation.

In the first set, 100 nuclel of a plasmodium and 100
nuclei of amoobae were measured; I1n the second, 150 nuclel
of a plasmodium and 129 of amoebae. Neither of the distrie-
butions for the firsy set (Fig. 16) deviates significantly
at the 5% level from a normal disitribution when tested by
the X* method. The distributlons for the second set
(Pig. 17) were not tested for deviation from normality.

In both sets, the mean value for nuclei of amoebae is

significantly different from and slightly higher than the
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mean value for plasmodial wnuclei.

For the firat set of measurements, more detailed
analysis was carried out by Dr. 8.D., Silvey and Mr J,
Altchison. TFor each of the two cbserved distributions,
an attempt was made to fit to the data a mixture of two
normal distributions of which the mean of one was twilce
the mean of the other. No such mixture was found thatb
fitted the distribution for nuclei of amoebae better than
a single normal distribubtion, but for the nuclel of
plasmodium, a mixture was found that fitted the data
better, though not significantly better, than a single
normal distributlion. This mixture was of two normal
distributions with means 8.5 and 17.0 and variances 6.25
and 13.5 respectively, one third of the observations
belonging to the distributlon with the smallexr mean. The
larger mean is twice as great as the smallexr and almost
exactly equal to the mean of 17.1 found foxr the amoebae.
3. Dliscussilon.

It was shown in Part IV, 1 that although the position
of meilosis in the life-cycle of Physarum polvcephalum is
almost cersainly Jjust before spore foxrmation, there is
very little evidence on which to decide the position of
nueclear fusion 4in the life;cyele or the nuclear counstituv~

lonn of the plaémodium. If nuclear fuslon occurs immediaﬁelyz

after fusion of a pair of amoebae and if subsequent growth
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of the plasmodium is accompanied by no further fusions
with amoebeae, as believed by Ross (19%7), the plasmodial
nucled must all be diploid and the amoebae haplold. If
nucleaxr fusion takes place later, prior to spore formabtion,
and i1f no fusions of the plasmodium with ﬁmoebae ocoux,
the plasmodium must contain a mixture of haplold nucledi
ef two kinds, carrying the two mating-types; i1in other
words, 1t must be a heterokaryon, If fusion of the
plasmodium wivh amoebae occurs, then if nuclear fusion
ocoure early, the plasmodium will carry a mixture oXf
diploid and haploid nuclei; il i¥ occurs late, the
plasmodium may carry haploid nuclei of more than two kinds.
It was hoped that the measurements of the DNA contvent
of nucleld would show clearly the xelative ploidy of amoebae
and plasmodium, The results have, however, been unexpected-
1y difficult to interpzret. The chilef difficulty is that
the values obtained foxr individual nuclel are so small
that it ls not possible to declde whether orxr not the
distributions cbtained are bimedal, The densitometer was
designed chiefly for use with the much larger nuclei of
mamnalian tissuea, with which the mean value obtained for
any sample is usually at least 100 units on the arbitrary
scale. The largest mean value obtained in the present

investigation was 17 units. Since the closest marked
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divisions on the scale are 10 units apart, the random
erxyor in such readings is so0 great that exitremely large
numbers of nucleil would have to be measured to make
certain of the true mature of the distributions.

The fallure %o find a clearly bimodal dlistribution in
any of the samples has led to difficulvy in interpretation.
In previous studies with microdensitometers, measurements
of interpﬁas& nuclei, in both animals and plants, have
usually formed a clearly bimodal distribution, the wvalues
of the %wo means being in the ratio 1:2 and there being
few intermediate values (Deeley et al., 1954; McLeish,
1959), The explanation of the bilmodal distribution is
pfesumably that DNA synthesis takes place during intexr-
phase, and th&t.it talkes place rapildly, so that nuclei
carrying an intermediate amount of DNA are rarely found,

It may be that the digtributions found in the present
investigation are bimodal; with such small wvalues it is
impossible %o know for certain. However, there is some
evidence that the distributions should not be expected to
be bimodal. Several investigators (Howard, 1932; Nygaard,
Guttes and Rusch, 1960; Ross, personal cammunicatiom)
have reported that mitoses of the nucled in a plasmodium

of Physarum polycephalum are essentially synchronous,

even in large plasmodia, and both in liguid culture and on



solid medium. Purithermore, studies to discover the time
of DNA synthesis in the plasmodium of P. polycephalum
(Nygaard, Guttes and Rusch, 1960) showed that it occurred
almeost divectly aftexr mitosis and cccupled a length of
time that vepresented only about 10% of the total length
of interphase.

If both these obgexrvations apply to the plasmodium
used in the present investlgation, then for any one sample
of interphase nuclel there ls a 90% chance that all the
nucleil will contain a doubled amount of DNA, and a single
normal dissribution may be oxpected, with a mean correspond-
ing to the diplold velue if the plasmodium is haploid,
and to the tetraplodld walue if it is diploid. In the
remaining 10% of samples, a single normal distribution is
aloso expected, but its mean may coxrespond to any point
between the haplold and diplodd or diplold and tetraplold
values.

