





Oxford University Press, Amen House, London E.C. 4
CLASGOW NEW YORK TORONTO MELBOURNE WRLLINGION
BOXBAY CALCUTTA NADRAS KARACHL CAPE TOWN IDADAN

Geoffrey Cumbetlege, Publisher ta the University






THE ‘BARRAGE’ PHENOMENON IN PODOSPOR. .INSERIN.1

Simultancous confrontation of an S mycehum with two Sand two
s myeela A barrage 1s formed on the contact line between S and
s (courtesy of Rizet, unpublished).
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‘.« . st la science découvre peu i peu I'unité d'un
univers accessible 3 nos procédés d'analyse, c’est par le
fait de caractéristiques trés générales que la thermo-
dynamique résume en quelques principes. Or, d'apris
ceux-ci, aucun foncti n'est imaginable shil
n'existe d’abord quelque chose que l on puisse, méme
cn idre et idre approsi a
une machine, ¢’est-d-dire une répartition spatiale de
matiére et d’énergie assez particuliére et assez indgale
pour que énergie utilisable puisse se manifester par
un effet, Cette inégale répartition représente I'essentiel
d’une structure, dont elle consacre la primauté , . . .
+ « . La structure d'un organisme est capable de
s'accroitre, c'est-b-dire de se modifier tout en restant
clle-mdme; et aussi de se réparer; son état actuel est
2 la fois un devenir et un résultat; le fonctionnement
tend & la maintenir contre toute cause de pertutbation
et d'usure; elle répond pour chaque espice et pour
chaque individu & un type fixe et spécifique qui se
reproduit en identité & travers des mécanismes compli~
qués ct divers. Ces 1, fond
avec la question de structure proprement dite un
bl celui de l'indwidualité du vivant;
ctl'on dol[ conclure que PPorganisme est un tout; qu'il
ne peut étre compris que dans son ensemble, dans la
coordination de scs structures et la synergie de ses
effectivités; qu'il doit tre considéré, en un mot,
commie unc unité structurale ct fonctionnelle.”

(E. FAURE-TREMIET, ‘Le problme de I'orgamsation ct
ses aspects physicochimi ’, Revue 1943,
.o 433)




PREFACE

*I am a firm believer that without speculation there §5 no
good or original observation’
(oamn (¥, Lecter ta A, R, Wallace, 22 December 1857)

LS book is a samewhat expanded versiox:l of ‘three

lectures given in May 1952, at the Umvers%tyv of

Birmingham, under the auspices of the William
Withering Memorial Lectureship.

Invited to give these lectures, I naturally chose to speak
on a subject to which T am devoting my own efforts, the
genetics of micro-organisms. This new field of research
has yielded, in the few years of active exploration, a
number of results of interest in many connexions. The
facts I have chosen for presentation are those of particular
importance in connexion with the problems of cell heredity
and differentiation which have determined, 1o a large
extent, my own interest in this field of rescarch. My
presentation of the factual material is therefore not ex-
haustive.

Nor is the speculative part of the book unbiased: it
defends a thesis, I have tried to show that the method of
Mendelian analysis applied to the classical materials of
genetics, while it achieved the amazing progress contained
in the theory of the gene, and thus supplied 2 basis for
the understanding of at least one aspect of evolution, has
at the same tlmc{conﬁncfi our attention to the nuclear
grenes and thus slm'm us 1n1o an impasse with respect to
the \{ndc:st?nd}ng of dcvelugmem_ By quoting some
genctic studies in micro-organisms, I have tried to show
that the cytoplasm is endowed with genetic Properties of
tts own, and that this provides ys with a basis for the

inerpretation of the phenomena of differentiation g
nd
development. 1 do not deny the general otcurrence and
significance of nuclear (Mendelian) heredity. The bias
of my pr is in the emphasis on the rather
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exceptional phenomena of cytoplasmic heredity. This
emphasis, as the reader will sec, is due to a priori reasons
suggested by work in non-genetic lines, chiefly experimen-
tal embryology, to which most geneticists have in the past
paid little attention, I am therefore aware that many of
the suggested deductions may not stand the test of time. I
know also that very few of my fellow geneticists would
subscribe to the views I have expressed, but I am en-
couraged by the thought that ‘we cannot determinc the
truth of a hypothesis by counting the number of people
who believe it’ and that ‘a hypothesis does not cease to be
a hypothesis when a lot of people believe it’.*

My chief purpose in presenting the subject as I did,
was to draw attention to some problems which, in my
opinion, are of paramount importance. For giving me this
opportunity, I am grateful to the sponsors of the William
Withering Memorial Lectureship and to the officers of the
University of Birmingham.

The three lectures were written before I gave them, and
are printed here as they were written. In preparing the
manuscript for publication, I have made some additions
to the original text, which are inserted in smaller type.
Exceptions to this are: a few notes added to the General
Discussion, which will be found at the end of the Third
Lecture, and some comments ‘On the Scarcity of Evidence
of Cytoplasmic Heredity and on the Ambiguity of the Con-
cept of Autoreproducing Units’ placed in the Addendum,
at the end of the book.

The bibliography given at the end of each chapter is not
exhaustive. The references have been chosen so as best to
guide the reader who would like to acquaint himself more
thoroughly with particular subjects. Therefore, the refer-
ences given are often to general reviews rather than to
specialized papers.

® J. H. Woodger, Observations on the present state of embryology
(Symp. Soc. Exp. Brol. 1948, 2, p. 354)-



PREFACE vii
The majority of the illustrations have either been spe-
cially prepared for this book, or redrawn from various
sources indicated in the legends. For this excellent work
{ wish to express my appreciation to Mrs, 5. Chevais.
1 am equally grateful to Dr. G. Rizet who kindly supplied
the photographs and diagrams illustrating his magnificent
work on Podospora, and to Dr. A. Lwoff for supplying
the beautiful original drawing of the infraciliature of
Gymnodinioides (Fig. 1) and a copy of Fig. 2. Lastly,
thanks are due to the Editors of Heredity and to the
Connecticut Academy of Arts and Sciences for the per-
mission to reproduce Figs. 22 and 38, respectively.

PARLS
July, 1952
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“Inheritance must be looked at as merely a form
of growth’
(oarwy, Pariatin t Antmaly and Plants)

mnr—

1. GENERAL INTRODUCTION

HE most decisive step in the development of b'm~
Tlogy into a scientific discipline was the formulation
of the Cell Theory. Tts original content is summed up
in this sentence of Virchow, the founder of cell pathology :
“Ecery animal appears as a sum of vital units, each of which
bears in itself the complete characteristics of Jife.'® The
emphasis in the quoted sentence is on the cell as a vital
unit, and this unit, in Vitchow’s time, was regarded as the
ultimate unit of life.

Yau knaw that amang all the characteristics of life, none
of which taken singly permits one to distinguish the living
rom the nan-tiving, 3 the most astonishing and the most
profoundly significant one is the faculty of identical per-
petuation, resulting in the per of the multitude of
ling forms.

With the demonstration of cell division, and with the
accumulating evidence that a cell can arise only from a2
Tre-cxisting celh, the fact of identical perpetuation received
the beginnings of an explanation.

A series of brilliant discoveries soon came to lay the
foundation of the modern science of heredity: the dis-
covery of the fundamental role of the nucleus in the life
ﬂ‘f the celt, and of the sndwviduality and permanence of its
thromosomes |, the discovery of the nature of fertilization
and notably of the fact that the only link between succes-
$he grreratians are singfe-celled gametes, one of which

l‘Tms\ often consists of barely more than a nucleus, This
od 20 the nouon of

genetic determinants and pointed the
‘Mg" 1o the chromosome theory of heredity. Following the
B
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rediscovery of Mendel’s laws of transmission of hereditary
traits in sexual reproduction, which proved the discrete-
ness of the hereditary material, more refined genetical
studies established the complete similarity in the behaviour
of groups of the hypothetical genetic determinants {the
Mendelian genes) and the visible chromosomes. The gene
theory, almost in its present shape, was born: you can see
how its development shifted attention, on the onc hand,
from the subtle identical perpetuation invalved in any sort
of growth and multiplication to that particular form of
identical perpctuation which strikes the eye as soon as we
turn to sexual reproduction; and, on the other, from the
cell as a whole to one of its constituents.

These shifts of attention were, of course, dictated in
part by opportunity. Singly, the fact of identical perpetua-
tion, in cell division for example, dacs nat provide proof
of the existence of genetic determinants. The demonstra-
tion of their existence requires, as you know, the occur-
rence of genetic- variation in the first place, and of the
possibility of crossing individuals carrying different forms
of the same determinants in the second. Thus, for the
purpose of analysis, attention was focused on seaual
reproduction. R

The demonstration of the existence of genetic deter-
minants was, of course, a tremendous achicvement in the
analysis of the cell. Taken together with the countless
proofs that Mendelian gencs control an amazing varicty of
functions, and, above all, with the fact, so clearly shown
by Muller in a paper,® in many ways prophetic, written
in 1926, that the gencs posscss the unique, fundamental
property of identical reduplication, which would other-
wise have had to be ascribed to the cell as a whole, it led
to the notion of the nucleus as the governing body of the
cell, while the simultancous absence of evidence for an
cqually universal cytoplasmic heredity incited gencticists
to look at the rest of the cell as a by-product of gene
activity. Morcover, the ability of the genes to vary and,
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oy eproduce themselves in their
when they ¥ nr)t" (mu!ai;), mcrelli’elemems as Muller has so
new form, confers on these = buildin,
convincingly pointed out, the properties of the building
blocks required by the process of evolution.

Thus, the cell, robbed of its nob13§t prerogative, was no
longer the ultimate unit of life. This title was now con-
ferred on the genes, subcellular elements, of which thg cell
nucleus contained many thousands and, more precisely,
Iike Noah's ark, two of each kind. .

However, the nuclear genes did not remain long the
sole possessors of the title. Viruses were soon shown to
be endowed with the same marvellous property of identical
or covartant reproduction, Although viruses were soon
obtained in crystalline form, the question was raised
whether they were living or not living, The question
obvtously has no answer, because life cannot be charac-
terized by a single criterion: no more by the criterion of
self-reproduction than by any other. As Szent-Gyirgyi
half-jokingly said, under the auspices of this same Lecture-
ship: ‘Everyone knows this much Biology—that one rabbit
could never reproduce itself, and if hfe is characterized by
self-reproduction, one rabbit could not be called alive at
all, and one rabbit is no rabbit, and only two rabbits are
ane rabbit.™

1 am quoting Szent-Gyorgyi at this point because his
remark 15 a sound protest against judging life by the sole
cntenion of self-reproduction. But the argument has a
flaw, which illuslmtqs what T have mentioned already: the
cxeessive concentration of attention on the self-reproduc-
uon imolved in sexual transmission of characters from
parent l".nﬂ'spring. The rabbit began by being a rabbit's eggs
the rabbit was grodually evolved in its increasing and
exquisite complexity, through the numerous divisions of
asingle eell. Even i, starting with a microscopic mass of

rabbit protoplasm, we had ended up simply with a pound
of exactly the same stuff, we would have had to cosclulée
that the matenal we started with was endowed with the
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property of identical reproduction. We could have ascribed
this to nuclear genes. But the development of a rabbit ob-
viously involves much more than making more rabbit proto-
plasm. It involves both variation of descendants of the
tnitial cell, resulting in a branching lineage of different cell
types, and the inheritance of these variations. The inherit-
ance of the differences between somatic cells, cell heredity,
is claimed here not only because-the mass of cach of the
differentiated cell types increases during the development
and subsequent growth of an individual, but above all
becausc it has been shown by experiments in tissue culture
that cach ccll type can ‘breed true' for a practically
indcfinite time.

Here we have identical perpetuation again, but, in this
case, the inherited differences can hardly be ascribed to
nuclear gencs, for the different cell types which make up
a rabbit are all derived from the cgg cell by equational
mitosis: they must therefore all possess the same genotype.
How then can differentiation be explained? To what are
the apparently permanent differences between somatic
cells due?

Unless development involves a rather unlikely process of
orderly and directed gene mutation, the differential must
have its seat in the cytoplasm.

The eytoplasm of the egg is indeed heterogencous, and
different ccll lines take their origin in portions of cyto-
plasm of different composition. But it must be emphasized
again that, using Mecdawar's words, ‘the mere sharing-out
of ancestral cytoplasm among daughter cells and then in
turn among their progeny is not a sufficient explanation
of ccllular inheritance, since the number of claimants to
the legacy increases in the extreme case exponentially
while the legacy itsclf is fixed’.® No, if the cytoplasm causes
differentiation, it must be endowed swith the poser of per-
petuation of eell-type.

Consideration of the phenomenon of differentiation
thus leads us to a scemingly simple alternative, but the
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< i feast at first sight, lends no
cxpmmemal'dclv ldcfn o . On the one hand, the out-
support to either of its terms i 1 s catab-
suanding role of the nucleus in the life of the cell is es
lished beyond doubt, and it is r'm_ural to expect it to play
2 decisive part in cell differentiation. In fact, the earliest
theories of differentiation postulated the sorting out of
nudlear determinants in the course of development. How-
ever, the cq\m'mm\ character of nuclear division has been
proven by the functional equivalence of the nuclei in the
early stages of development, and geneticists know no
means of inducing specific gene mutations. This seems to
point to the cytoplasm as the seat of the causes of the
persistent changes involved in differentiation. But, on the
other hand, genetic experiments have revealed cytoplasmic
heredity only in exceptional cases. As S. Wright pointed
out, the chief objection to the cytoplasmic theory of
differentiation ‘is that it ascribes enormous importance in
cell Tineages to a process which is only rarely responsible
for differences between germ cells, at least within 2
species’ 4

Obviously, what is required is more than deductions
from the behaviour of germ cells; what is needed is direct
genetic analysis of somatic cells, for the assumed functipnal
equivalence of irreversibly differentiated somaric cells,
however phu;ibh;, isonly an hypothesis, Crosses between
such cells bemg_ impossible, only nuclear transplantation
from one somasic cell to another, or grafting of fragments
of ¢}10913§m, could grovide the required information
such experiments hcweycr will have to await the develop-
ment of adequate technical devices.* In the meantime, the
* Nucear has been hehed

2mocbae by Comandon and de Fonbrunet

p in
and by Lorch and Daniely;.»
A recent paper by Brizos and Kung? gives a fint aceount of x:;l:s‘i’ful

alrrost as small as those of differeniated cells
of older embry.
}I\Z'T'»i ‘%‘Ki:mmu performed with the help of th?::éhniqu: of
s ane gwill,inthe nen!umr:.ﬁtldmmﬁnmcslmgmomnm
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property of identical reproduction. We could have ascribed
this to nuclear gencs. But the development of a rabbit ob-
viously involves much more than making more rabbit proto-
plasm. It involves both wariation of descendants of the
tnitial cell, resulting in a branching lineage of different cell
types, and the inheritance of these variations. The inherit-
ance of the differences between somatic cells, cell heredity,
is claimed here not only becausethe mass of each of the
differentiated cell types increases during the development
and subsequent growth of an individual, but above all
because it has been shown by experiments in tissue culture
that each cell type can ‘breed truc’ for a practically
indefinite time.

Here we have identical perpetuation again, but, in this
case, the inherited differences can hardly be ascribed to
nuclear genes, for the different cell types which make up
a rabbit are all derived from the egg cell by equational
mitosis: they must therefore all possess the same genotype.
How then can differentiation be explained? To what are
the apparently permanent differences between somatic
cells due?

Unless development involves a rather unlikely process of
orderly and directed gene mutation, the differential must
have its seat in the cyloplasm.

The cytoplasm of the egg is indeed heterogencous, and
different cell lines take their origin in portions of cyto-
plasm of differcnt composition. But it must be emphasized
again that, using Medawar’s words, ‘the mere sharing-out
of ancestral cytoplasm among daughter cells and then in
turn among their progeny is not a sufficient explanation
of cellular inheritance, since the number of claimants to
the legacy increases in the extreme casc exponentially
while the legacy itself is fixed".® No, if the eytoplasm canses
differentiation, it must be endowwed with the power of per-
petuation of eell-type.

Consideration of the phenomenon of differentiation
thus leads us to a seemingly simple alternative, but the
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Fie 1 The system of kinctosomes of the tormite
of Gymnadimordes ankystans (from Chatton and
Lwoff, 1935, see Ref. 2)
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closest approximation to the evidence we would like to
have is provided by the study of lower forms which pro-
pagate by vegetative reproduction and possess no isolated
germ line. Studies of some micro-organisms have brought
to light some facts of great interest on the respective roles
of the cytoplasm and the nucleus, and in the following
discussion I intend to present the cvidence which appears
to me of particular significance in connexion with the
problems of cell differentiation and cell heredity. You
will sce that these studies confirm the view that the
cytoplasm, like the genes, is endowed with genetic con-
tinuity. The genes are therefore no longer to be regarded
as the sole cell-constituents endowed with this property.
Moreover, these studics will reveal to us some nucleo-
cytoplasmic relations which will permit us to rcturn
to a more general consideration of cmbryonic develop-
ment. And this, you will sce, will lead us to restore to the
cell a great part of its lost prestige.

2. VISIBLE CYTOPLASMIC ELEMENTS ENDOWED WITH
GENETIC CONTINUITY

Since we are going to be concerned to a large extent with
the cytoplasm, let me begin with the following remark.
If the cytoplasm has genetic propertics of its own, these
properties may or may not be linked with particulate
clements. The existence of particles endowed with genetic
continuity can be suggested by simple observation, The
existence of autonomous cytoplasmic propertics not cor-
related with the presence of particulate clements can be
suggested only by experiment. The same is true for the
rigorous demonstration, not simply the suggestion, of the
genetic continuity of particulate clements. Since our
knowledge of cells in general, and of micro-organisms in
particular, was, to begin with, based solely on obscrvation,
it is not surprising that first to be discovered was the
evistence of cytoplasmic particles apparently endowed
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with genetic continuity. The experimental proof of ‘his
property of some of the particles came later. Genetic
experimentation, which s the only means of demonstrat~
ing those genetic properties of the cytoplasm that are not
linked to visible particles, was developed still later: there-
fore, the discovery of properties probably belanging to
this category came only recently.*

1 do not intend to trace in these Jectures the history of
these different notions. Nevertheless, for reasons of con-
venfence, 1 will present them in the indicated order.

Simple observation long ago suggested to cytologists
that all sorts of cells contain in their cytoplasm a variety
of particles endowed with genetic continuity. To this
class of intracellular o were idered to belong
eentrioles, which, in most animal and some plant cells,
can be seen at the poles of the mitotic spindles; blepharo-
plasts and kinetosomes, which can he found at the base of
cilia and flagella of many micro-organisms and of ciliated
and flageliate cells of Metazoa; the kinetoplasts of Try-
panosomes ; mitochondrta and chondriosomes, ubiquitous
ele.mems apparently present in any living cell, whether of
aniral of plant ongin, plastids of several sort (chioro-
plasts, leucoplasts), assuming various functions in plant
celis and in some Flagellates, Genetic continuity was
ascribed to all these cytoplasmic elements because they
ha.vc never been seen to arise de nove, that is, other-
wise than from pre-existing elements of the sa;ne SO,
Indeed, some cytological pictures suggest that elements
of this and multiply, ke the celfs themselves by
it dion, T i you o i, T

Bures. k1g. 1 represents the amazingly com-
plex and system of ki underlying th
ciliary system of the prot G Tinioia S8 the

4

® There 13 no possibulity of dists
ngwshing, i
between cytoptssmic iohentance and some aiher for, el of croses,
somat heredty Hownever, the mvolvement of the eyropl reachrotio-
st probabls W \wew of 15 hughly organzed stas - PSR 9T
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in the masterly description of Chatton and Livoff;? and
Fig. 2 shows how, in onc of the stages of the compli-
cated life-cycle of this animal, one row of kinctosomes,
through division, gives rise to another row of similar
particles. I can only mention here that the kinetosomes
are polyvalent clements which give rise to a varicty of
structures (in Trichomonas, for example, the same kincto-
some can give rise to a flagellum, a fibre, a parabasal body

G-e

§ E R

JS  WE /&
g & Ia

g JE /A
§ g &
g 1E &

FIg. 2. Davision of kinctosomes of Gymunodinioides inkystans. ‘The normal
row of hinctosomes {a) divides, giving nisc to trichocystosomes (3), which
Iater produce trychocysts (¢) (from Chatton and Lwoff, 1935, sce Ref. 2).

and an axostyle),* and which play an important part in
the morphogenesis of Protista.’® %40 Although the claim
of genetic continuity of the kinetosomes is based solely on
the interpretation of the cytological picturcs, one must
admit that the cvidence, as far as it goes, is extremely
impressive.

Fig. 3, due to another very finc observer, Fauré-Fremict,
shows on the left mitochondria of the ciliated protozoan
Spirostomum ambiguum in what is believed to be the pro-
cess of division?® The casc of mitochondria, as will
appear to you later, is particularly intcrcs;ting in several
connexions. At this point I will only mention that genctic
continuity of these clements, as well as their role as bearers

® The hind of structure to which a kinctosomne gives nse depends,
according to Lwoff,® on the qualty of the particular reqion of cortical
cytoplasm in which it 13 embedded.
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o sy propeis e B0 s, Un.
?t‘)]rt}:;[::‘:t?l;r? :!tter:ptzs;t proving the point experimentally
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tancous diiston of mitochondria and smicronucleus of Urostyla grandis
(redrawn from Fauré-Fremiet, 1910, see Ref 13).

can be observed at the bases of the flagella, just below the
kinetosomes, are curious structures which, like the nuclei,
take the Feulgen stain, characteristic of desoxyribo-
nucleic acids, and are reproduced by simple division, which
oceurs priot 1o the cytoplasmic fission and about simul-
taneously with the dision of the kinetosome (Fig. 4 A
and B). It was observed many years ago by Werbitzkitt
that when Trypanosomes are grown in the presence of
certain scridine dyes, the division of the kinetoplasts is
blocked, while that of all the other structures proceeds
undisturbed (Fig. 4 c). As a result, fission of organisms in
the presence of these dyes gives rise to unequal pairs of
animals, one of which is devoid of the Kinetoplast (Fig.
4 D). This loss of the kinetoplast is irreversible, It is thus
cvident that these cell elements are endowed with genetic
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continuity. Aside from this experimentally induced loss
of the kinetoplast, spontancous loss no doubt occurs from
time to time: such must be the origin of akinctoplastic
races of Trypanosomes which occur as parasites in certain
animals,1 16

))

F16. 4. Effect of acriflavine on a diniding trypanosome, The division of the
kinctoplast of a normal Trypanosome (a) is shown in 1. ¢ shows the
absence of division of the hinctoplastin the presence of senflavine. n, the
resulung ghinetoplastic indinidual (redrawn from Lwoff, 1949, scc Ref. 24).

The physiological function of the kinetoplast is not
known. Since animals can survive its loss, it is evident that
cither it plays no essential part in metabolism, or that
organisms devoid of these clements have some alternative
metabolic pathways, which permit them, so to say, to
by-pass the function of the kinctoplast.

That the Iatter interpretation is the correct one is made
rather probable by the observations of Robertson on the
flagellate Bodo caudatus.®* This organism also posscsses
a kinetoplast, shown in Fig. 5 A, which cither degenerates,
or fails to divide in the presence of acriflavine (Fig. 5 ),
giving rise to akinctoplastic individuals like the one shown
in Fig. 5 n. Robertson did not succced, however, in
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‘shing a pesmanently akinetoplastic clone. It thus
:s;;:;lrssh g\ﬁ’ba‘g‘e that the kinetoplast is }nvo\veg x(r\x gn
essential function and that, in the species stu \eh vay
Robertson, there is no aiternative metabnl;(g pat] ; s‘y
which permits compensation for the loss of the meto}; ao.
A very similar situation exists 1o the case of the ch! ox; -
plasts of certain Flagellates. These cell elements also

Fie 5 The ongin of akinetoplastic Bodo candatus &, normal type; B and

¢, dhanetoplastic individus) and its dwvision; b, diviston of a nermal Bodo

m acnflavine produring one normal ind one akinetoplistic mdividual
(redrawn from Robertson, 1929, see Ref, 32).

multiply by direct division, but they do enjoy a certain
autonomy with respect to the rest of the cell: the rhythm
of their multiplication does not necessarily follow that of
the orgamsm as 3 whole. Thus, for example, when Euglena
mesnili is cultivated in the dark, the division of the
chloroplasts is slowed down and this process results in
the decresse of the average number of chloroplasts per
organism, as shown in Fig. 6. Eventually, organisms arise
wWhich are devord of chloraplasts, This loss of the chloro-
plasts is srreversible. However, nio achloroplastic clone
could be established because the organisms with no
ehloraplasts are appatently incapable of prolonged multi-
plication. The loss of chloroplasts can alsq he induced in
this specics by growing st in the presence of streptoraycin,
but achioroplastic organi btained in this way canmot
is thus clear that the lass of the chloro-
ared in this tase by the loss of an essential

plastic
multiply either, 1t
phast 33 aecump:
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function, and it can be shown that it is not the lack of
photosynthesis which is the cause of the death of the
organisms devoid of chloroplasts,2

Fi6. 6. Decrease of the number of chloraplasts in Luglena mesmli grown

in the dark. 1, Euglena grown in Light,, 2, same after a short time of growth

in the dark; 3, achloroplastic tndivsdual (redrawn from Lwoff, 1949, sce
Ref. 24).

Treatment of FEuglena gracilis with streptomycin,
although it also results in the development of permanently
‘bleached’ organisms, gives somewhat different results,
The bleachingistheresultof blocked chlorophyll synthesis,
that is, of the alteration of a function of the chloroplast,
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isappear alto-
Bmh iy 1::1 lg:ggxl-asf:u?c‘:;:n: ogrz(;)earl‘;lywreglaig Punaltered
E:d g\is permits the continuous reproduction of bleached

istms 2

mglar:“ts}?;s{ight of these results the ch\o‘_n{p\as}s appez:; ic:
be complex structures, possibly comprising md.e:pex\ end
components in charge of s.eve_ra\ different functions an
endowed with genetic continuity.?® .

The case of chloroplasts, apart from providing an ex-
ample of ous cytoplasmic el endowed with
genetic continuity, is particularly instructive because it
shows to what extent the demonstration of such gell
elements depends on the ability of organisms to sutvive
the Joss or alteration of the elements in question, The
importance of this point will appear to you later, when we
discuss the intriguing problem of the rarity of proofs of
cytoplasmic heredity, which is in such striking contrast
with the considerable number of self-reproducing cyto-
plasmic elements.

3. CYTOPLASMIC HEREDITY IN YEASTS

From Flagellates we now turn our attention to yeasts,
organisms which, I am sure, all of you know and appre-
clate. Yeasts have served Science well in the past, thanks
mainly to the discoveries of the great Pasteur. You will
be amused 1o hear that Pasteur undertaok the study of
yeasts far pateiotic reasons, ‘T was inspired in these
investigations by our misfortunes’, says Pasteur in the
Introduction to his classic book Etudes sur fa Biére, ‘1
undertook them durectly after the 1870 war and con-
unued them relentlessly ever since, with the resolution of
carrying them far enough to stamp with a lasting progress
an industry in which Germany is superior to us.” 1 am
al'r:uc! that in spite of Pasteur’s efforts, German beer
remained much better than French beer. Meanwhite,
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however, Pasteur’s studies on yeast have laid the founda-
tion of modern biochemistry.

Ever since Pasteur’s day yeast has been one of the
most frequent objects of biochemical studies and T doubt
that any other organism is as well known today from the
biochemical point of view. Genetical investigation of
yeasts, on the contrary, began only very recently, mainly
because their life-cycle was not understood. It is known
today, thanks to the works of Kruis and Satava'” and of
Winge,* 4 and I will begin by giving you a brief account of
the life-cycle of baker's yeast (Fig. 7).

A culture of baker’s yeast (Saccharomyces cerevisiac) is
composed of oval cells which are diploid and multiply by
budding, a process in which a small protoplasmic bulb
grows out of onc side of the cell. The nucleus divides and
onc of the daughter nuclei migrates into the bud, which is
then walled off from the mother cell before it reaches the
adult size. This vegetative reproduction can go on for very
prolonged periods of time and sexual reproduction does
not intervene usually until the conditions for vegetative
multiplication become unfavourable. The cell wall then
apparently thickens and, within the at first undivided
cytoplasm, the nucleus undergoes two meiotic divisions,
resulting in the formation of four haploid nuclei. The
cytoplasm then condenses around each of the four nuclei
to form four spherical masses: we have now what is called
an ascus with its four haploid ascospores which can
function as gametes,

The equivalent of fertilization scts in when the asci arc
placed in favourable conditions. It most frequently takes
ane of the following two courses (Fig. 7). ‘The ascospores
swell by absorption of water and either fuse to form what
is called a spare zygote (Fig. 7. 1) or germinate to produce
a few round haploid cells which fuse in pairs, forming a
ecll zygote. Cell zygotes can be formed by fusion of two
cells produced by the same or by twa different ascospores
(Fig. 7. 2 and Fig. 7. 3). Inany casc, the result is a diploid
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Fic 7. The We-cycle of Saccharomyces The figure 1s to be read down-

wards In the upper part of the figure a diplowd (oval) celf 18 shown i the

process of budding, Immedately below 13 shown an ascus contaning four

haploid (round) sscospares, Further down can be seen the four ways of
diplowdization which Jead back to the diplophase.
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zygote, which soon produces oval diploid cells by budding.
In very rare cases this result is achicved in a more direct
way called direct diploidization (Fig. 7. 4). The spore
nucleus divides and the two daughter nuclei immediately
fuse to form a diploid nucleus: the spore then germinates,
giving risc to a diploid cell. 4343

All these methods of diploidization oceur only in yeast
species which we call homothallic, that is in specics in
which all spores are of the same physiological type, so that
any spore can fuse with any other. In other yeasts, how-
ever, as shown by experiments of Lindegren,® cach ascus
contains two spores of one mating type (+) and two
of the other (—).

In these so-called heterothallic yeasts, copulations nor-
mally take place only between spores or cells of oppo-
site mating types. Imagine that in Fig, 7 the black and
white nuclei represent nuclei or gencs of opposite mating
type. It is then seen that, of the three frequent ways of
diploidization shown in Fig. 7, only 1 and 2 are open
to heterothallic yeasts, unless, of course, mutation of the
mating-type genes takes place.

You will notice that in the species I am talking about
the haploid phase is confined to a very small part
of the cycle. However, the artificial isolation of single
ascospores here permits the establishment of relatively
stable haploid cell lincs. Using two such strains of oppo-
sitc mating type, onc can at a chosen moment obtain
fusion by mixing the two cultures. One thus obtains
a new diplophase, the cells of which are capable of
sporulation,*

This brief description of the life-cycle of baker's yeast
must be supplemented by a few comments on the trans-
mission of hereditary traits. When two haploid strains
differing by a pair of alternative morphological or bio-
chemical characters are crossed, the transmission, in the
enormous majority of cases, is Mendelian: it follows the
same pattern as the transmission of mating type already
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iMusteated in Fig, 7. The black and white circles can be
taken to represent either the alternative mating type Ee‘“?z
or any other pair of genes. “The nuclei of the two hap! old
sxraims bhaving fused in the zygote, the diploid cells forme

by the zygote are heterozygous and exhibit the dominant
wait. At meiosis the genes responsible for these traits
segregate: if the alternative characters of the two crossed
straine are due to a single gene difference, each ascus
contains two spares of one type and two spores of the
alternative type. When the distinguishing characters are
contsolled by snore than one gene pair, the segregations
are somewhat mere complex.t8 1% %8 T will not give you
naw more precise information, since 1 will have to return
1o this point Jater; all 1 want to say at this moment is that,
in any case, we knaw exactly what segregation is expected
10 accur if a character is contratled by two, three, or more
genes, whatever the interactions between these genes, As
acaratlary we also know what behaviour of paiss of charac~
zers {s i patible with the Mendelian mode of trans-
mission, that s, with inheritance through nuclear genes.

{ wifl now turn ta cases in which such abnormal, non-
Mendelian behaviour was observed.

The fiest of these cases was described by Winge and
Laustsen. Itconcerns the germinative powerof thespores
of the homothallic variety ellipsoideus of S. cerepisiae. In
the onginal strain 68 per cent. of the spores gesminate and
produce viable clones. However, when the new diploid
strans formed framsingl paresatestudied, itis found
that the germinative power of the next Spore-generation
q::pcnds.an the mode lof origin of the particular diploid
line. This dependenceisshown in the comparison between
diploids formed within a clone derived from a single
ascospore by cell zygote formation an the oue fand, and
‘;’3;3:”“ dxfpk‘:idtz.aucn on ﬂ?e nlh.er (Fig. 8'). Altheugh in
lmdsc?;c(sh u;mn is betw cen ndepucal nuclei and therefore

e formation of identical homozygous diploids
the first of these produces roughly 40 per cent, of vi "
ss1 h . of viable
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spores, the second o to 6 per cent. Fig. g shows that the
loss of the germinative power of these spores is permanent
and cannot be restored by the intervention of another
method of diploidization. Taken together, these facts
indubitably point to the operation of a non-chromosomal

T16.8. Effectof different modes of diploidi (sch Jacn g 7)
on the germinative powcer of ascospores (after Winge and Laustsen, 1940,
sce Ref. 45).

hereditary mechanism. Winge and Laustsen therefore
suggested that the difference between these diploids may
reside not in their nuclei, but in their chondriosome con-
tent. Assume that the chondriosomes divide once per cell
cycle, shortly after the nuclear division. Since, in direct
diploidization, the two nuclei resulting from mitosis of
the sporc nucleus immediately fuse to form a diploid
nucleus, the division of the chondriosomes may be
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spores, the second o to 6 per cent. Fig. 9 shows that the
loss of the germinative power of these spores is permanent
and cannot be restored by the intervention of another
method of diploidization, Taken together, these facts
indubitably point to the operation of a non-chromosomal
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Fic. 8. Effectof diffc modes of diploidi: 1 dasin Fig. 7)
on the i ¢ poner of I (after Winge and Laustsen, 1940,

sce Ref ¢5).

hereditary mechanism. Winge and Laustsen therefore
suggested that the difference between these diploids may
reside not in their nucled, but in their chondriosome con-
tent, Assume that the chondriosomes divide onee per cell
cycle, shortly after the nuclcar division. Since, in direct
diploidization, the two nuclei resulting from mitosis of
the spore nucleus immediately fuse to form a diploid
nucleus, the division of the chondriosomes may be
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suspended : their number will be unchanged in thediploids
produced by direct diploidization. In cell zygotes, on the
contrary, it is doubled, since in this case each of the
haploid cells contributes its chondriosome content (Fig.
10). Winge and Laustsen thus are led to ascribe to the
chondriosomes of the ycast cell the quality of autonomous
cytoplasmic clements, the multiplication of which is
closely correlated with nuclear division.

F1c. 10, Hypothetical explanation of the arigin of different chondriosome

contents in diploid ycasts produced by ‘cell-zygote’ formation (upper row)

and by “‘direct diplosdization’ (lower row) (after Winge and Laustsen,
1940, scc Ref. 45).

This interpretation is, of course, hypothetical, but it is
not entirely unfounded : you will remember what has been
said carlier concerning the genctic continuity of mito-
chondria (cf. Fig. 3 8). Morcover, as you will presently sce,
this jdea recently gained some support in the discovery of
another case of cytoplasmic heredity in yeast, the study of
which has kept several of my co-workers and mysclf busy
for the last six years. Fortunately, it docs not take that long
to tell the story, and I hope I can give you its essence in
the remainder of this lecture hour.

When a culture of baker’s yeast, whether diploid or
haploid, is plated, that is, spread on the surface of a solid
nutrient medium in a Petri dish, cach of the cells gives rise
in the course of the next few days to a colony. 'The great
majority of these colonies arc of very ncarly identical size,
but one usually finds also a very small number—say t
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er cent—of distinetly smaller c'mﬁm\,\es‘. their
‘c)i‘;nrrz\e(gr is only one-third or half of the dismeter of ti\\e
bigger colonics (Fig. 11 A)- These facts suggest that the
population of cells which was plated was htterqgmeoﬁs
and that it may be possible to purify it by wking cells
From either the big or the small colonies only. The tesults
of such a selection show, however, that cells from the'bxg
colonies, when suspended inliquid and replated on nutsient
agar, again and again produce the two types of colonies,
w hile the cells from small colonies give rise to smalf colonies
only. No selection within the big colonies can change this
result: obviously these colonies are composed of cells
which, in the course of their vegetative reproduction, con-
stantly give tise both to cells similar to themselves and to
cells of a different type, characterized by the small size
of the colonics they form. These latter cells, on the con-
trary, apparently never give rise to cells different from
themselves: they represent a stable type which may be
regarded as the result of a hereditary variation, that is, of
a mutation. Although the individual cells of the two types
can hardly be distinguished by their size, I will speak of
‘big" and ‘little’ cells, and, in order to emphasize the origin
of the latter in the course of vegetative reproduction, I will

call them “vegetative Jittles’ or, alternatively, ‘vegetative
mutants’\*

The statement that the ‘utles’ represent a stable cell type is
based on the fact that many strains of Yietles have been kept by
serial passages oser thousands of celt generations withour severting
to the original {normal) type. It must be pointed out, however,
that when cells of a number of sevall colonies, formed on plates of
anormal yeast, are 1sotated and sub-cultured, 1t 1s found that some
of the clones are rather quickly imvaded by normal cells which,
under the usual culture conditions, enjoy a considerable sdctﬁv::
advantage. Although this ponts o the possible existence of ‘rever

sible hittles', the angn of the normal cells in these clones remains
uncertun. Most yeast colanies are inttiated by groups of several
cells eather than by single cells,

and it is possible that some of the



Fic. 11, Colonies formed by baher’s yeast on a sold medium .\, colonies
of a normal yeast, showing one small colony (arrow), I3, colonies formed
by the same yeast grown prior to plating in the presence of acnflavine.
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established by the examination of their spe.c;‘rah(an(; ;:21
Thus the experimenier, in order o establis! ‘t\ e ({\ mal
or mutant character of a yeast strain, bas at his disp N
several means: the observation of the colony size, the
observation of the spectrum of the yeast, and the deter-
mination of the respiratory quotient. Still a fourth means
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¢ Toutant yeast

is the so-called Nadi reaction—a colour reaction charac-
teristic of indophenoloxidase, which is probably identical
with cytochrome oxidase. Indophenotoxidase is present in
normal yeast and absent in the mutant yeast: the Nadi
reaction performed on a suspension of normal cells gives

a deep blue colour, and gives no colour when pesformed
on the mutant yeast,

Sl * has performed a very thosougt parative study
of the physiological properties of normal yeast and of vegetative
hitles, In broef, the most prominent characteristics of the mutant
cellyare {a) the 1ol absence of cyanide-sensitive respiration, and
the presence of cyamde-resistant respiration, and of aerobic fer-
mentation (8) the almost complete abolition of endogenous meta-
bolism, (¢) a fermentation nhuch is equally active in the presence
and in the absence of oxy gen, and which, compared wich the aesobic
fermentation of normal yeast-cells, 18 much more sensitive to
monoodoacetie 2ad and much less to fuoride.
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‘reversions’ are duc to the inclusion, in the midst of a small colony,
of a few temporarily inhibited normal cells.® 2