Wo similar studies have been reported on nuclear
division oxr DNA synthesis in the amoebae. It would be
surprising if mitoses were synochronous in a population of
amoebae in which some are fecding and some are encysted,
and a bimodal distribution should therefore be expected.
If mitosis ig infrequent at the time of sampling and if

DNA synthesis takes place either Jjust before or just after

mitosis, it is possible that a distribution approximating
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to a single normal may be found for a sample of intew-
phase nucleli. In this case, the mean may correspond to
the haploid ox diploid wvalue, depending on the time at
which DNA synthesis ocours. Because of the mating-type
characveristics of the amoebae and the probable position
of meilosis in the life~cycle, we may discard the
posaibility that the amoebae are diploid.

In the first set of measurements (Fig. 16), if both
distribubtions are comsidered as single normal distributions,
the means for the nuclel of amoebae and of plasmodium are
17.1 and 14.2 vespectively. Since it has been shown above
that the majority of nuclei in the plasmodium avre likely
to carry a doubled amount of DNA, the value 14.2 may be
taken as representing this doubled amounit. The wvalue of
17.1 for the amoebae, though significantly different from
the wvalue for plasmodium, is certainly not less than it.
Since the amoebasc must be assumed from other évidence to
be haploid, it may be concluded that the nucled of the
plasmodlum are glso haploid; din othex worxds, contrary to
the observatlions of Ross (1957), nuclear fusion does notb
occur when the amoebae fuse to foxrm the plasmodium, IF
this d1s tzrue, the nuclei of the amoebae in this sample

also carry a doubled amount of DNA.



If the distribution for plasmodial nuclei in the
first set of measurements is taken to be bimodal, though
thig is5 difficult to reconcile with the observations on
the syunchrony of mitoses, the concluslon about the ploidy
of the plasmodium is not changed. The two mean values
for the nuclei of plasmodium are 8.5 and 17.0 and the
mean value for the nuclei of amoebae is 17.1l. These
values agree closely with the relative values that would
be expected if the amoebae contained haploid nuclei with
the doubled amount of DNA and the plasmodium countained
haploid nuclel in only some of which the DNA was doubled.
However, the vesults could also be explained by assuming
that the plaswmodiunm contained a mixture of diploid and
haplodld nucledi in none of which the DNA had doubled, This
interpretation is not easy to reconcile with the obgervations
on the timing of DNA synthesis. Thus all the possible
interpretations of the first set of results disagree with
the wesults of some previous investigator.

The second set of results (Fig. 17) is not more
satisfactory, Both distributions appear to be single normal
distributions and the mean values for amoebae and plasg-
modium arve 14,0 and 12.1 respectively. This relationship

is similar to that found for the first set when both



distributions were congidered to be single normal distri-
butions, and the same arguments apply.Since it may be
assumed that amoebae are haplold, the concluslon must be
either that the plasmodium also contaius haploid nucled,
which disagrees with Ross's results (1957), or that it
contains diploid nuclel in none of which the DNA has
doubled, which disagrees with the expectatlion derived from
the results of Nygaard, Guttes and Rusch (1960).

It is obvious that the results of the measurements of
DNA content are very unsatisfactory, but it would probably
not be worthwhile to make further measurements except with
a densltometer capable of measuring small nuclei more
accurately. It may still be hoped that clear, quantitative
results could be cobtained by this method. The method is
particularly desirable since chyomosome counts on this
gspecies are extremely difficult, the chromosomes belng very
small and numerous. A count of approximately 90 has been
made for the plasmodium by Ross (personal communication).

One final point that may be relevant is the possibility
that many of the nuclei in a plasmodiuwm are abnormal.
Wllson and Ross found numerous chromosome bridges during

meiosis in five species (1955) and in P. polvecephalum (Ross,

personal communication) and they conclude that these may

he caused by crossing-over in translocationg, cowmplicated



by pelyploidy, and, consequently, that many of the nuclei
are abunormal.  If inversions ox translocations are common
in the population, there is no need to propose polyploidy
also to explain the occuxrrence of bridges, and the

genetical results found in the present investigation make

it appear unlikely that P, polycephalum, at least, is

a polyploid. However, it is possible that the nucled is
a plasmodium may wvary more than in a cellular organism.
Since the nuclel ave very densely distributed in the
plasmoditm and are not separated by any cell walls, it
ia possible that some carryiang abnormal or deficient
chromosome couplements may survive for some time, being
supported by the activity of the rest. Such variations
would complicate the results obtained from measurements

of DNA content.
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3ummarx.

1, A review of past literature on the nuclear eytology
of Myxomycetes ls given. It is shown that although
meiosis probably occcurs Jjust before spore formation

in some Myxogastres, dincluding P, polycephalum, and

in the maturing spore in Qeratiowmyxa, the position

of nuclear fusion in the cyele and the nuclear processes
involved in plasmodium formation have not vet been
determined with cexrtainty in any Myxowmycete.

2. Two seta of photometric measurements were made on
samples of Feulgen-stained, interphase nuclei (from
amoehae and plasmodium of P. polycephalum. Xn eaeh
set, the photoumetrie values obiained may bs assumed
to be directly proportional to the DNA content of the
nicled.

3. The results of these measurements are difficult to
interpret. The distributions do not demonstrate
conclusively the relative ploidy of nuclei in plas-
modium and amoebae and each of the possible interpret-
ations of them disagreos with the resullis of some
previous author using a different method of

investigation.
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