Before we go on to the study of the genctic nature of the
littles, a few words should be said abaut the reasons which
cause the mutant type of yeast to grow more slowly than
the normal yeast. It must be said first of all that this dif-
ference is observed only when the two cell types grow in
the presence of oxygen; in its absence, on the contrary,
their rates of growth arc similar. As you certainly know,
yeast can derive the energy required for its growth from
the utilization of sugar in two ways: by respiration, when
oxygen is present, or by fermentation when oxygen is
absent. You certainly know also that the utilization of
sugar is much more cfficient when the respiratory path is
used: for a given amount of glucosc, five times more living
matter is formed in acrobiosis than in anaerobiosis. The
fact that the mutant yeast grows more slowly than normal
yeast in aerobiosis suggests that something is wrong
with its respiratory mechanism and that its fermentative
mechanisms are normal.?® This can be confirmed directly
by measuring the respiratory quotient of the two ccll
types: this quatient is found to be of the order of 1 in
normal yeast and near infinity in the mutant yeast: in
other words, the respiration of the mutant yeast is nearly
abolished.®

The causcs of the respiratory deficiency of the mutant
yeast have been thoroughly investigated®* # and it has
becn established that it is duc to the lass of the ability to
synthesizc a whole scrics of respiratory enzymes, Among
these, the loss of two enzymes of the cytochrome system
—succinic dehydrogenase and cytochrome oxidase—is
particularly interesting because the presence of these
enzymes in normal cells is accompanied by the occurrence
in the spectrum of thesc cells of two characteristic bands
(cytochromes a and b). These bands arc absent in the
mutant yeast. ‘The difference between two cultures of
yeast, onc normal, onc mutant, can thus be dircctly
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two out of 2 thousand buds formed by normal or big "'dls
give rise to ‘vegetative mutants’. This is a mutation-rate
much higher than that of the usual gene m“m“’“fi
Although the process of mutation is thus frequentfzm
unidirectional, yeast populations usually 'do not transform
into populationsof mutants be.cause the high mutatton ratel
is compensated by the selective advantage of the norma
cells, that is, their more rapid raultiplication. A total con-
version of a population of normal yeast into 2 population t}f
tmutants is however possible if, for e@p\ple, the yeast is
grown in the presence of certain acridinest? These dyes
appear to be very highly active and specific mutagenic
agents: they enormously increase the frequency of the
mutations without appreciably affecting the selection
process. Thus, a culture of baker's yeast, grown for 48
hours in the presence of acriflavine, consists almost ex-
clusnely of mutant cells which on plating will give rise
to dwarf colonies (Fig. 118). The examination of their
spectra and of their respiration clearly shows that all these
colonics are composed of the same type of mutant cells,
which we have called ‘vegetative littles,

You will, of course, have noticed that since the per-
centage of mutant cells in a population is the result of two
forces acting in opposite directions, viz. mutation and
selection, asimilar result, that is, the replacement of normat
cells by mutant cells, would also be achieved if the acridine
deprived the normal cells of their selective advantage
withaut affecting at all the mutation rate, In fact, many
modifications of populations of micro-organisms have
found their explanation in such terms of modified selec-
tion, The fol.lo.\wng experiments’ show, however, that the
action of acridines on yeast is of a different sort. Single
cells from 3 norma yeast ‘stmin are isolated with the
halp of a i in droplets of culture medj
containing a fow concentration of cuflavine. The budding
of the ce\\s.\s directly watched under the microscope and
the successive daughter cells are removed from the mother
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These metabolic characteristics of the mutants are the results
of profound enzymatic changes in the cells as a consequence of the
mutation. Apart from lacking the enzymes mentioned (cytochromes
a and b, cytochrome oxidase, and succinic dehydrogenase), the
mutants are apparently totally deficient in several other cnzymes
(cytochrome ¢, reduced cocnzyme I-cytochrome ¢ reductase, a-
glycerophosphate-dehydrogenase) and contain reduced amounts of
malic dehydrogenase linked to cocnzgme I. The contents of
alcohol-dehydrogenase and of cytochrome ¢ are, on the contrary,
higher than in normal cells. There seems to be no difference
between normal and mutant yeasts in their content of catalase and
of lactic dehydrogenase. Lastly, the mutant cells scem to contain
two compounds not found in normal cells: cytochrome 4y and
malic cytochrome ¢ reductase, independent of coenzyme I

The modification of the enzymatic constitution of the cell is,
according to Slonimski, an effect of the mutation on the protein
moiety of the haemin-containing enzymes, rather than on their
prosthetic groups.

Study of fractions of yeast homogenates obtained by differential
centrifugation showed that the mutation causes the disappearance
only of enzymes linked to particulate material of the cell. The
observed differences in the lyoenzymes are of an entirely different
order of magnitude and are regarded as a consequence of the
cytochrome-oxidase deficiency.

Apart from providing us with practical means of dis-
tinguishing mutant cclls from normal cells, this investiga-
tion of the biochemical differences between the two cell
types gives a rather striking picture: the simultancous loss
of a scries of different enzymes is not what would be
expected to be the result of a gene mutation, for gene
mutations usually result in single enzyme deficiencies.

A similar impression, that we are not dealing with genic
mutants in the case of vegetative littles, is gained from the
consideration of the frequency of the formation of cells
of this type. The spontancous mutation rate, that is, the
frequency of the spontancous occurrence of vegetative
littles in the course of vegetative reproduction of baker’s
yeast, is of the order of 2 per 1,000; that is, approximatcly
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Similar isofations are pc;‘rformed 1in the absence of
vine. They constitute the controls.

cu?\aﬁer the iglated cells have multiplied for 24 hours,
theyare transferred to bigger volumes of c}\\t'ure Ifﬂedmmé
After 2 or 3 days of growth, the characteristics 0 each of
the clones can be established by subjecting therm to th.c
Nadi reaction. Fig, 13 gives the results of one such experi-
racnt. It can be seen that, whereas none of the five control
mother cells gave rise to mutant buds, more than or'\e-}galf
of the buds produced by the five mother cells multiplying
in the acridine were mutants. Serial transfers of these
clones and repeated tests showed that the mutant character
was irreversible. Smee the design of the experiment is
such 23 to offer no possibility for selection (apart from.
celt mortality which has been found to be practically nit),
it is clear that the acridine has a formidable mutagenic
cffect.

Using a different technique it has been shown that
in the presence of purified eufiavine, mutavion rates
close, if not equal, to 1 can be obtained:¥ practically
:\'c‘;y bud formed in the presence of the dye is a mutant
bud. *

It must be added that the acridines produce their
mutagenic effect only on actively multiplying cells; in the
absence of cell multiplication there is nio mutation,?

In these cxpenments on the 1solation of single cells, the ding-
nostie test employed (Nadi reaction) is applied to the clone as a
whole Since a mruture of normal and mutant cells {up to 8o per
cent. of the fatter) gn s a posttve Nade reaction, the clones classi-
fied as ‘normal’ may have contaned a considerable proportion of

* The mutanian rate s defined as the ratio N, {(Ny-+ Ny), where Ny and
Ny wre, teapectinely, the numbers of normal and matant buds formed
by 2 certan aumber of nommal tedds, that 13,

as the probabity of a bug
taken gt random tn be mutant The justificano: hus d
= r;\ o nbe g won of this defintion has been
Motation rates, thus defined, spproach the value of
of punficd cuflavine which havy . e i oncentrauons

¢ practically no taxic effect, a3
by the tenpthemang of herr gencration nme, B messied
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celt, in the order of their formation, and transferred to
droplets of normal medium. Similarly, second-generation

CONTROL EUFLAVINE

s ok
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fire gl
criee ot
cie | o

F1G. 13. Descendants of isolated yeast cells proliferating in the presence
or abscnce of cuflavine. M, mother cell; a, b, &, & ¢, successive buds formed
by the mother cell; ay, by, ¢, &, successive second-gencration bude,
Black and white cireles indicate normal and mutant eclls, respretively

buds are scparated from cach of the daughter cells. Finally,
at the end of the experiment, the mother cell itsclf is trans-

ferred to normal medium,
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Similar isolations are p;rform:d l'm the absence of
ine. They constitute the controls.

tufl{ﬁ(\‘;‘ the isz\ned cells have multiplied for 24 hours,
they are transfesred to bigger volumes of culture rfne(in‘\imé
After z or § days of growth, the cham.ctex:lsncs of each of
the clones can be established by subjecting them to the
Nadi reaction. Fig, 13 gives the results of one such experi-
ment. 1t can be seen that, whereas none of the five control
mother cells gave rise to mutant buds, more than opc-}}alf
of the buds produced by the five mother cells multiplying
in the acridine were mutants. Serial transfers of these
clones and repeated tests showed that the mutant character
was irreversible. Since the design of the experiment is
such as to offer no possibility for selection (apart from
cell mortality which has been found to be practically nil),
it is elear that the acridine has a formidable mutagenic
cffect.

Using a different technique it has been shown that
mn the presence of purified euflavine, mutation rates
close, 1f not cqual, to 1 can be obtained:® practically
E\‘cry bud formed in the presence of the dye is a mutant

ud.*

Tt must be added that the acridines produce their
mutagenic effect only on actively multiplying cells; in the
absence of cell multiplication there is no mutation.®

In these experiments on the isolation of single cells, the diag-
nostie test employed (Nadi reactian) is applied to the clone as 2.
whole Since @ mixture of normal and mutant cells {up to 8o per
cent. of the fater) gnes a positive Nadi reaction, the clones classi-
fied as *nommal may have contained 1 considerable proportion of
V' The mutatson rate 18 defined 23 the rario N, pHNg+ N ), where N, and
Ny #re, tespectively, the numbers of normal snd mutant buds formed
!“yx -n::lmmdnmntxl; of normal cells, that 13, as the probability of a bud
- :“ byn\l; ‘::‘tlum “muunx The pustification of this definition has been
i Bl oo oo consmors

ne which hate practically no toxse effect,
by the lengtheneng of thewe gencration tme M % mesoned
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mutants. That this is often the case can be shown by plating out the
very young clones formed by the isolated buds. Many clones then
give rise to various proportions of normal and small colonies. The
variability of this proportion suggests that the mutants appear at
various times in the history of the clones or, in other words, that
the high mutation rate induced by the acridine is maintained after
the transfer of the cells into normal medium. Study of pedigrees by
the last-mentioned technique (plating) indubitably shows that the

29
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Fic. 14 Pedigree showing the instability induced in a yeast ccll by treat-
ment with cuflavine, Black, white, and half-black circles ndicate cells
which have given nsc to normal, mutant, and mived clones respectively.

acridines can induce in the cells an unstable state which manifests
itsclf by a long-lasting high mutation rate: the acridine-treated
cell and some of its offspring, placed in normal medium, go o
producing normal and mutant buds alternately over scveral
generations. Fig. 14 gives an example of suchaninduced instability.
Consider in particular cell C. This cell, initiated in acridine, has
produced first a normal cell (Cy), then cell G which was initiated
in the normal medium, but which gave rise to a mived clone of
normal and mutant cells; thereafter cell C produced a clone which,
when plated, developed nto a mixture of big, small, and scalloped
(see below, p. 34) colonies. In this casc a high mutation rate was
indubitably preserved over numerous cell generations.®

The picture of the mutation process, as it appears in

the experiments I am referring to, is very diffcrent from
that of induced gene mutations. As you certainly know,
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gene mutations have never been ol_)served to oceur with
such high rates; also, no mutagenic substgncc has ever
been discovered, the action of which results in the appear-
ance of invariably the same mutation. It therefore appears
again very improbable that the mutants of yeast, wk.nch we
are concerned with, ate the results of genic mutations.

However, the two facts which T have quoted 50 far as
suggesting that the respiratory mutants of yeast'm\ght not
be due to gene mutations are, at best, presumptions. Qn\y
the usual technigue of genetics, that is crossing, can permit
mote definite conclusions.

Let us see, then, how the mutant character behaves in
sexual reproduction. Here, unfor 1y, the possibilities
of experimentation are limited to one type of cross. Sporu-
Tation of yeast is an aerobic process, Diploid respiratory
mutants are unable to respire and therefore do not sporu-
fate, Consequently it is impossible to establish whether the
mutant character is maintained through meiosis. The only
possible cross is between 2 normal yeast and a vegetative
mutant of opposite raating type. Each of these straing
carrics, of course, some Mendelian ‘markers’; their pre-
sence permits one o ascertamn that the nuclear behaviour

of the hybrid is normal, for the markers show a 2:2
segregation in each ascus,

The yeast used in this work!® was ‘Yeast Foam’, an American
strain of diploid Saccharomyces cerevisiae, From an ascus of this
yeast twa spores were isolated which gave rise o two haploid
strains of opposite mating type One (276(3 &)
dent{A), thamine dependent (£ and of mating type —. The other
(a-,?{g dyss b-:\‘;)ad}t‘n'mc and thismine independent {AT) and of
mating type +. Both strai i
mcthm‘);; P strains are normal with respect to respiratory

Among the colorites formed by the fisst of these straj
agar plate, a red colany was foux)qd. It is the origin S;;’-‘;“’;{:n\:f;
red yeast (275/3 b#) which, like the yeast clone within which it
arose, is haploid, thiamine dependent and of mating type —
However, contrary 1o the latier, 1t is adenine dependent (). Bo!};

18 adenine indepen-
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mutants. That this is often the case can be shown by plating out the
very young clones formed by the isolated buds. Many clones then
give risf.: to various proportions of normal and small colonies. The
variability of this proportion suggests that the mutants appear at
varjous times in the history of the clones or, in other words, that
the high mutation rate induced by the acridine is maintained after
the transfer of the cells into normal medium, Study of pedigrees by
the last-mentioned technique (plating) indubitably shows that the

‘ \ \
A'O Aa. B|O Bz. °|. C:O
? '
!

¢
i
At D Cry
F16. 14. Pedigree showing the anstability induced 1n a yeast ccll by treat-
ment with cuflavine Black, white, and half-black circles indicate cells
which have given nise to normal, mutant, and muxed clones respectively:

T

acridines can induce in the cells an unstable state which
itsclf by a long-lasting high mutation rate: the acridine-treated
cell and some of its offspring, placed in normal medium, go on
producing normal and mutant buds alternately over scveral
generations, Fig. 14 givesan ple of such an induced instability.
Consider in particular cell C. This cell, initiated in acndine, has
produced first a normal cell (C,), then cell C; which was initiated
in the normal medium, but which gave rise to a mived clone of
normal and mutant cells, thercafter cell C produced a clone which,
when plated, developed into a mixture of big, small, and scalloped
(sec below, p. 34) colonies. In this case a lugh mutation rate was
indubitably preserved over numerous ccll generations.?

The picture of the mutation process, as it appears in
the experiments I am referring to, is very different from
that of induced gene mutations. As you certainly know,
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rmutation of a single gene. No conclysion beypnd tin; 3\2{
however, be drawn, since it must be kept in mﬁmeo“s
if the rcs’piramry defiviency were due to _t}‘xe S{Flzmo s
mutation of several genes ta thelr teces;;\'e. B:fmﬁgx 0}
the mutant character would reappeat only 1n

BIG UT8£
0
g 9P
VA

o
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Fie 15 Resufts of a cross between a normal strain and a ‘vegetative
mutant’ of yeass The eytoplasm of the normal cells 1s indscated by
stuppling.
asci, the proportion of which would depend on the number
of genes involved: the greater the number of recessive
genes involved, the smaller the proportion of 2s¢i con-~
taining mutant spores should be. Just to give you an
example: if the respiratory deficiency were due to the
simultaneous presence of four recessive genes, it would
reappear onfy in some 12 per cent. of the asci. The fact
that the mutant character was not observed to reappear in
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the ad.cninc dependence and the red pigment are effects of the same
recessive a.

The red yeast, like the strain of origin, possesses a normal
respiration, Like any other strain of yeast, it frequently gives rise
to vegetative littles, the frequency of which is increased by growth
in the presence of acridines: strain 14-2 involved in the cross to
be described was obtained from such treatment. An interesting and
technically convenient feature of the vegetative mutants of the red
yeast is that, although they contain the recessive genc a, they form
white colonics when grown in the usual manner on media con-
taining 2~3 per cent. glucose.

All crosses to be described now were made between pairs of
haploid yeast cultures of which one is A74- and the other af—.
Every sporc isolated from the asci of the hybrid was tested for these
markers. All asci showed a 2:2 segregation of the mating type
genes, A 2:2 segregation for genes Afa was observed in 129 out
of 134 asci. A similar segregation for the pair 7}t was obsersed
only in 120 out of 134 asci, This rather poor result is ascribed to
imperfection of the technique of testing. The important point is,
however, that all the asci contained both 4 and @ and T and
t spores; in other words, they were ‘legitimate” hybrid asci.

The results of the cross between normal yeast and a
‘vegetative little’ arc summarized in Fig. 15, The fusion
of the two cell types results in the formation of diploid
cells which are normal with respect to respiration, These
diploid cells are able to sporulate and the genctic analysis
of the asci is therefore possible, by the isolation of single
ascospores. Such analysis shows that all four spores of the
hybrid asci give rise to clones with normal respiration.
In other words, while the genetic markers undergo per-
fectly normal scgregation, the mutant character we are
interested in, that is the respiratory deficiency, vanishes on
crossing and does not reappear in the spore progeny.)®

If the respiratory deficiency were the result of the muta-
tion of a single gene, it should reappear, like the genctic
markers, in two of the four spores of each ascus. Since this
is not the case, we may conclude that the respiratory
deficiency of the vegetative littles is not caused by the
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incredibly high, mutation ra'seslof mdw:du_al g’;r‘\\i h;:}\;:
to be assumed on the polygenic hypothesis. oted
results of the crosses support the presun;lpmms 9;‘;:0
earlier against the interpretation of the respi ;3
deficiency in terms of mutations of Mendelian geln?s ztlor
point to the intervention of an ixtmchmmosema ) “ii .
That is why 1 some years ago a.dopted, as @ wor ’;S
hypothesis, an interpretation which assumes that the
wegetative littles are due 1o @ cytoplasmic, rather than @
nuclear mutation* "Whis interpretation postulates that the
synthesis of the respiratory enzymes, missing in the
mutants, is dependent upon the presence of a cytoplasmic
factor, which is self-reproducing and particulate. If it is
further assumed that this factor is distributed at random
between the mother cell and the bud when the latter is
formed, and that the average number of the hypothetical
particles per cell of the normal strain is rather low, say
of the order of 10, it is easy to see how some buds happen
ta cantain no particles at the maoment they are walled off
from the mother cell: such buds, containing no particles
and consequently unable to synthesize the respiratory
enzymes, are, in other words, the result of a loss mutation.
"The action of the acridines can be accounted for by sup-
posing that these substances electively affect the cyto-
plasmic particles 1 2 manner analogous to that in which
they act on the Xinetoplasts of Trypanosomes, that is,
either by destroying them or by preventing their multipli-
cation. {One could, of course, assume that the cytoplasmic
particles are not lost in the mutants, but that they have
mutated to an inactive condition. No test permits one at
present to distinguish between loss and ’mamivation,)

A!E. suspension of normal yeast 15 plated on a sofid medium con-
taining at least one part 1n 300,000 of acrifavine, all the cells give
Tise 0 small calomes, composed of espiration-deficient mutants,

m:\&,:d:mn ‘ind ;.mdcgrch" have observed very similar zesults ;\ixh

stram of ted yeast, Their intes i v

ey San oo et T Tpretation is, however, different
ey

D
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the spore progeny of the hybrid may thercfore be due
simply to the necessarily small number of asci which it is
possible to analyse in practice, and the possibility must be
recognized that different results might have been obtained
if a much greater number of asci had been studied, This
difficulty can obviously be removed by the use of forced
labour, but fortunately less drastic methods can achieve
the same result: one can make use of the well-known
technique of backerossing, that is, of repeatedly crossing
the spores formed by the hybrid with the mutant parent.
In this way the genes of the mutant parent accumulate in
the hybrids of the successive gencrations. Consequently, if
the mutant character required the simultancous presence
of several recessives to manifest itsclf, the proportion of
asci containing mutant spores should rapidly increase in
the course of the successtve backcrosses.

This method has indeed been used® to follow up the
results of the first generation which I have stated carlier.
Five successive backcrosses have been made, but the
result expected on the basis of the polygenic hypothesis
was not achieved.* A few mutant spores did occur in the
course of the backcrosses, but their frequency was not
greater than the frequency of spontancous mutations, and
calculations have shown that, in order to interpret the
experimental results in terms of Mendelian gencs, one
would have to assume that the manifestation of the mutant
character under consideration depends on the simultancous
presence of at least a dozen recessive genes,® This does
not, of course, prove that the genic interpretation is wrong:
it merely makes it very unlikely. As I have pointed out
carlier, the mutation rate we would have to assume to
account for the frequency of the spontancous occurrence
of vegetative mutants if they were due to changes of single
genes is unusually high; but still higher, and in fact

® The actual number of asci analysed an the first cross and in the five

successiy ¢ bacherosses are, respectinely: 31, 23, 18, 20, 57, and 6, making
a tota) of 620 spores. Among these, five were mutant.
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the enzymes lacking in the mutant are Linked to Pz‘;l‘;f‘%atte
rmaterial separable by ﬂ\ﬁeren\\a\_ centnfugation €
enzyme-carTying particles, sometimes called macrosomes,
can probably be identified with mitochondsia. The 1flca
therefore saturally suggests itself that the hypothetical
particles, postulated on the ground of genetic experiments,
are in fact mitochondria, and that the mutation which
results in the formation of vegetative littles consists of the
Toss of mitochondria.»® Microscopic observation of nor-
mal yeast cells on which has been performed the Nadi
reaction, characteristic of indophenoloxidase {one of the
enzymes missing in the littles), shows that the ca}our is
concentrated in a small number of cytoplasmic granules.
Each cell contains many granules, but only some of them
show the blue colour. The cytoplasm of the mutant cells
also contains such visible granules, but none of them are
coloured, It is wmpting to assume that the blue granules
of the notmal cells are the particles postulated on genetic
grounds. It is particularly tempting because, if proved, it
would explain, without resort to other factors, the simul-
taneous disappearance of the several different enzymes
present i normal cells and absent in the mutants, It must
be admstted though that, however tempting, such con-
clusions are not justified at the present stage. First of all,
there is at present no proof that the indophenol blue is
actuolly produced in, rather than adsorbed on, the visible
gmpules. Secondly, were this proven, one would be
entitled to say that the visible granules carry the indo-
phenolovidase, but the identity of the enzyfe-earrying
clements ‘thh the hypqthetical gene-like particles would
still require demonstration, which so far has been beyond
our reach. The anly conclusion we may draw today with a
f;,i"li'of“ﬁ'{"y of being vight is that the normal yeast and
e e e e e o
with genetie. comms er of cytoplasmic units endowed

. ty and required for the s
certaite respiratory ensymes. ! g oiless of ’
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If the concentration of acriflavine is slightly lower (one part in
500,000), all the colonies are big, but have a characteristic irtegular
contour, Similar ‘scalloped’ colonies develop when a yeast culture,
or isolated cells (like those in the pedigrees deseribed on p. 28), are
grown for a short time in liquid medium containing mutageni
acridines, and are then plated on normal nutricnt agar,

When a ‘scalloped’ colony is dissaciated and replated, it gives
tise to a mixture of normal and small colonies. Since normal cells
possess a distinct selective advantage, the formation of scalloped
colonies is ascribed to the unstable state of the cell from which the
colony originated (sec above, p. 28). This cell gives risc alternately to
similar unstable cells, to normal cells, and to vegetative mufants,
as in the pedigrees described on p, 28,

The simplest interpretation of the induced unstable state is that
it is due to the dimmished ber of cytoplasmic particles, oning
to destruction of the latter by the acridine. Obviously, the smaller
the number of particles per cell, the higher the probability of their
loss, that is, of the mutatson.®

This interpretation has the advantage of offering also
a simple explanation of the results of the cross between
a normal yeast and a vegetative little. Since the cross
results in the mixture of the cytoplasms of the cells under-
going fusion, the diploid cells contain the cytoplasmic
factor supplicd by the normal parent. Furthermore, sincc,
in the process of sporulation, the spores are simply cut out
of the cytoplasm of the ascus-forming cell, all spores
contain some particles, and the mutant character of the
mutant parent, caused by the total absence of particles,
does not reappear in the asci,*

Can the hypothetical particles be identified with any
known visible clemcnts of the yeast cell? In normal yeast

® In view of this behaviour tn crosses of the character under considera-
tion, the opinion has been expressed that the terms ‘mutation” and ‘mutsnt’
should be avorded in speahing of the vegrtagve ittdes, It fias bee sug-
gested that, tnstead, one mught speak of ‘differentiation’ and ‘pheno-
copy’. However, the use of such terms appears to me undesirable, far the
mechanisms of the phenomena for the description of whuch they have heen

tented are unknawn, and 1€ 4 precsely my purpose to qEREST
differentiation may be due to discontinuots and irresermble changes in

the heredity of cells, that 1s, to mutations,
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national chasacteristics, but you will see that the behaviour
of the French strain is somewhat more fanciful. Like t}:te
American strain, it produces some vegetative mutants i
the course of its vegetative Teproduction, but in addition
it produces in its asci many mutant spores, that is, spores
which give rise to clones entirely cumppsgd of cells which
present the sume biochemical characteristics as the vegeta-
tive littles you are now familiar with, In spite of this
similarity, 1 am going to designate them by a different
term; T will speak of ‘segregational mutants’: you willsoon
see that this distinctive is justified.

The germinative pawer of the ascospores of this French
strain of yeast is very poor: only 4 per cent. of all the
ascospores gepminate to produce viable clones, It is
therefore impossible to determine in what ratios the
mautant spores occur in the ases. Tt was found, however,
that the frequency of mutant spotes among all the viable
spores was close to 50 per cent. This suggested that the
cells of strains B-1I might be heterozygous for a recessive
Mendelian gene controlling the character of the spores.
This was warth investigating because, if this were the
case, it would demonstrate that the respiratory deficiency
can be caused by the mutation of 2 nuciear gene as well as
b)j the' lo§5 of cytoplasmic particles; and this in tumn
mxghg indicate a relation between these two sorts of cell
constituents,

These expectations were borne out by crosses between
thre? hap\md. strains derived from the French yeast. The
%{ecxsz ‘;11"0“51“? between these strains is shown in
“L% ;sc‘cs rg;rexst\\;o asci formed by the origma.l strain B-11,
of thee \{3% n: “g.&POSléc mating type were isolated. One
cells (B 15) normal v '«1:}11 e o a'do_n e of haploid
a5 2 ‘semmeptionl Wi . respect to respiration;; the other
of mutacs ’r;es e :Udarét ‘and prodl}ced a clone (B 26)
former (R; )} F o on-ceiicient hflplmd cells. From the
I s ti 2 vegetatve mutant’ (B 15p4) was isolated.

g e mutant cells are indicated by o smaller size,
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Sturtevant has suggested in private discussion a different inter-
pretation which likens our ‘vegetative mutations’ to the variegations
observed in Drosophila. In Sturtevant's opinion the latter are due
to phenotypic inactivity of definite genes, unstable in the somatic
line (the instability being caused by a translocation into the neigh-
bourhood of heterochromatin, for example), but necessarily restored
to normal activity during meiosis.

The inability of ‘vegetative mutants’ to sporulate has thus far
not permitted this ingenious hypothesis to be subjected to experi-
mental test,

While a certain number of most intriguing problems
thus remain momentatily unanswerable, we may turn to
others and, in particular, to the question of the relation
between the postulated cytoplasmic genetic units of the
yeast cell and its nucleus. Are these units totally indepen-
dent of the nucleus in their reproduction and their
function?

Although all the experiments thus far described favour
the view that they arc completely autonomous, you will
sce in a moment that such aufonomy can never be safely
claimed, by contrast to Jack of autonomy (that is depen-
dence) which can be directly proved. However, you will
sce also that the demonstration of the dependence of any
cell element on the nucleus is entirely subject to the
accident of discovery of a nuclear constitution which
interferes with the normal multiplication or the normal
functioning of the clement in question. Consequently, an
apparent autonomy can always be ascribed to the fact that
the proper nuclear constitution has not yct been dis-
covered.

Al this will become clearer to you after I have told
you the results of some other observations. The experi-
ments I have described so far were all performed on an
American strain of yeast, called Yeast Foam; in the experi-
ments I am going to describe now,? a strain of French
baker’s yeast, belonging to the same species and called
B-11, was used. I do not want to imply anything about
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Peswieen these three strains two crosses arc possible: 'h§
*segregational mutant’, of mating type ~—, can be ““5?.6
with each of the other two strains, which are both of-+

g ype.
ma'I“::Ec;j;fs between the segregmional mutant (B 2@) nx;d
the nosmal strain (B 15) tesults in the formation of diploid
cells with normal respiration. These celis are therefore
able to sporulate. The analysis of the ascl showed that each
of them contained two normal and two mutant spores.
This result confirms the hypothesis that the difference
between ‘normal’ and ‘segregational mutant' is genic, and
the clear unifactorial 2:2 ratio found in the asci shows that
these two strains ate differentiated by a single gene pair.
Since the diploid cells formed as a result of the cross are
normal, it is clear that the normal strain B 1g carries 2
dominant gene, say R, and that the respiratory deficiency
of the segregational mutant B26 is due to the presence of
the recesyive diclomorph 7,

The second cross provided us with results rouch more
diffieudt to explain in Mendelian terms, Following the
cross of the same ‘segregational mutant’ B 26 with the
‘vegetative mutant’ (B 15p4), diploid cells are formed
which possess a normal respiration. Analysis of the asch
formed by these diplaids showed that these asci too each
contain two normaland two mutantascespores. The recon-
stitution of a normal diplowd cell by the fusion of two
haploid mutams can easily he explamed if it is assumed
that each of the strains crossed owes its mutant character to
thg mutation of 2 different, non allefic, gene; but the sporu-
lation t:f such a doubly heterazygous hybrid should, you

ber, result in segregation ratios more compley than
the typically unifactonal 2:2 ratio actually observed.

1 the two crossed strains of htles awed their character to the
presence of two different non-allelic recessives,
segregayons \\'ould4bc 24, 1 3,90d 2 3 in different asci If the
Mo genes in question were not linked, ¢he proportion of asci of
the £.3 type would depend on the distance of the genes from the

the expecred
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T'1G. 16, Results of crosses between three stramne of yeast B-I1. T'he upper

part of the figure shows the onigin of the three haplosd strams IF1g v a

yeast with normal respiratton, B 1spg and B 26 are respectively clones of

*vegetatne’ and ‘scgregational’ hitles The mutant phenoty pe 1s tndreated
by the small size of the cclls
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isti ities. On
Zy i d are distinct entities.
ith which we are CONCEIRE tes. On
:;‘ udiser“tlx‘:md the question whether the enzyme-carrying p
-3 v &

Fic 17 Results of seven crosses between strains of yeast B-I1, expected
on the basts of the interpretation given on p, 40. In the middle of the figure
are represented the same two crosses as 1n Fig, 16 The size of the asci
1ndicates the normal (bsg) or mutant (firfle) charscter of the diplmd
hybnds. The tize of the ascospores symbolizes their normial or mutant
character R and r are two allelic nuclesr genes. Active cytoplasmic

particles are represented as rods, mactive partscles as dots,

teles sedimentable by centrifugation and the particles postulated
on genetic grounds are one and the same thing remains at present
unanswered. The assumption that they are identical is simplest
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centromeres, the rest of the asci being equally divided between
the o:4.and the 2:2 types. If the genes were linked, the frequency
of 2:2 asci should be higher than that of asci of the o:4 type.

While the experimental results are thus difficult to
explain if only genic differences between the three strains
are postulated, they are completely and easily accounted
for by an interpretation postulating the intervention of
both genic and cytoplasmic factors.

Assume that in this ycast, as in the American one
(Yeast Foam), there is no genic differcnce between the
normal haploid B 15 and the vegetative mutant B 15p4
derived from it, and, that the vegetative mutant is the
result of a loss-mutation, the loss involving the cyto-
plasmic particles necessary for the synthesis of respiratory
enzymes. Assume, on theother hand, that the segregational
mutant does contain the cytoplasmic particles, but that it
carries a recessive gene in the presence of which the
cytoplasmic granules are physiologically inactive. Fig. 17,
in which the inactive particles arc represented by dots and
the active ones by rods, shows in its centre the expected
results of the two crosses I described (cross 53: Ba6xB 13
and cross 24:B26xB15p4). You can sec that on our
assumptions both crosses should result in the formation of
diploids with normal respiration because in both cases the
diploids formed carry the dominant gene R and contain
the cytoplasmic particles. They are both normal bio-
chemically because in each of them the cytoplasmic par-
ticles are activated by the dominant gene; and they both
produce asci showing a 2:2 segregation because they hm.h
are heterozygous for a single gene pair R/r: after meiosis
the cytoplasmic particles remain active only in the two
sporcs carrying the dominant R; in the two others, carry-
ing the recessive r, the particles become, on the contrary,
physiologically inactive.

The fact that segregational mutants mamfest the respiratory
deficiency although they contain the cytoplasmic particles endowed
with genctic continuity proves that the genetic units and the
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Crosses B and G, on the contrary, eaci} }nvn}ve two
segregational mutants, that is Ce‘,‘s con\am};\‘% :;:.a;ty&z
cytoplasmic particles and the recessivegencs. ) he Cipol
formed in these two crosses should thesefore be respira-
tion-deficient. .

Examination of the data of columns 2 and 3 in Table ¥
shows that these expectations are fulfilled.

Let us now turn to the segregations expecte_d to aceur
in the asti of the seven crosses, and begin with crosses
A and ¥ which are particulatly important, for they are
tests of the carrectness of ous assumption that the nor.ma\
steain (B 15) and the vegetative mutant (B1 5p4) derived
from it, are genically identical, both carrying the dominant
gene R. Because these two strains are of the same mating
type, we were unable to verify this assumption by crossing
them. We can now bridge the gap in the demonstration:
as a result of gene recombination which has taken place
during spore formation in the ¥, hybrid (53) between
normal (B 15) and segregational little (B 26), many of the
normal spores (that is of the spores carrying gene R
inherited from the normal parent) are now of mating
type —. These spores can now be backcressed to the
vegetative mutant parent (B 15p4). Cross F is such a back-
cross, 1f the vegetative mutant contains, as postulated, gene
R, this cross must result in asci containing four normal
spores (4:0 segregation),

Cross A is important for the same reason. It is a cross
between two normal clanes derived from ascospores of the
two Ty Crosses respectively, Each of them is supposed to
have inherited thg same R allele. Cross A is therefore
cxpcct.cd.io result in as;i containing only normal sportes.

A similar 4:0 ratio is expected 1n cross E which is a
backeross of an F, normal from eross 24 to the vegetative
mutant parent of presumably identical genotype,

Crosses C and D are backerosses of F, littles from the
o erosses 53 and 24 to their respective parents pre-
sumed to carry gene R. (In the first case this parent is
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in the sense that it offers a simple mechanical explanation for the

simultancous disappearance from the mutant cclls of several
enzymes known to be linked to sedimentable cell components.

The suggested interpretation thus fully accounts for
the observed results, The correctness of its postulates can
be further checked by a number of crosses. The expected
results of seven of these are given in Fig. 17 (a-G) and
in the 2nd and 4th columns of Table L

TanLe I
Nadi reaction
of diploid hybrid Segregation Nature of spores in
Cross® | Expected | Observed | Expected | Observed | the aberrant asdit
53 + + a2 31 (2:2) .
24 -+ + 22 15 (2°2 .
A + + 40 -
n — - o4
c + + 2z
8] + + 22 -
(vm ym sm dm)
E + + 40 .
3 (m)
r + + 40 .
(m)
6 (vm)
20 (vm)
G - - o4 no asq1 ..
SR S A S,
® The d of the crosses corresponds to that of Fig 17,

+ vmirvegetatne nutant; s scgregational mutant, dm- duslmutant.

Let us first consider what the character of the diploid
hybrids of thesc different crosses should be according to
our scheme.

Crosses A, C, D, E, and F should lead to the formation
of diploids carrying the dominant gene R ¢ither in homo-
zygous or heterozygous form. Since, on the other hand,
all of them involve at least onc strain bringing in the
cytoplasmic particles, all diploid hybrids of these crosses
should possess normal respiratory characteristics.
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Crosses B and G, on the contrary, eac{x i nvofve two
segregational mutants, that is cdlls C““‘“‘“,‘I',‘f :;."“;‘3?
cytoplasmic particles and the recessive gener. The diploids
formed in these two crosses should therefore be respira-
ion-deficient. .
mﬁxaminaﬁm of the data of columns 2 and 3 in Table {
shows that these expectations are fulfilled.

Let us now turn to the segregations expected to occus
in the asci of the seven crosses, and begin with crosses
A and ¥ which are particularly important, for they are
tests of the correctness of our assumption that the nor.mal
sirain (B 15) and the vegetative mutent (B13p4) deglv&d
from it, are genically identical, both carrying the dominant
gene R, Because these two strains are of the same mating
type, e were unable to verify this assurption by crossing
them. We can now bridge the gap in the demonstration:
as a result of gene recombination which has taken place
during, spore formation in the ¥, hybrid {53) benween
normal (B 15) and segregational hittle (B 26), many of the
normal spores {that is of the spores catrying gene R
inherited from the normal parent) are now of mating
type —. These spores can now be batkerossed in the
vegetative mutant parept (B 15p4). Cross F is such a back-
cross. If the vegetarive mutant contams, as postulated, gene
R, this cross must result in asci contuining four normal
spores {4:0 segregation),

Cross A is important for the same reason, It is 2 cross
between two normal clones derived fram agcospores of the
two ¥y crosses respectively. Each of them is supposed to
have inherited thg same R a]lfelf:. Cross A is therefore
\t'(ptmdAm respir n asc containing onfy normal spores,

4 stmilar 470 ratio is exprered in cross B whick is 2
backeross of an ¥, pormal from cross 24 to the vegetative
mutant parent of presumably identical genatype.
mgrg‘szz;(: and Dﬁare backesosses of ¥, littles from the

53 3Nt 23 10 their fespective parents pre-
sumed to carry gens &, (In the first case this parent is
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a vegetative mutant, in the second it is normal)) Both
crosses are therefore expected to give 2:2 segregations.

Lastly, crosses B and G should result in asci containing
four mutant spores cach (0: 4 scgregations), since they are
combinations of segregational mutants,

These are the expectations.

Comparison of columns 4 and 5 of Table I, which give
the expected and observed segregations in the asci formed
by the different hybrids, reveals a situation which is some-
what more complex than anticipated. Two of the hybrids
(B and G) did not sporulate: this should not surprisc
us, however, since, as stated carlier, diploid vegetative
mutants with deficient respiration arc unable to sporulate.
Obviously, diploid segregational mutants cannot sporulate
cither. More scrious is the fact that in several of the other
crosses, in addition to the expected segregations, some
unexpected ratios were observed.

Docs this mean that the hypothesis we formulated is
wrong? Let me reassure you: you will sce very shortly
that unexpected results, as so often happens in science,
are as valuable in the demonstration of the correctness of
our hypothesis as expected ones: they are the cxceptions
which prove the rule. |

You will have noticed that all the asci which I may call
‘exceptional’ contain an excess of mutant ascospores. Let
us determine to what type the mutant spores of the excep-
tional asci belong. Following our hypothesis, this can be
done in the manner shown in Fig. 18. The clone of cells
derived from the ascospores to be tested (marked in the
figure by a question mark) is crossed to two tester strains:
onc of them is a strain of vegetative mutants, the other
a strain of scgregational mutants. If the tested strain is a
strain of vegetative littles, the first cross will result in the
formation of respiration-deficient diploid cells; the second
in the formation of normal diploids. If the tested strain is
a strain of segregational mutants, the results of the two
crosses will be reversed. Finally, there obviously is a third
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i chat T shall call
ibility: the tested strain gnuld ‘be what I {
Sefis;ai ;n};!:xm’, the cells carrying n‘c‘;\ht;r do?m::'u:h%ir{g, .
;toplasmic particles. Such a *dual mutan uld,
:&a&g ammourp hypothesis, form respiration-deficient
diploids in both test crosses.

Test strans

Conclusion

Fic. 18 Diagram indicaung the method of testing mutant ascospores

found 1n *aberrant® asct, N, normal phenotype; M, mutant phenotype;

v, vegeralive mutant; sm, segregational murant; dm, dual mutant.
Other symbols 810 g 17.

‘The results of this test, apphed to 2l mutant spores of
the exceptional asci, are given in the last column of Table
1. These results clearly show that the genic segregation
was in agreement with expectation in all the exceptional
asch. Tn other words, the exceptional phenotypic ratios
were dn every case due to the loss of the cytoplasmic
particles,

Summing up, the study of the two strains of baker’s
yeast shows that the synthesss of respiratory ensymes by
these organisms requires the simuMtaneous presence of a
eytoplasmic factor and of a dominant nuclear genel The
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cytoplasmic factor appears, in the light of the experiments
I have described, to be dependent on the nucleus in its
function, and independent of it in its reproduction.

This statement requires, however, a qualification, While
the functional dependence of the cytoplasmic particles on
the nucleus appears to be established beyond doubt, their
apparently complete autonomy in reproduction is deduced
from purely negative evidence. We have seen how mis-
leading this kind of evidence can be: the cytoplasmic
particles appeared to be completely autonomous in their
function until the investigations of strain B-II were made.
Similarly, their independence with respect to the nucleus
in reproduction may be only apparent.

That this may be the case is actually suggested by observation:
on strains which present, in populations in equilibrium, very high
proportions of vegetative mutants. It appears that this character-
istic is due to a high spontaneous mutation rate and is controlled
by a recessive gene. A cross between a normal strain and one with
a high mutation rate results in 2 2°2 segregation of the character.
Since the mutation itself scems to consist in the loss of cytoplasmic
particles, the role of the mutability-genc may be interpreted as
increasing the probability of the loss.

This situation can be accounted for by assuming that the
mutability-gene controls some intracellular condition which limits
the average content of particles per cell to a low number. This
result could be achieved if, for example, the recessive gene caused
a slow multiplication of the cytoplasmic particles,

That the gene docs not affect the intrinsic properties of the
particles is proved by the fact that hybrids produced by the cross
aof a mutable strain with a vegetatrve little, isolated from a ‘stable’
strain, produces spore progeny which again segregates into ‘highly
mutable’ and ‘stable’, In other words, the cytoplasmic particles of
a ‘highly mutable’ yeast agan show normal behaviour when placed
in the presence of the dominant gene.

i

Long-term adaptation to_galactose fermeniation. Winge and
Roberts®® have described in Saccharomyces Chevalers strains
differing in the ability to ferment galactose. This difference has
leen shown to be based on the presence in the fermenters of a
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dominant gene G and of its recessive allele g, in the slowly adapting
straing. L

Study of the phenomenon of ‘long-term adaptatloq 1o galactose
fermentation in 2 strain of the latter sort has led Spiegelman and
co-worhers™ to the conclusion that it involves the induction, in
2 small proportion af ‘positives’ exposed to the substr.ale, of a
cytoplasmueally transmitted enzyme-formung system, d}s(mcl fr9m
the enzyme itself. Thus cytoplasmic factor s maintained during
growth 1 the presence of galactose, but rapidly and suddenly
dsappears when the ‘postives’ are placed in glucose-medmm.
The loss 15, however, not permanent, and a certain proportion of
negative cells remain capable of producing the enzyme-forming
system again when placed in the presence of galactose.

The kinetics of the reversion from posiive 1o negative has been
studred by bud analysts of the sort which led to the demonstration

of the mutagenic action of eufl "The pedig] btained show
agreatsimilanty with those described above. The authors conclude
that enzyme f 13 dependent on a lasmi

Ytop particulate
eneyme-forming system, randomly distributed between mother
cell and bud

By subjecting gal dapted cells to eufl
Sosenel ) Kersob s

3 iration-defici

P vedy p

mutants which contain galactozymase and transmir the enzyme-
forming capactty to their progeny. The reversion to negatives

follows 1n these vegetative mutants the same course s 1 the cells
with normal respiration,

It is concluded that the particles responsible for galactozymase
[arm.mon are distinct from those involved in the synthesis of
respinatory enzymes.
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11
t..it may at first sight seem strange that so many
natuve fouers of the old tumes have been enchanted by
eiliates. Of course, watching a ciliate :Iapging in Iur.:earch
for food o Iook at you through the microscope is most
‘stirring, But my mpression s that the lover of ciliates
ahways fiad o Presentiment that ciliates were o be the

proving ground for visible self-reproducing particles.’
{p<otd imoFr, Problems of Morphogenests wn Cihates, Wiley
and Sons, New York, 1950, p. 93.)

—————r———

1. THE ‘KILLER’ CHARACTER IN PARAMECGIUM

HE organism { am going to talk about today is the
cifiated Protozoon, Paramecium aurelia—known, I am
sute, to all of you. This organism, almost as glotious
as yeast, is of no use to human industry. It owes its fame
1o a series of investigations by Butschli, Engelmann,
Maupss, Hertwig, Exdman, Woodsuff, Calkins, and others
which, at one time, seemed to promise to unveil the secrets
of and rejuy "This, of course, soon
proved to be an illusion, and the popularity of Paramecium
was steadily running downhill when an American, as
Americans sometimes do, came to its rescue. Starting in
1943, Sonneborn and s co-workers revealed the existence
in P, aurelia of nucleo-cytoplasmic relations which placed
this organism once more in the centre of the biologists’
attention and~—a sesult more difficult to achieve—
awakened the interest of some geneticists in the cytoplasm.
In I’aramm‘um attrelia each animal contains two sorts
of genetically identical nuclei: two small diploid micro-
nucler which play a part only in sexual reproduction, and
m}‘:c h|§; (Probub\y.po\yp\eid‘) macronuclens which is the
Physiologically active nucleus. The animals multiply b
bfnnry fission, 1n the course of which all three nucle);
dl\:;‘dc.'l‘he division of the micronuciei is typically mitotic.
he sexua) phenomena of Paramecium with which wc;
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will be concerned arc of two types, called conjugation and
autogamy.

Conjugation is essentially a process of reciprocal ferti-
lization accomplished by the exchange of nuclei between
pairs of animals. Normally it is not accompanied by
exchange of cytoplasm,

o o
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F1c. 19. Conj of two P ia of A4 and aa genotypes (redrawn

from Beadle, 1949, sce Ref. 1).

Conjugation begins by the association in pairs of animals
of opposite mating types (Fig. 19). In each of the con-
jugants the micronuclei undergo meiosis, thus giving rs¢
to cight haploid nuclei. Seven of these nuclei degenerate
and the remaining one divides once more by mitosis: each
animal now contains two identical haploid nuclei, one of
which migrates into the other conjugant. This migration
is followed by the fusion of the two micronuclei into 2
diploid nucleus. The conjugants now fall apart. In cach of
them the new nucleus undergoes two mitotic divisions:
two of the daughter nuclei differentiate into micronuclei,
the two others into macronuclei. Meanwhile, the old
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macronucleus has degenerated, and the two exconjugants
thms possess gwo micronuclel and two macronuciel. Athe
first fission {ollowing confugation, the two micronuclei
divide, while the two macronuciei do not: each of the
Amghter cells reseives one of them. Thus, the first fssion
fives Tise to animals which, like the Paramecia we started
with, contain two micronuclet and one mactonudiews.

Ta order to show you the genetic consequences of the
process of conjugation, I will now assume that the geno-
type of one of the conjugants is A4 and that of other aa
(Fig. 19). Asa result of the two meiotic divisions, followed
by the degeneration of aff but one of the exght micronuclet,
each of the conjugants contains onty one haploid set of
genes. In one of the conjugants the nucleus contsins gene
4, inthe other gene a. The third division of the nucleus
gives tise in each of the animals to two identical nuclei:
inone of them 4 and 4, in the other a and a. After nuclear
exchange, each of the animals hecomes heterozygous for
the twa genes, that is 4Ja. You can see that, whatever the
initial difference between the genotypes of the two con-
jugants, after conyugation their genotypes are identical, It
is clear that conjugation is a kind of reciprocal fertilization.
. \\'l}cn conjugation occurs between heterozygotes {4/a), each
individuat confugant has equal chances (5o per cent ) of contawing
4 o ot 30 @ ‘gamete nucleus” after the degeneration of seven ont
of the erght products of the dwision of the ricronucler. Festiliza-
;’::,:‘h;:ciorc involves A and 4, 6r A and g, or @ and & gamete
nuclet n 25, 50, and 25 per cent. of the cases sespectively. Cons
Jugation between heterozygotes thus results it the production of
pairs of exconqugants whuch are esther A4 ot Ala or alavorth the

sehathe frequencies 1 2 1 Owing to the domtnance of 4, the

phenotypic ratio is 34 1a.

In addition 1o this perfectly normal biparental sexual
achvity, Paramecia sometimes undergo autogamy, a I 70~
cess of wniparenta) nyclear rearganization : t{\&rg i
spparently a0 morad code among these organisms to
PIEvens them from indulgung in such solitary pleasures.
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The nuclear phenomena in autogamy are very similar
to thosc occurring in conjugation. The micronuclei of the
animal undergo the same divisions and degencrations as
in each of the conjugants, but no migration of the nuclei
takes place. In its stead, the two identical haploid sister
nuclei fuse into a diploid nucleus. As can be seen in Fig.
20, the genetic consequence of this process is that, if the
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Fic. 20. Autogamy in a Paramecium heterozygous for the gene pair Ala
(redrawn from Beadle, 1949, sce Ref. 1).

animal, to begin with, was heterozygous for a given pair
of allcles, say 4 and a, it becomes homozygous for one of
the alleles after autogamy. Since the degeneration of nuclei
is at random, the animals have equal chances to become
homozygous for A or for a. In other words, a population
of heterozygous 4/a Paramecia contains, after autogamy,
50 per cent. of A4 and 50 per cent. of aa animals.®

In the absence of conjugation, autogamy occurs periodi-
cally in the cultures. It can also be artificially induced.

You will have observed that the existence of these two
modes of the sexual phenomenen offers great opportunities
not only to the Paramecia, but to the gencticists as well.
Conjugation allows the transfer of a chosen gene from one
cytoplasm into a different one, while autogamy allows the

@ The detailed description of the life-eycle of Paramecium and the
relevant genetic evidence will be found 1n the review of Sonncborm

(o4 B
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wbstitution of one genotype for another one, within the
toplasm of & given animal.

K \&ch these facts and rules in mind, We can DOW st\\dg

the behaviaut of a pair of alternative characters discovere

by Sonneborn in 1943.* These two characters are calted
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1)
Ki - KAPPA KK & KAPPA

Fug. 2t Transmussion of the Juller (black) and sensive (white) unaracters
in 2 cross betneen Parameeia of races 51 and 473 a, without cytoplasmue
exchange; &, with cytoplismuc exchange (after Sonnebom, 1949, see
Ref 18).
respectively ‘killer' and ‘sensitive’, and manifest themselves
in the following maaner. The culture medium in which 2
strain of killer Paramecia has grown contains a tovic sub~
stance, ‘paramecin’, whichdoes not affect thekitter animals,
bt &ilts Paramecin of other strains, classtfied as sensitives,
T&w‘dcat}x of these animals, under the influence of para~
mecin,is preceded by characteristic morphological changes
and is nat rapid enough 1o prevent conjugation between
two animals carrying the alternative characters,
The first cross we are going to study js between a killer
animal of stock 51 and a sensitive nne of stock 47 (Fi
e stock 47 (Fig. z1).
ter conjugation has taken place and the exconjugants
of one pair have f20en apart, each of them is isofated and
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allowed to produce a clone by binary fission. These clones
can now be tested. It is found that the clone formed by
the killer exconjugant is killer, and that the clonc formed
by the sensitive exconjugant is scnsitive. You remember
of course, that, as a result of conjugation, the genotypes
of the two exconjugants are identical. You know also that
the genotypes of the two clones derived from the excon-
jugants by binary fission are identical with the genotypes
of the exconjugants. It appears, therefore, that the charac-
ters of the two clones, one killer, the other sensitive, cannot
be due to different nuclear constitutions, and this is con-
firmed by the observation of the second generation obtained
by induced autogamy. The character of all the animals of
each clone remains unchanged in spite of the fact that auto-
gamy renders different animals of a heterozygous clone
homozygous for different gencs. The conclusion of these
experiments is obvious: 2he killer and sensitive characters
are determined by the cytoplasm, rather than by the genes.

The correctness of this conclusion is demonstrated by
the study of abnormal conjugations. In normal conjuga-
tion, you remember, there is no exchange of cytoplasm
between the conjugants. Sonneborn noticed, however,
that some pairs of conjugants remain associated for an
exceptionally long time and that sometimes one can se¢
a rather wide cytoplasmic bridge between the two con-
jugants.® 1 It appeared to him that these abnormal
conjugations might be accompanied by exchanges of
cytoplasm. If so, would there be also an exchange of
the cytoplasmic characters? Tests performed on animals
derived from the killer and sensitive exconjugants did
indeed show that, following these abnormal conjugations,
the latter become killer: in other words, abnormal con-
jugation results in the ‘contamination’ of the sensitive
conjugant by a parcel of killer cytopiasm. Further experi-
ments showed that the killer character of the originally
sensitive animals, thus acquired by cytoplasmic transfer,
can become a permanent characteristic.






m,n...

w.b.mr& 1%

T —— e

b

R T

L

Fi16. 22. Paramecia statned with Gremsa The animal on the left is a

‘sensitve’, the one
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There is thus no doubt that the abili;y of killers to
produce paramecin is Tinked to n.pecuhar ?\’OPQ“':' of
their cytoplasrn. A series of beautiful expenmentsdpcr-
formed by Sonneborn and his studenss soon showed that
this property is due to the presence in the cyt'0p135m of
%iller animals of 2 discontinuous facter, that 18, f’f par-
ticulate elements endowed with genetic continuity and
distiibuted at random at fission. ‘The size, of the order of
o3 in diameter, and the average number {200-300) per
animal of this factor could be calculated » ¥ The particles
were christened Kappa and their appearance on the bio-
logical scene was greeted by universal cheers, X

Kapp2's popularity did not last however. The responsi-
bility for this rests with one of Sonneborn's co-workers,
Dr. Preer, who went a trifle too far, two years ago: he
showed that kappa could actually be seen under the
microscope in the cytoplasm of appropriately stained killer
Parameciaft The Paramecinm shown on the right side of
Fig. 22 is a Killer. Its cytoplasm contains clearly visible,
darkly stained kappa particles.* No such particles are
visible in the cytoplasm of the animal on the left side of
the picture, which is a sensitive.

The fact that kappa now became a visible material
object was not the only reason, however, why it lost a great
deal of its avtractivencss: to put it that way would certainly

an exaggeration. For there was indeed what appeared
ta many as an even more serious circumstance: kappa
could be stained with the Feulgen reagent, specific for
desoxyribonucleic acids It is known that these substances
are characteristic of chromosomes, on the one hand, and
of certain Viruses, on the other. It niow appeared obvious
to many biologists that kappa was a somewhat strange, but
nevertheless vulgar virus-itke parasite which, disguiséd as
2 normal cell constituent, sneaked on to the biological

* There are between 100 and 1,

The wze of the particles, mrasury

+000 kapps patticles per hiller anmmal,
drameter

red o stained Preparations, is 020 3 §3
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‘sensttive’, the one on the right, 2 *killer’, Deeply stamned kappa-particles

can be seen 1n the cytoplasm of the ‘hiller’ (from Sonncborn, 1950,
Ref. 19)
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cooses appeats, however, when a §ccund generation 1§
produced by autogamy. Contrary 1o what we obsen_red
elier, in the cross now considered there is, following
astogeny, 2 segregation within the clone formed by the
4iffex exconjugant: half of the animals of this clone remain
Lillers, the other helf hecame sensitives. In the clone
formed by the sensitive exconjugant, on the contrary, po
segregation is observed under the same circumstances,

In arder to account for these facts, the following inter-
pretation was suggested by Sonneborn® 1t s assumed
that iller animals of stock 51 contain both kappa and a
dominant nuclear gene, K, necessary for the multiplication
and mamtenance of kappa; but that animals of stodk 32,
on the contrary, carry neither kappa nor the dominant K2
instead tfieir nucfei contain the recessive £, in the presence
of which kappa cannot multiply. ‘The cross between a
Liller af stack st and 4 sensitive of stock 32, can then be
represented as:

fuller 51 sensutive 32
(KKAkapps)  x (#R)
Ay a ceselt of gation, the two exconjugants become
heterozygous; their constitutions can be now written as:

keller sensttive
(Kk-thappa) and  (KA).

Although botk evcangugants now carry the dominant gene
K, only the first one 15 a killer since 3t contains ‘both K
and kappy. The second, on the contrary, remamns sensitive
In spite of the fact that it now has a simiar genotype, for
it contains no Lappa. Thus kappa cannot be iniﬁatu’i by
Ee’;"]‘;" although K is y Sor its mai
. Tollowing autogamy, the animals of
e twa genotypes o(’yequaf frequent :flg;\f h ?ilml‘: G
since Kappa is maintained onl vq'n hCY and & "Buc
bave, 35 2 result of auo gﬁmy;) in the presence of X, we

i the killer clone 1 the senstit
o {1ene ive clone
50%% (KK $Yappa) i 50%; gk 59% (KK)-50%, (kk).




58 THE ‘KILLER' CHARACTER
scene under Sonncborn’s inadvertent watch. The enthu-
siasm now started cooling fast: kappa, by taking the
wrong colour, obviously had trapped Sonneborn into the
wrong discovery!

Science, as many of you know, has its fashions, and even
scientists have moods. We shall not follow any of them.
The question of the normal or parasitic nature of kappa

st 32

KK+ KAPPA  x [y

60 “ oL
606 (060

" TKK¢KAPPA t1hh 1 KKEKAPPATKK

Fig, 23. Transmission of the killer (black) and sensitive (white) characters

in a cross bct\vccn I’nmmecm of races 51 and 32, with and without
Iified after S b 1949, sec Ref, 18).

4

is an academic one, or, if you prefer, a qucstlon of phylo-
geny: the ultimate origin of kappa is hidden in the
darkness of the past. However, whatever its ultimate
origin, it provides us today with a model of a Cytopl'lsmlc
particle responsible for a specific hereditary trait, and, as
we will presently see, well integrated into the metabolism
of killer Paramecia.

T'o show this we now turn to crosses between killers of
the same stock, 51, with scnsitive animals of a different
stock, known as stock 32. This cross (Fig. 23) produces
immediate (F;) results entirely similar to those we
observed earlier: the killer exconjugant gives rise to a
clone of killers, the sensitive exconjugant forms a clone of
sensitives. An important difference between the two
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{a) Trhas been postulated that the T, killers are hetemzygotes
K[k, The cross of two Fy killers should therefore produce killers
and sensitives in 3 331 ratio. (The cytoplasmic factor, kappa, does
notintersene here, since both conjugants are Killers.) This is what
is actually cbserved. K is therefore dominant. The crossed animals
ate, 38 postufated, heserozygous.

(8 The exautogamous T, killers and sensitives derived from the
Liller exconjugant have been postulated to be homozygous respec
tively for K and k. Autogamy within these clones should there-
fore not modify their phenotypes. This expectation. has been
confirmed.

{¢) 1t has been postulated that the F; sensitives have the same
genotype as the F, flless (K[k). Therefore, the cross of an Fy
aensitive with an F, kiler should give the following sesult: the
descendants of the sensitive exconjugant, Whatever their genotype,
should all be sensitives since they contain no kappa; the progeny
of the Liller should, on the contrary, show a ratio of 3 kiffers : x
sensitive (kappa multiplying only in the p of K). Thisis
in fact what happens, Expesiment (a) having shown that the Fy
killers are heterozygotes K[k, 1t is clear that the F, sensitives possess
the same genotype.

{d) Smmf thegenotypeof the F, sensitives is Kjk, the F, produced
by these 2nimmals by awtogamy must compri ives of the two
genotypes KfK and kik. If clones denived from exautogamous Fy
sensitives are crossed with Fy killers (K/k-+-kappa), it would be
£xpected that some of the crosses will involve a sensitive of geno-
t}’pcﬁ!l\.’. In such a case all the progeny of the senshive shoutd be
sensitnve, and all the progeny of the killer, kaller. This expectation
was fulfilled 3Iso, thus proving the occurrence of sensitives homo-~
:1);'“‘“ for K an the one hand, and, on the other, the ncapacity of
h;\rgfne. even when homexygovs, 1o initiste the production of

() The st fup between the cytoplasmic factor, ka;

. P F s a, an
':':‘:l I\d“ further revealed by Ingentous expenments d:’\ssgd :)
cinttoduce the latter into sensitives denved by a

Ty billrs. The ytoplasm of these sencitmen s degioed £
kefler exconjuy; ?m o ‘ s sgnsm\w is derited from that of
thew ot gants and "'}:I": sensiuve phenotype is ascribed to
permits gene & iCest it © Cytop'asmic property, which
e o e e AP o iy

Into this cytoplasm
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Of these four classcs, only the first one, which contains
both kappa and X, is a killer. The three others are
sensitives.

The interpretation offered by Sonncborn thus accounts,
‘as you see, for all the observed results, Morcover, it is
also compatible with the results of the cross between
killers and sensitives of stocks 51 and 47 which I con-
sidered first. This cross, you remember, differs from the
one I have just discussed only in one respect: at autogamy
no scgregation was obscrved among the animals of the
clone produced by the killer esconjugant. All we have to
assume now is that both the killers of stock gt and the
sensitives of stock 47 arc homozygous for K. The killer
phenotype here depends entirely on the presence or
absence of kappa particles.

Sonncborn’s interpretation permitted the formulation
of a certain number of predictions which have been sub-
jected to experimental proof and born out by experiments.
Among these, onc is particularly telling. Since it is
assumed that, after conjugation between killers of stock
51 and sensitives of stock 32, each of the exconjugants
becomes heterozygous for K and £, it was expected that
the sensitive partner could be ‘contaminated’ in the course
of conjugations involving a cytoplasmic transfer. The
‘contaminated’ animals should, of course, give risc to
clones of killers. These killer clones should split, after
autogamy, into 50 per cent. of killers and 5o per cent. of
sensitives. Thus, after conjugation involving cytoplasmic
transfer, a segregation should be observed in the clones
derived from both exconjugants, although after normal
conjugation it was observed only in the clone derived
from the killer exconjugant. Fig. 23 shows that this
expectation was fulfilled.

The correctness of the general interpretation and, in particular,
of the genotypes ascribed to the different animals resulting from
the cross killer 51 Xsensitive 32 was verified by a number of ex-
periments among which only a few will be quoted.
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of the animals is increased to 3-4 by more abundant fo:')d, ka;‘apg‘s
rate of fon is practically unchanged doubli w.nh\n
24 hours). This results in an increasing proportion of animals
devoid of kappa particles. . )

The estimation of the proportion of animals which have lost
Yappa permitted Preer,? lang before the discovery that kappa was
microscopically vistble, to compute the average number of par-
ticks per animal. On the other hand, the occurrence of such
animals sn the vegetative progeny of a killer was the earliest proof
of the particul of the cytoplasmic factor involved in the
manifestation of the killer phenotype.

Let us now, before we go on, stap a minute to compare
the kappa particles of Paramecium with the cytoplasmic
particles of the yeast cell, At first sight they differ pro-
foundly in that kappa depends for its reproduction on a
nuclear gene, while the cytoplasmic particles of yeast do
not. This difference may, however, be due to purely
fortuitous circumstances: one must remember that the
demonstration of kappa’s depend on the nucl
hinged upon the accidental discovery of stock 32, which
carries the recessive gene k. The independence with
regard 1o the nucleus of the multiphication of the eyto-
plasmic factor of yeast may be purely apparent, and due
to the fact that no gene mutation has thus far been
Eict_cctcd which interferes with its maintenance. In turn,
it is entirely possible that 2 mutant gene will be found
some day in Paramecium which, similar to the recessive
gene v of yeast, intetferes with the production of para-
mecin even in the presence of kappa.

Another apparent difference between kappa and the
cytoplasmic particles of yeasts is the ability of kappa to
mutate 1o forms characterized by the production of
different types of paramecin® This difference may, how-~
wver, alo be but an apparent one, due to the fact that no

adequate methods have been devis 0!
\{ evise T etecty
d by d d for the detection of

yeast cytoplasmic particles, It must be
remembered, morcaver, that there is no decisive evidence
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should restore the killer phenotype. Gene K has been reintroduced
into such sensitives by crossing them with killers. The results of
such experiments depend on the time which has elapsed between
the origin of the sensitive by autogamy of Fy killers and the
reintroduction of gene K., If the exautogamous animal has under-
goneduring this time-interval two or three fissions, the descendants
of the k/k exconjugants remain killers in most of the cases, If four
or five fissions have intervencd, the majority of animals hecome
sensitives in spite of the reintroduction of K, Thus the cytoplasmic
factor is rapidly lost in the absence of gene K.

Let us sum up. The killer phenotype offers us another
example of a character, the development of which depends
botl on the cytoplasm and on the nucleus. In order to be
tablished and maintained, it requires the simultancous
presence of an autanomous cytoplasmic particle, kappa, and
of a dominant nuclear gene, K. Gene K {s, as we have scen,
incapable of initiating the production of kappa, but is neces-
sary far its cantinued maintenance. Tao this I should like to
add a brief mention of the recent discovery that, under
a given set of conditions, the average number of kappa
particles per animal is proportional to the dosage of K
genes: homozygous K/K animals contain twice as many
kappa particles as heterozygous K/k animals.®

The autonomy of kappa is therefore only relative; but
it is considerable. This is shown by the fact that when
external conditions (such as the food supply or the tem-
perature) or the physialogical state of the cells (such as
those produced by ageing or by the intervention of sexual
phenomena) are modified, the average number of kappa
particles per animal varics: it can decrease or increasc.
The rhythms of multiplication of kappa and of the animals
are not necessarily synchronous.® % 19 14,36

In one strain of killer Paramecia, for example, 1t could be shown
that the relative rates of multiplication of happa and of the animals
change as a result of modificd food supply.®.9:1 When killeranimals
of this strain undergo 2°6 fisstons per day, happa undergoes 2-t
doublings during the same time interval. When the rate of fission
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of these antibodies is detected by their action on indivi-
duls of the same strain. Normally Paramecia are fively
swimming animals; in the presence of minute amounts
of specific antibody they are rapidly immobilized. Ap-
patently their cilia carry the antigen. In the presence of
antibody the cilia stick together and can no longer beat
in the co-ordinated way required for propulsion.

Sonneborn has shown that, if a series of independent
cultures of Paramecia are compared in this manner, they
most frequently exhibit different antigenic traits. Ti, for
eample, three antisera are prepared by injection into
rabbits of three strains of Paramecia, A, B, C, each of the
antisera specifically inhibits animals of the corresponding
strain, that is, aati-A serum inhibits animals A, anti-B
inhibits B, and anti-C inhibits C. Cross reactions occur
very seldom,

Althaugh each antigenic type is stable both in vegetative
and sewal reproduction under a given set of conditions,
it does change occasionally. Moreover, Sonneborn and
Beale have shown that changes from one antigenic type
to another can be experimentally induced. Thus, different
{mc:s af Paramecia, all derived from a single homozygous
inditidugl, can eshibit many different antigenic properties.
However, of all the antigens which an animal is potentially
capable of producing, only one is produced at a time. Fig.
24 "I)tmm;es these facts,

e fole of the nucleus and of the cytoptasm in the
S‘C‘izwgnla)tmn of the different :lmigcnigy mgts has been
vt c’f‘ )’dSonncbom and hi§ co-workers 1 different
tat ﬁs an §tocks of Paramecia. It can easily be shown

these 152its depend on both the cytoplasm and th
nuckeus: for this pu iall P oS Snd the
ate used 36 thy purpose tially the same q
chatacter, The s\s:dmfp ‘f\yed in he swdy of the killer
animaly of th y of the results of conjupation between
pemies ¢ same race and stock, but of different anti-
Cumtoﬁz“ﬁ; 5:})‘ Aand B, shows that the antigenic type is

e ¥ the eytoplasm: unless theee occurs exchange
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thus far that the vegetative mutants of yeast are the result
of the loss, rather than of the mutation of the cytoplasmic
particles to an inactive form (see above, p. 33).

But even granting the present differences between
kappa and the cytoplasmic factor of yeast, there are very
important similarities between these elements, notably
their particulate nature (well established in the case of
kappa, highly probable in the case of the ycast) and the
irreversible character of their loss. In this respect they
belong to the same class of entitics as the plastids and
other structural elements briefly mentioned carlier, and
distinctly differ from the cytoplasmic conditions which I
shall consider now.

2. INHERITANCE OF ANTIGENIC TYPES IN PARAME-
CIUM; DAUERMODIFICATIONEN AND MATING TYPES

The discovery of these new cytoplasmic conditions is
another, more recent feat of the fertile activity of Sonne-
born and his co-workers. To those discouraged by the
possible ultimately parasitic origin of kappa this must have
been cheering news: here, at last, were cytoplasmic pro-
perties hardly ascribable to the intrusion of a parasite,
and what is more, propertics determined by something in
the cytoplasm which will probably never be seen (unless,
of course, one looks too close; but then onc can sec even
molecules, for they are particles tool) At last, Sonncborn
had redeemed his sins!

The new cytoplasmic conditions I am referring to
control the serological properties of Paramecia which can
be revealed by the now classical methods of immuno-
logy.2> = When a culture of Paramecia is repeatedly in-
jected into rabbits, there appear, in the blood 'nf the
injected animals, antibodics which are specifically dirccted
against the antigens of the injected strain. The presence
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obsious when crosses are made between animals of dif-
ferent stocks. Such stocks may differ in the array of
antigens which the animals can produce. For example,
animals of one stock con alternatively produce antigens
A, B, C, D. Animals of another stock also can produce
antigens A, B, C, D, but, in addition, they can produce
antigen F. This difference is gene controlled, for conjuga-
tion between animals of the two races, which equalizes
their genotypes, also equalizes their capacities to pro-
duce F. :

The respective functions of the nucleus and the cyto-
plasm in the determination of antigenic types, which T
have just outlined, will appear to you 1n a more precise
nay when we follow through a series of experiments per-
formed by Beale on races 60 and go of variety 1 of Para-
mecium aurelia 2 To begin with, in each of these two races
a single indwidual is taken which has just undergone
autopamy: cach is therefore homozygous for all its genes.
Al expenments will be performed with cultures derived
from these two individuals.

A first experiment consists simply in placing some
animals of cach of the two cultures at three different
temperatures, 18°, 25°, and 29°, and in atlowing them 1o
multiply for several days. Some animals of each eulture
are then mjected into rabbits: six antisera are thus pre-
pared. They can now be tested on the remainder of each
culture

Let us call the animals raised at 18°, 25°, and 2¢°, §

» and D respectively, and let us first see what the‘ re:
ettons are hetween the antisera obtained by injection of
:2::1‘% 0{ race 6o and the homologous animals, Tz}ble 11

in 13 upper left corner that each type of animal is
2‘:‘;?‘)’“‘3 only by homologous antiserum, that is, by the
miﬁxcrr:“’\]‘?,l;\:";eq '.\f&ler ;njcc(ion of animals of the same
srum, animals (;“ma? . are_paralysed only by anti-§
onty e evmals G only by anti-G serum, and animals D
¥ by anti-D serym Tt appears that animals of the same
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of cytoplasm, the clones formed by each of the conjugants
(which, you remember, after conjugation are genotypically
identical) exhibit the same phenotype as that of the animal

j
Fia, 24. Diagram showing the interaction between Paramecia of three
different clones dertved from a single animal and antisera prepared by
injection into rabbits of the same ammals, + indicates paralysis of the

animals in the presence of antiserum, —, 1ts absence (modificd after
Seonncborn, 1950, sce Kef, 20).

from which it was derived. When cytoplasmic exchange
does take place, the antigenic type of one of the excon-
jugants is changed into that of the partner.

However, the nucleus also plays a role: this becomes
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You will wondex, of course, why similar symbols are
used to designate antigens which have proved. to be .dxf-
ferent. The answer to this is that, as you will see In 2
moment, antigens D and G of races 60 and qo, in spite
of the differences just revealed, are homologous to each
other,

This will appear clearly when we examine the results of
some experiments designed to answer the following ques-
tion: granted that homozygous animals are capable of
ethibiting an array of antigenic phenotypes, and that
animals belonging to different stocks differ in the ‘con-
stellation’ of antigens which they are capable of producing,
what factors control the nature and limits of this potential
of variation? Are they nuclear or cytoplasmict

Tshould like to emphasize that the question 1 am raising
concerns the capacities of Paramecia to exhibit a certain
number of antigenic phenotypes, and not the phenotypes
themsetves.

In order to answer this question, Beale crosses animals
of faces 60 and o raised at 25°, for example, that is 60 G
40d 0 G. The tesults of this cross can be followed on Fig,
25, After the partners have scparated, they are isolated
and allowed to undergo four or five fissions. The clones
\h\x§ formed by each of the exconjugants are tested for
antigenic type. It is then found that all animals of each of
the clonc§ carry simultaneously antigens 60 G and go G.
Thcsc animals can now be induced to undergo autogamy.

fcsts of the exautogamous animals show that, as a result
haf of the Is of each of the clones
¢ other half g0 G.
‘“Tht‘§c tcsul\s_ are best explained by assuming that the
"o animals which were crossed (6o G and 90 G) differed
in one pair of Mendelian genes. As a result of conj 1
each of them b . yugation
by eoct em became heterozypous for the alleles carried
fgféc of the parents: hence they exhibited both antigens
2 G and 6o G, At autogamy, the two allel
in each of the elonce 1 eles segrepated

s, §0 per cent, of the animals in

o i) g
becomes 6o G, th
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stock raised at different temperatures develop different
antigenic types, which we can call (like the animals) S, D,
and G. Only one of these antigens is cxhibited at a time.

Tasee II
Serum anti-

Animals 605 | 60D | 606G | 908 | goD | 900G
60 S + - — + - -
60 D ~ + - ~ - -
6o G - - -+ - - i
90 5 + — - + ot -
9D ~ - - - iy el
90 G - - - -~ - +

The same comparison can be made between S, D, and
G of race go: the same relationships are observed (Table
I, lower right). Here again we find that each of the
antiscra patalyses only the homologous animals. It is clear
that animals of stock go also exhibit, according to the
temperature at which they were raised, three different
antigenic types: S, G, and D.

Onc may wonder legitimately, however, whether the
antigens called S, D, and G are identical in the two races.
The answer to this question is given by the reactions
recorded in the lower left and upper right squares of the
same Table IL. Tt can be seen that S animals of either
stock are indiscriminately paralysed by both anti-S sera.
S antigens of races 60 and go scem thercfore to be identical.
The situation is, however, different with respect to D and
G. Here animals of each of the cultures are paralysed
exclusively by the homologous antiserum, Animals 6o D,
for example, arc paralysed only by anti-6o ID scrum, not
by anti-go D serum. It appears, therefore, that by and
large each of the stocks forms a scries of antigens of its
own. Clearly, antigens D and G of race 6o are differcnt
from antigens D and G of race go.
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fusther the genotypes of the exautogamous animals which,
you remember, are of the two types 6o Gand g0 G. In
ordes to do this, let us place them now at 29°, Adter they
fave undergone a few fissions, let us again determine their
antigenic type: this should show us how autogamy has
affected theit capacities to form antigen D. The result is
most interesting indeed: we find that, among the clones
which were, to begin with, go G, some produce, when
raised at 29°, not the go D, but the 60 D antigen. Con-
\ersely, among the 6o G animals, some produce the go D
and not the 6o D antigen. In other words, all four possible
combinations of the two types of G and D are found
{66 G-60 1,60 Ggo D3 go G-60 D5 go G-go D). Clearly,
autogamy results in the recombination of antigenic traits,
just 25 it results in the recombination of Mendelian genes,

These results indubitably provide an answer to the’
question we raised. The capacities to produre each one of
acertatn array of antigentc types—say D, G, and S—depend
an the presence of an equal number of nou-allelic genes. Each
of the two races studied carries these three genes; but at
tno of the three foci (d and g) they are represented by
different afleles. In race 60 we may call these genes: d@
:;‘?m g;:; ;ﬂ 1’366690: &i’“ and g:“’. The genotypes of the

of races 60 and go can then by symboli

formubee given in Tab)g m ¥ symbolized by the

TasLe Y11

Antigen exhbited

Genotype
dvghoy
oy
n:;x ‘:Fi;‘ be emphasized again at this point that, although
cﬂﬁhizin;amr??ag af each race is potentially capable of
hit mber of different antigens, it effectively

only one at a time. And this leads us to a second
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cach clone became go G, and 50 per cent. 6o G, The
observed behaviour of the two antigenic characters 6o G
and go G in crosses is thus satisfactorily accounted for.

906/ \

/ \ AUTOGAMY/ \
290G 90D
90G 60D

60G 60D
606G 90D

F16. 25. Transmission of antigenie type G 1n a cross of Paramecia of
races 9o and 6o Below are given the four combinations of the eaparities
to form antigens G and D obsenned 1n the Fy

Similar crosses have been performed between animals
of races Go and go raised at 29°, that is between animals of
antigenic types 60 D and 9o D. These crosses give results
identical with those I have just described. Thus, here
again, a similar conclusion is reached: animals of types
60 D and go D behave as if they differed in one pair of

Mendelian genes.
But let us return to the first cross and Iet us explore



59550 5
@A N T i
’ & 46980 )

70179

90,00
@90 d (qsos,
d™Ng%0(s) dw(_'g >
14%0)g¥5) ) 14010y
@5 pre

9Q0! oQD
0 (204} 600 D Ggo d9°(990 °
ems A\¥ 0y

Fic 26 Crow betmeen Parameca of anugenic types go G and 6o D, The
smmediste tesults of the cross (A) are shown in B. C and D ilustrate the
trnsformation of type undergone by the clones derived from the excon-
13zt when grown at 24° and 20° rorpectnly. T the genorypc formmadae
o the diffcrent animals, the genes which ase not manifested are enclosed
18 brackets (tedrawn from Beale, 1952, sce Ref. 2)
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question which can be stated as follows: granted the
existence of a certain number of gene-controlled capacities
to form a variety of antigens, what determines which of
these capacities will be effectively elicited ?

Before I describe the experiments which answer this
question, I must add the following information, As you
have seen, 1t is possible, by raising the progeny of a single
homozygous individual at three different temperatures, to
establish clones of three different antigenic types. These
changes of antigenic type are reversible: a clonc raised at
29° for example, and cxhibiting antigenic type D, will,
when placed at 25°, be converted into antigenic type G.
Thus, all three described antigenic types, D, G, and S,
are interconvertible and can be changed into each other
according to the temperature. These changes arc not
immediate, however: if, for instance, animals of type D arc
placed at 25°, the conversion into G will be accomplished
only after some fifty fissions. In the meantime the animals
remain type D. The ‘switch’ then intervenes in a sudden
manner: all animals are transformed in the course of two
fissions. The existence of this ‘latent period’ makes it
possible to cross individuals of two different antigenic
types and to establish the immediate effects of conjugation
on the exconjugants themselves and on their immediate
vegetative progeny. This will permit us now to answer
the second question we raised.

The cross we are going to study is between animals go G
and 6o D (Fig. 26 a). After conjugation is accomplished,
the two exconjugants arc isolated and allowed to undergo
four or five fissions. The characteristics of the two clones
thus formed can now be determined. We find that the
clone derived from exconjugant G carrics nothing but G
antigens, but these arc a mixture of 60 G and 9o G.
Similarly, the progeny of exconjugant D carry only D
antigens, but these again are of both the 6o D and go D
types. Since the genotypes of the two exconjugants are
identical after conjugation, it is clear that it is not the
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in this respect that the cytoplasmic states determining the
antigenic types of Paramecia dxlﬂer 50 }'adlc"i“)’ f“{m the
cytoplasmic properties we studied earlier, f‘“d g“.. is this
sspect which imposes a different interpretation % &t
Each of the antigenic types might, of course, be ascribed
to the presence in the cytoplasm of a different type of
mutually exclusive, alternative cytoplasmic pamch? or
plasmag in its reproduction, but exhibit-
ing a specificity dictated by the nuclear genes. The pre-~
dominance, under a given set of conditions, of one type
of plasmagy 10 the exclusion of the others, could
be explined by a sort of intraceflular competition or
selection. However, the fact that these plasmagenes are
apparently never definitively lost, does introduce a great
difficulty, which is reinforced by the fact that, in crosses
betwcen individuals of two races differing in the spectrum
of antigens which they can produce, the ability to develop
2 certaint antigen appears to be correlated, in the absence
of cytoplasmic exchange, with the distribution of genes.
‘The difficulty can be alleviated by assuming that these
rlasmagenes, by contrast 1o the particles we have met
with eatlicr, can be initiated by the genes; but if we do so,
e must go further and question the usefulness of invok-
tug, pasticles altogether, for, as Delbruck® pointed out, the
occurrence of alternative eytoplasmic states endowed with
diserse degrees of stability can be explamed without it.
lm:g'mt that the cell 15 the seat of two reaction-chains,
T?Pccmdy converting, substrates a, and b, first, with
{ e help of enzymes A; and B,, into intermediates a, and
ﬁ‘z« ;hm, with the help of enzymes A, and B,, into the
o e ) U o
wable oo gns such a cell will soon reach a
£3tion of the inte , ¢ ?mctcrszd by a eertain concen-
? the intermediates a, and b,.
iﬂ:\i;\sc‘:z\l"m):““ be very differcnt, hawever, if there
for examn) on cl\\’ccnthclwg sets of reactions. Assume,
ple, that, when the intermediate a, reaches a
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nucleus, but the cytoplasm which is responsible for the
antigenic type clicited in the hybrid: in other words, it is
the cytoplasm of each of the exconjugants which deter-
mines which of the genes will manifest itself. Fig. 261
shows that in the exconjugant on the left, the cytoplasm
of which was conditioned at 235°, the g genes come into
action; and that in the exconjugant on the right, mised
at 29°, the d genes manifest themsclves,

Some animals of each of the clones can now be placed
at 25° some others at 29°. After they have multiplicd, their
phenotypes can be determined again. Fig. 26 ¢ shows that,
at 25°, the progeny of the exconjugant on the right changes
its antigenic phenotype, while at 29° it is the progeny of
the exconjugant on the left which undergoes transforma-
tion (Fig. 26 p). It is evident that the cytoplasm of fhc
90 G animal, raised at 25°, possesses the property of calling
into action the genes at the g locus (whether this locus
is represented by the allelomorph g or g%, while the
cytoplasm of the 6o D animal, differentiated at 29°, calls
into action the genes of the d locus (that is d* or d%).
This property of the cytoplasin of permitting the expression
of one particular gene out of the many present, is, as we have
seen, persistent, even though it is reversible.

Summing up, in Paramecium, the ecstablishment of
definite antigenic phenotypes depends on the action of
distinct nuclear genes. It is, however, the cytoplasmwhich,
depending on the external conditions, calls into action onc
of a scries of non-allelomorphic genes. The esternal
conditions, such as temperature, determine which of the
several possible interconvertible but mutually exclusive
states the cytoplasm will assume. Each of these cytoplasmic
states is stable under a given sct of external conditions.
Changes in the external conditions result in changes of t]_lc
state of the cytoplasm, but the latter presents a certain
inertia:ittendstoperpetuate itsclf. However, inspite of this
tendency, nonc of the cytoplasmic states can be definitively
stabilized so long as the genotype remains unaltered. It is
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lasmic control of mating types in the varieties of Paramecia
g:lxging to the so-called gr%up B of varietics, Variety 4, which
comprises the two mating types VII and VIII, may be t:lxkcn :;:
eample. According to Sonneborn,” and Sonncborn and Dippel,
any one clone of variety 4 is usually pure for either mating type
¥11 or V11, aithough neither of these reproduces absolutely true
o type. Conjugation, although it results in ids 1 genotypes of
the two exconjugants, dacs or does not equalize the mating types
of the mates, depending on whether it is accomp:\m‘ed by cyto-
flasmic exchange or not, In the absence of cytoplasmic exchange,
the mating types of the conjugants do not change, and each, cf.(h.e
exconjugants gives rise to a clone of the mating type characteristic
of the ‘cytoplasmic parent’. When exchange of cytoplasm does
oceur, bath exconj most produce identical type
VI clones, More rarely the clones formed by both exconjugants

aretype V11, or mixed, cach of them containing both type VII and
type V1T lines,
D ;

if $7 Jollos described many years ago long-
fasting and bly cytoplasmic changes (D dificationen)
induced in Paramecia by heat-treatment and vanious chemicals.
These modifications are propagated over long penods of vegetative
feproduction in the absence of the inducing agent, but most
frequendy disappear at the ume, if not in the course, of sexual
feproduction,

As paisted out by Sonneborn, 1154 Davermodificationen arein

many ways similar to the changes of antigemic types described
sbove. Olniously they suggest similar nterpretations.*
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certain concentration, it inhibits the reaction leading to
the formation of by, Make a similar assumption concerning
the action of b, on the production of a,. We have thena
system which, under the influence of transitory changes in
the external medium (such as changes in the refative

Fic. 27. Delbriick’s model of the establist of al ¢ cytof

metabolic states (redrawn from Delbriick, 1949, sec Ref. 4).
supply of the two substances), will assume two alternative
states of flux cquilibria, characterized by the functioning
of cither onc or the other of the possible reactions. Each
of these states, established swithout any change in the intriusic
constitution of the cell, will be cndowed with a great
stability, which may give us the impression of permanence,
that is, of inheritance; yet they will be reversible precisely
because the changes of state do nat invelve changes in
constitution.

A model of this sort can certainly be taken as a basis
of interpretation of the alternative antigenic types o
Paramecia.

Mating types. The same dilemr ompcting plasmag or
alternative steady states—presents itself in the consideration of the
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1. THE PHENOMENON OF ‘BARRAGE’ IN PODOSPORA
ANSERINA; CYTOPLASMIC INHERITANCE IN
OTHER FUNGI

HE last case T am going to consider in some detail

is that af a mould, Podaspora anserina, which taxono-
mists, in order to make things simpler no doubt, also

«all sometimes Pleurage ansering or Sordaria anserina.
Th.l& organism is a close relative of the famous Nenrospora
w lud!, thanks to the brilliant studies in biochemical
genctics performed on it since 1941 by American workers
under the leadership of Beadle, is known today even to
most biochernists, Podospora is not known in the same
clrclc§. It is familiar 10 horse-lovers ruther than to bio-
chemists, for its mycelia can be frequently found growing
on hnrsc-dupg. Although during the last ten years it has
Ri’:!‘l}ixtci:bjc::t olflbeautifu\ genetic 'studi'cs by my friend
publi' 15 not well known to geneticists either, for Rizet's
cations were much delayed by the war and the

;’;?’é:::n t;fll;’r;ncc. Thus the war has interfered with
T of Podospora, just as it has with the caree
¥ many of ug, ’ reers of

I’ad::px(‘;pk;mc 53y a few words about the hfe-cycle of
myod mﬂ. hschcmaucally represented in Fig, 28, The
NV : tl:lml\ on the left side of. the figure is, strictly
: mmx,a nCc ular:itis subdx\*xdgd_m(o a certain number
mmmnl:“mr?:nts. bur the partitions separating these
it ey a;'c. incomplete and presumably allow the
o nuclet from one compartment to the neyt one,

¥ Qe the number of nuclei per compattment is
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1. THE PHENOMENON OF ‘BARRAGE’ IN PODOSPORA
ANSERINA; CYTOPLASMIC INHERITANCE IN
OTHER FUNGI

HE last case T am going to consider in some detail
is that of a mould, Podospora anserina, which taxono-
mists, in order to make things simpler no doubt, also
all sometimes Plenrage anserma or Sordaria anserina.
is organism is a close relative of the famous Nenrospora
which, thanks to the brilliant studies in biochemical
Benetics performed on it since 1941 by American workers
tnder the Teadership of Beadle, is known today even to
most biachemists, Podospora is not known in the same
circles, It is famibiar to horse-lovers rather than to bio-
chemists, for its mycelta can be frequently found growing
on horse-du.ng. Although during the last ten years it has
been the object of beautiful genetic studues by my friend
12¢t, it 15 not well known to geneticists either, for Rizet’s
g:gilmt.mns were much delayed by the war and the
e g:telgrnot}f;)x;z)nce. Thus the war has interfered with
Solf_mny ol spora, just as it has with the careers of
irst, et me say a few words about the life-
odospora, 0 SChemnti‘C\ally represented in Figf.e :gc 1'61‘1‘::
; 9wn on the left side of the figure is, strict]
f]l’e?::‘g,;'cebular: itis subdivided into a f:min numbe{
cvmpm‘:ne :;Sents, but the partitions separating these
iatation of nuz[r; :_ncomplete and presumably allow the

I g aag 1OmM one compartment to the next one,
+ 1e number of nuclei Per compartment is
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contains two nuclei of opposite mating type and which wgll
give rise to the asci, about 100 per perithecium. Within
each ascus, the two nuclei fuse. Meiosis, consisting of the
o wsual nuclear divisions and accompanied by crossin
over, then takes place, and is followed by a third, equa-
tiona) division, thus giving rise to cight nuclei in each
ascus, Spore formation now follows. Each spore encloses
two non-sister nuclei. Fig. 29 shows how the orientation
of the spindles during the three nuclear divisions achieves
this result. It shows also that the distnbution of the mating
type genes, mt+ (white) and me~ (black), depends on the
intervention of crossing over. If crossing over occurs,
there is postreduction of mating type genes; each of the
* four spores of the ascus contain one mt+ and one mt~
nucleus. Such an ascus is called a type I ascus. If there is
no crossing over, there is prereduction: two spores of the
ascus each contain two mt+ nuclei, and two other spores
each two mt- nuclei: they are type IT asci. With respect
to mating type, 68 per cent. of the asci are of type 1.
Apar.t from binucleate spores, one sometimes finds in
the asci smaller spores, containing only one nucleus. Such
Spores occur in pairs: one pair of uninucleate spores
obviously replaces one binucleate spore. Therefore, in
asci of type I, two uninucleate spores of any one pair
';:;_‘Y ef;’?il a different mating type gene, one mt+ and one
on‘Y}l:: l::\; zgzrfe: are extraclted from.the ascus and placed
and give rise to ne\r\\z apprc;pru;;g o, they germinate
1256, which pou gnz'}:e ia. Binucleate spores from type
fertile mycetia Ol;‘ymo }:natmg type alleles, give rise to
type 1 asct a}\ e e Ot! er hand, bmu'cleat‘e spores from
SOntzining oty one of E}fte spares, give rise to mycelia
lhelfefore sterile, of the mating type genes and are
£, s
cthc’r g::aodf ;i:;:tmg type genes, we now consider some
. 1 52y P and p, which affect the size and
G
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variable. The nuclei are haploid and belong cither to a
single, or to two or more different genotypes. When they
are all of one sort, the organism is said to be homocaryotic;
when they are of different sorts, it is called heterocaryotic.

_ With respect to mating type, homacaryotic strains are
either + or —. In cither case they are sclf-sterile: each

F1c. 28. The hfe-cycle of Fodos anterina, (Explanation in texs)
(Courtesy of Rizet, unpublished )

can form both male and female sex-organs, but fertiliza-
tion does not take place. This makes the differencebetween
sex and mating type very clear: mating types represent
amechanism not of sex, but of autosterility. Heterocaryotic
strains which, like the onc shown in Fig. 28, contain
nuclei, or rather genes, of both mating types arc, on the
contrary, fertile. Here the male clements, which are
microscopic uninucleate cells called mscroconidia, play
the role of spermatozoa. They belong either to the + or the
—~ mating type and can fertilize the female clements, the
ascogones, which also arc of both mating types and uni-
nucleate, However, fertilization can occur only between
clements of opposite mating type. Following fertilization,
the two nuclei multiply within a cytoplasmic mass enclosed
in a purcly maternal envelope: the entite structure is
called a perithecium. This multiplication is followed by the
separation of small masses of cytoplasm, cach of which
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shape of the spores (Fig. 10), we find essentially the same
Dehaviour; that is, the same two types of ascl are present
and only the refative frequencies of the two 1ypes are

¥ 30 €
ﬁml. m;:;s“s::v‘r:m o straing of Podospora ansenna each densved
Pandp Tong v:pgrc and differing 1 one pair of mendelian genes,
el fo d\: s, the figuse gives the results observed in the F; .
5 the results of further generations (from Ruzet, 19 ;’
o see Rel, 19) oS
fferent. i
concin “\?:;:t again allv normal spores in type 1 asci
fo they E‘(hibits gf nuclei, £ and p: they are big and oval
i v the donunant character P. In these samé
uninucleate spores are present, one of the
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POSTREDUCTION : Typel
I‘lr 29. Diagram illustrating how the orientation of spindles durning spore
in Pod: leads to the f of two different types of
nsci, depending on the occurrence or non-occurrence of crossng over
{redrawn from Razet and Engedman, 1949, sce Ref 20)
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pair is P (oval), the other p (round). Type I1 asci contain
two big oval and two smaller, roundish spores; the former
contain two P nuclei, the Iatter two p nuclei. A pair of uni-
nucleate spores in these asci are either both P or both p.

The mycelia being the product of spore germination,
you can sce that homocaryotic strains originate from
uninucleate spores. Heterocaryotic strains, on the other
hand, originate from binucleate spores.®

At first sight, one might think that binucleate spores from type Il
asci should give rise to homocaryotic mycelia. It must be remem-
bered, however, that, because of the independent segregation of
non-allelic gencs, an ascus which is of type IT with respect to one
gene is most of the time of type I with respect to another gene.
In practice therefore binucleate spores never give rise to truly
homocaryotic strains.

This is all I am going to ask you to remember about the
life-cycle of Podospora. T am afraid I have bored you in
spite of the fact that I have shortened the story by leaving
out some of its obscure parts: but all this was really
necessary to enable you to understand the most interesting
phenomena?? which are observed when different strains
are ‘confronted’, that is, are permitted to establish contact
with cach other as a result of their growth on the same
medium. Under such conditions the behaviour of the
myecclia permits them to be classified into two categorics,
which we will call S and s.

Let us inoculate, on the surface of the same nutritive
medium, at a distance of, say, 5§ cm. apart, two uni-
nucleate spores or two small fragments of mycelia of two
strains, both of which are cither S or 5. In any of thcs.c
cases mycelia grow out and extend by radial growth until
they meet. Growth then slows down considerably, but it
docs not stop at once and one can obscrve that, prior to
the arrest of growth, the mycelia grow into cach ather over
a distance of a few millimetres and, on the mecting line,

® Possibly also from the vcgetative fusion of hyphac of twa different
mycelia.
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the hiyphae of the two strains frequently form anastomoses.
The older and thicker parts of the mycelium are pig-
mented; the zone of anastomoses is usually thin: the
meeting Hne therefore appears to the eye as 2 more trans-
pasent zone (Fig. 31, left side). When the two strains are
of the sume mating type, this is all one can see. When they
are of opposite mating type, the meeting line is grossly
arked by the development of a rather natrow row of
datkly pigmented perithecia, that is of fruiting bodies
fesufting from cross-fertilization, This can be seen in the
Petri dish represented on the left of Fig, 32, in which an
§ ascospore was planted in the middle and four others
around it, Contacts hetween the five mycelia are marked
by single fines,

Things are very different, however, when, of the two
confronted strains, one is S, and the other s (Fig. 31, right
side). In this case an apparently mutual inhibition manifests
tseif when the twa strains come near each other, In the
meeting zane, 1 t0 2 mm. wide, the growth of the hyphae
gemmes disorganized. They do not anastomose, but

wunch and form a thick network., The mycelia are
acfpf)' Digmented, except in or near this zone, which thus

!E’me to the €¥e 25 4 transparent space 3 to 4 mm, wide,

{ the 1o strains are of opposite mating type, deeply
g;gf’fmed gerxth'ecia.are formed on each side of this spacé,
ol il oo o s £
onthe right o g Iruiting bodies. This can he seen

f Fig, 322 in this case an § ascospore was
¢ m our § spores around it,
¢ Srontispiece shows the results of a simultaneous

Confrontari 3 i ¥ i
— on of an § mycelium with mycelia of the two

bhe might
Yc:\\"\ze(llgb; ;}';‘g’, o e system of auto

mating type system.



Fig 31 Photograph 1llustrating the ‘barrage’ phenomenon. In the Petnt

chsh on the left two .S strains are confronted; the contact line between the

two strains 1s a simple thin transparent line. The same 15 observed when

the two confronted strains arc s The Petri dish on the rnight shows the

results of the confrontation of S with s Iere a barrage, 1.e a transparent

zane of mutual inhibition, can be obsers ed between the conlronted strans
{courtesy of Rizet, unpublished)

Fi6 32 Photographs of two Petni dishes sllustrating the "barrage’ pheno-
menon 1n Podospora ansering In the Petrs dish on the left an S strmin was
snoculated 1 the middle and four other 8 stramns, of oppasite mating
type, around 1t ‘The contact hine 1y indcated by a mingle row of frnting
bodies {perthecta). In the dish on the aight, the culture in the muldl 13
S, the cultures around st 5, of opposite manng type The barrage 19 clearly
marked by a double row of penitheenn (from Rizet, 1gsz, Ref 19)
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asaresult of a cross between an § and an 5 strain, each
derived from a uninucleate spore in order to be sure
that the strains are homocaryotic. The left part of the
figure, which we shall examine first, shows the results of
confrontations of the spore progeny with a standard s
strain. You can see that two types of asci are found : in one,
 four spores give rise to mycelia which form ‘b:\'rrage:s
when confronted with s mycelia; they are symbolized in
the figure by a double bar. In the other type of asci, two
spores show a similar behaviour; the other two give rise
fo mycelia which do not form a barrage with s mycelia,
These resuls leave no doubt that the two sorts of strains
differ in one gene pair, S and 5, and find therr explanation
in purely Mendeizn terms if it is remembered that the
P binucleate, and if 1t is dthat Sisd

oter 5. All spares of type I asci contain one S and one s
gene. They therefore all manifest the character S, that is
form barrages with 5. In type 1T asci two spores contain
twa S nuclei and manifest the same character, two others
ontain two s nuelei and therefore give rise to mycelia
which form ng

‘batrage’ in the confrontation with the
same standard s strain,

I this terpretation were entirely correct, confronta-
tions of the same ¢

ch we classified
they do not form H

However, the two
Supposed to be s,
the standard ¢
standard § stra
Teappear in ghe

35 5, again come out as §:
atrages with the standard S strain,
Spores in the type 11 asci which we
because they did riot form a barrage with
strain, do nat form barrages with the
mn _e»the;r. I;z o;‘l;er words, s spores do not
: @ as they should, and, instead, we nd the
P s s
?”‘:;[iﬂ;’!;mb]e( of spores of @ nero ype, which aréﬁ neither
S)mboli.,zgg . ::th will therefore be called ‘modified s' and
bl fas . 15 conclusion, drawn from the two
Onlrentations, is ustrated in Fig. 34, where the
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Both S and s strains are perfectly stable in the coursc of
vegetative reproduction, and can therefore be conveniently
crossed. Crosses are performed best by spreading micro-
conidia of onc mating type on a mycelium of opposite

@I@ @r@

|
|

SISISIS
SISISIS

SISISS
SISISIS

Confronted with s Confronted with S

Tic. 33. Cross $xs. Results of the confrontations wath standard S and «
of the mycela produced by the spore progeny of the cross. A double bar
stands for ‘barrage’, and a single bar for *no barrage’.

mating type. The characteristies of the progeny of such
a cross, that is of the mycclia formed by cach of the spores,
can be tested by confronting these mycclia with standard
S and s strains. It is then found that, regardless of the
dircetion of the cross (that is whether the maternal parent is s
or ), the s character undergoes a very remarkable change
in the coursc of the cross, while other genetic markers show
a perfectly normal Mendelian behaviour. Fig. 33 gives the
results of such determinations performed on asci formed
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new type of spores, s¥, do carry s genes, but that the
characteristic manifestation of these genes 1s somehow
‘masked’ as a result of the cross. This interpretation is
bome out by the study of pairs of uninucleate spores
found in the asci under consideration (Fig. 34, second,
fourth, and fifth asci). The two members of 2 pair of spores
extracted from type 1 asci are found to have different
characters: one is S, the other 55, It is clear thercfore that
the binucleate spores of these asci contain indeed two
deferent nuclei. The members of a pair of uninucleate
spores from type 11 asci possess, on the contrary, the same
characters: they are both cither S, or 5, As expected,
they contain identical nuclei,

The interpretation is borne out also by the results of
further generations of crosses: the Fy, Fy, &c. . . . (Fig.
34, tead upwards). Lwill not spend any time on presenting
these results and will only mention that a binucleate spore
of a type I ascus, postulated to contain one S and one s
tucleus, indeﬁd gives rise 10 a mycelivm, the fruiting
bodies of which again contain the two types of asci, thus
proving that it did contain two different nuclei,
ot t:e ‘;‘e‘;(:s of me}?han'\sm is responsible for the fact
o i crosss?“{;hc aracter s does not emerge as sych

" en one turns to consider this question,
;ﬂfra\ somewhat analogous cases come 1o mind, which
p::;ei::'”gn :::;lfoe b.een de;cribed under the general title of
Fie feld ot ;:S‘.) foﬁ ohthc most xllumma_tmg studies in
mally, ‘predetorms ather on heterostyly in plants, For-
TYpeat o nation’ simply means that the pheno-
Bat o tht f{gﬂmsm carresponds not to its own genotype,
ovocpte l:etzr;?? \;ﬁ:&fduced ovum. ‘Take, for example, an
that, after meiozg it bf; ginc ;;:ur, i 4lla.and suppose
200n careging A me a. Fertilized by a spermato-
. o ; 1 BIves nise to an organism of genotype

s Which should exhibit, and u 1y d e
TEReSive teat g, T e sually does exhibit, the

of predetermination, however,

its e | of
Phenotype is eharacteristic of the dominant A, which
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Phenotypes are marked in each spore. (Consider at present
only the first and third asci from the left, which coatain
each four spores.)

Ti6. 34 Crovs Sxs. Phenotypes as determined by testing the apore
progeny in the manner andicated an Fig, 33 Read downwards, the figure
gves the result of the Fy; sead upsards, the results of further gencrations.

Compare with Fig. 30, which shows the behaviour of a purely Memdehan
character (from Rizet, 1952, see Ref. 19),

In order to reconcile these results with a regular Men<
delian mechanism of gene distribution, the operation of
swhich is indubitably indicated by the proportion and dis-
tribution of the two characters, we must assume that the
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new type of spores, s, do carry s genes, ‘f‘“ that the
dharacieristic manifestation of these genes is somphozv
‘masked’ as a result of the cross. This interpretation 1s
borne out by the study of pairs of unjnucleate spores
found in the asci under consideration (Fig. 34, second,
fourth, and fifth asci), The two members of 2 pair of spores
extracted from type I asci are found to have difterent
characters: one is S, the other s5. It is clear therefore that
the binucleate spores of these asci contain indeed two
different nuckei, The members of 2 pair of vninucleate
spares from type 11 asci possess, on the contrary, the same
characters: they are both either S, or %, As expected,
they contain identical nuclei.

The interpretation is borne out also by the results of
further generations of csosses: the Fy, F, &c. . . . (Fig.
44, read upwards). I will not spend any time on presenting
these results and will only mention that a binucleate spore
of 2 type 1 ascus, postulated to contain one S and one s
fucleus, indeed gives rise to a mycelum, the fruiting
bodies of which again contain the two types of asci, thus
proving that it did contain two different nuclei.
m:’}:;t kind of mechanism is responsible for the fact
r e TeCcessve d‘m‘amer 5 dDCS HO? emerge as S}ICh

om the cross? When one turns to consider this question,
;?;ceral}?:omewhag analogou.s cases come to mind, \_\'hich
prdet mg":::?e een described under the gf,neral uﬂe ?f
this il t}::s d fDR; of\ the most Muminating studies in
mally ‘predetero' ather on heterostyly in plants. For-
e s prede mination” simply means that the pheno-
v ganism corresponds not to its own genotype,

ut to that of the unreduc
ed ovurn.
osocyte heteroz: e o oo

ozygous for a gene pair, say Afe, and suppose
;‘;ﬁ;“-\g:r meiosts, it became a, Fenili;]ed !b}’r 2 sperfxinc-
. \\hicg l:‘% ui ‘;t gwes rise to an organism of genotype
Tessasir lmi?‘:z Ie:dnblt, and usually does exhibit, the
its phenatres & n casesAof. predetermination, however,

type is characteristic of the dominant A, which
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was present in the ovocyte, but is no longer present in
the genotype of the cgg. This persistent influence of the
climinated dominant is usually ascribed to, and in some
cases has been proved to be due to, the presence in the
cytoplasm of the cgg of specific substances claborated
before meiosis by the dominant gene 4 and persisting
after its elimination.

The disappearance of the s character of Podospora and
the appearance in its stead of character modified s could, at
first sight, be ascribed to a similar mechanism, One might
assume that some sort of substance, claborated in the
hybrid mother cells of the asci by the dominant S, persists
in the spores containing only s nuclei after meiosis, and
confers to the mycelia which grow out of the spores their
new modified s (s°) characteristic. However, if this inter-
pretation were correct, the hypothetical substance should
be rapidly diluted in the mass of protoplasm resulting
from subsequent growth, and the strain should therefore
rather rapidly recover the s property which corresponds
to its supposcdly unchanged s genotype.

This corollary of the predetermination hypothesis can
be tested in two ways. One can cither subject the modified
s strain to prolonged vegetative growth by scrial transfers,
where cach new culture is started from a small piece of
mycclium of the old one; or one can perform a scries of
crosses between two s strains: here, each new culture is
started from the microscopic single ascospore. The dilu-
tion of the initial supply of hypothetical substance should
be particularly rapid in the latter case.

Both these experiments have been performed by Rizet.
If each doubling of the mass of protoplism is called &
generation, a very conscrvative estimate shows that the
modified s character can be preserved through at least 300
generations, in the course of which any substance contained
n the modified s ascospores with which the experiment twas
started must have undergone the prodigions dilution of 23°.
The obvious conclusion is that the new character is per-
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sistent and therefore cannot be due to the passive trans-
mission of an initial supply of substance,

In other words, the experiments lend no support to the
hypothesis of predetermination, and we must therefore try
tofind another interpretation. Shall we assume that, in the
modified s spores, the s gene (or some other gene) has really
undergone a mutation under the influence of S?

F‘Er 35 The reversion of 5% ta s In each of the Petri dishes, one of the

orfronted strains 13 8, the other 55 In the Petri dish on the night the

oecurtence of a reversion 1s signalled by the presence of a partial barrage
(courtesy of Rizet, unpublished).

Before we discuss this, 1 should like t
the emphasis placed on the observed p
modified s character should not be taken t
acquited, this character is irreversible.
changes, that is reversions from Stasdo
Fig. 35 on the tight shows how such a
Uself When it ocenrs at some point ina

o point out that
ersistence of the
0 mean that, once
It is not. Reverse
occur occasionally,
reversion manifests
modified s mycelium
dified s mycelium had

s e barrage on a part of
al - AipParently, the originally modified

mn;:;fd}?ih formed sector which has no ylongelf th;

e lmamcter.. Has it reversed to s in this sector?

of myedin ascertained by cutting out small fragments

M just behind “the line of contact and by



92 ‘BARRAGE' IN PODOSPORA ANSERINA

confronting them with a standard . mycelium. Provided
this is done as soon as the contact between the two strains
has been established, one finds that the fragments taken in
the neighbourhood of the barrage form a barrage with S,
while the fragments taken in the neighbourhood of the
simple contact line do not form a barrage with S. Indecd,
the fragments behave as s and s5 mycelia, respectively.
However, if the same operation is performed a few days
later, a different result is obtained: wherever the sample
is taken it forms a barrage with S, that is it shows the
behaviour of a typical s mycclium. In other words, tehen-
ever a reversion to s occurs, it spreads to the rest of the
mycelium, The spread of the change can actually be
measured by taking, at 24 hour intervals, fragments of the
originally modified s mycelium at different distances from
the barrage, and testing them by confrontation with S.
It is then found that the reversion progresses at a speed of
about 1 cm. per day.

"This most interesting property of the reversion, which
is as intriguing as the nature of the initial conversion of ¢
into modified s, can be demonstrated by inoculating in the
same Petri dish three myccelia, respectively s, 5% and S
(Fig. 36). If nonc of the strains changes under the influence
of the others, a barrage should be observed only between s
and S. This is indeed the case when the three strains arc
inoculated far apart and at equal distance from each other,
so that they all establish contact at the same moment.
If, however, s and modified s arc inoculated nearer to
cach other than to S, then there is also a barrage, partisl
or complete, between the modified s and § mycelia, which
starts from the point of contact of modified s with s.
The smaller the initial distance between modified s and s,
the morc extended is this barrage. This clearly shows
that the inoculated modified s mycelium changes into $
under the influence of the contact with s, that is, under
the influcnce of something emanating from it. It also
shows that the reversion is the more complete, the longer
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confronting them with a standard S mycelium, Provided
this is done as soon as the contact between the two strains
has been established, one finds that the fragments taken in
the ncighbourhood of the barrage form a barrage with S,
while the fragments taken in the neighbourhood of the
simple contact line do not form a barrage with .S. Indecd,
the fragments behave as s and 5 mycelia, respectively.
However, if the same operation is performed a few days
later, a different result is obtained : wherever the sample
is taken it forms a barrage with S, that is it shows the
behaviour of a typical s mycelium. In other words, shen-
cver a reversion to s occurs, it spreads to the rest of the
myeclium. The spread of the change can actually be
measured by taking, at 24 hour intervals, fragments of the
originally modified s mycelium at different distances from
the barrage, and testing them by confrontation with S.
It is then found that the reversion progresses at a speed of
about 1 em. per day.

"This most interesting property of the reversion, which
is as intriguing as the nature of the initial conversion of s
into modified s, can be demonstrated by inoculating in the
same Petri dish three mycelia, respectively s, s%, and S
(Fig. 36). If none of the strains changes under the influence
of the others, a barrage should be observed only between $
and S, This is indeed the case when the three strains are
inoculated far apart and at equal distance from cach other,
so that they all establish contact at the same moment.
If, however, s and modified s are inoculated nearer to
cach other than to S, then there is also a barrage, partial
or complete, between the modified s and S mycclia, which
starts from the point of contact of modificd s with s
"The smaller the initial distance between modified s and s,
the more extended is this barrage. ‘This clearly shows
that the inoculated modified s mycelium changes into s
under the influence of the contact with s, that is, under
the influcnce of something emanating from it. It also
shows that the reversion is the more completc, the longer
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fort, if the change from 5 to &Y is 2 gene mutation, it must be a
‘mutation at the 5 locus, We thus would be in the presence of three
alfeles: s, 8, and 57, the last of which is unstable and the other two
suble. The instabifity of % would cause this gene to mutate
frequentiy to the stable allele ¢, and never to S,

This docs not appear as a probable interpretation, Aside
from the fact that this would be the first instance ever
discovered of an unfaifing induction of 2 mutation of a
specific gene, the results of reciprocal crosses between s
and modified s clearly speak against it. Such crosses can
be perfurmed by placing a suspension of microconidia
of each of the strains on mycelia of the other. The results
differ in these twa crosses. When modified s microconidia
#eused 1o fenilize s strains, all asci formed contain only
#spores, In the reciprocal cross the great majority of asci
contain anly modified s spores. The genes contributed by
(e two parents are the same 1n the two crosses: therefore,
ifthe characters we are studying depended solely on genes,
they should give identical results, However, they do not.
The fesults are what would be expected if the amount of
Glaplasm contributed by each of the parents played a

“Cisive part: the microconidia contribute very little, if
0%, Gytoplasm, When they are of the s type, they are
therefore ynable to induce the reversion of the modified
¥ ascogone. On the other hand, when they are of the

modifind 5 tyge, their character is lost under the influence
of the h}gg

ity eIr ass of female s cytoplasm. Thus, the results
!n‘zv.t"’;v oc,:z crosses tm{.u:ale l]mt tlu: Jfactor responsible for the
- m; ’f as 1S seat, {f not its ongin, in the eytoplasm, and
m0d//2e<)1 assume as well that both the change from s 1o
” S, and the yegerse change from s* to s, aye modifica-
1003 of the state of the cvtoplasm,

o what type of cyto!

\ owes ity
to the absence of some

80)
" of cytop) and that the two changes,

asmic particles,
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it has been in contact with s before establishing contact
with the indicator strain S.

About the mechanism of this peculiar spreading effect,
which permits the induction of reversions of modified s
strains to s at will by growing them together with s
mycelia, we know nothing except that it is not due to the
penetration of s nuclei, followed by the substitution of the
latter for the ‘native’ nuclei of the original s mycelium.
However, 1 want you to believe that it is not the desire to
impress you with the number of things we do not under-
stand that prompted me to tell you about it : it is rather the
desire to show you the difficulties which lie in the way of
a precise determination of the frequency of reversions
which is important for our discussion. If the reversions
were the result of the presumed dilution of a hypothetical
substance, this frequency should increase with the number
of generations, that is with time, I will not go into the
details of the method which has permitted Rizet to cal-
culate the relative frequencies of their occurrence in the
course of successive generations in spite of the spreading
effect of the reversions, The result of the calculation
indubitably shows that the frequency of reversion is constant
and independent of time: reversions arc as frequent in 2
modified s strain immediately after its originin a s X .S cross
as 300 generations later, during which interval of time the &°
parts of the mycelia have undergone, as such, anincreasc of
mass of at least 22, This constancy of the rate of reversion
makes them appear much more like true mutations than
like the results of the dilution of a hypothetica) substance.

Shall we then assume that the reversions from modified s
to s which, when they occur, are definitive, are duc to truc
gene mutations which invariably occur under theinfluence
of the contact with s mycelia? And, if so, shall we also
conclude, as 1 suggested earlier, that the first change,
which invariably converts s in the heterozygote s/S into
modified s, is also a gene mutation?

The two crosses: sX S and s5x § give identical results. There-
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cent of the genetic behaviour of some poorly viable strains of
Podospora, described by Rizet some years ago®

Rusts, Very similar to the observations of the Mitchells on
Neurospora, are those of Johnson on rusts.1? .

Space does not allow me to go here into the detailed des.cnptm.n
of th ol d life-cycle of these parasitic or isms, with their
several types of sexual and asexual spores. Tt will suffice to say that
Puccinia grammis is a typical heteroecious rust. It parasitizes
slternately Berberis plants and certain Gramineae. On the first of
these hosts it propagates in the form of monocaryatic (haploid)
myeelia. The dicaryotic phase of the cycle takes place on certain
varicties of Gramineae, towards which the different ‘physiological
races’ of Pucernia manifest a sharply defined host-specificity.

The monocaryotic mycelium growing on Berbens eventually
gives rise to sexual organs (pycnidia), which contain both flexuous
hyphae (9) and pycnidiospores (). Festilization, however, occurs
only between gametes of opposite mating type.

.Cmsscs between ‘physiological races’, 1n the majority of cases,
give results consistent with the view that pathogenic characters,
such as host-range and size of the lesions (sor), are determined by
Mendelian genes. However, a few notable exceptions have been
discovered. One of them concerns the ‘phystological races’ 7 and
11 of P. graminis avenae which are respectively characterized by
type-1 and type-4 sori on the oat vanety Sevnothree. When crossed,

these races give rise to progenies producing infections typical of
the maternal parent,

Sufular observations were made on the variety tritici, and in thus
€ase it was shown that the diff d by the \

hybrids are mantained in further generations (F, and Fy). ;

The observed differences in the results of reciprocal crosses are
ascnbed by Johnson to cytoplasmic heredity.

Pholiota bilis. The persi of the
; p ytoplasm on
::‘et fbmlm}zillmhmlmur of the dicaryophase mycelium anleIiota
ulablis (Hymenomycete) was revealed
Hz]rd:r‘s experiments.? ) ey yests w50 by
n Hymenomycetes, the dicaryophase mycelium §
&, 1 yeelium is formed b:
l[h: fusion of haploid mycelia of complementary mating :ypesy
ollowed by synchronous division of the two nucle of each cell
23 n
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from s to modified s, and the reverse, correspond, onc to
a ‘contamination’, the other to a ‘decontamination’. But
many difficultics appear when one tries to account for all
the known facts on the basis of such an hypothesis: the
case fs very similar to that of the antigenic types of Para-
mecitm and could possibly also be accounted for in terms
of flux equilibria,

1

Neurospora crassa. A case of apy ly non-chr
heredity has recently been described by Mitchell and Mitchell™
in Neurospora crassa which has thus far been considered as a
paragen of Mendelian inheritance. The character involved has
been designated by the almost self-cxplanatory term ‘poky”. The
biochemical basis of the slow growth exhibited by ‘poky’ strains
is as yet insufficiently known, but it is intcresting to note that,
according to information kindly supplicd by the discoverers, ‘poky”
differs from normal strains of Neurospora, among other things, by
its content in cytochromes a, b, and ¢. It will be remembered that
these cytochromes are affected by the mutation of yeast discussed
carlier (see pp. 23-24).

The life-cycle of Neurospora erassa is very similar to that of
Podospora. The only notable differences to be mentioned are as
follows: (a) the role of male gamete, played in Podospora by micro-
conidia alone, can be assumed in Newrospora by plurinuclear
conidia and hyphae, as well as by microconidia; (6) there arc cight
uninucleate spores per ascus. This makes the obscrvation of
Mendelian scgregations particularly casy,

‘Poky’ is a true breeding character. The spore progeny of a cross
between two ‘poky’ strains of oppositc mating type is homo-
gencous: all ascospores give risc to ‘poky’ mycelia, Reciprocal
crosses between ‘poky’ and normal, which result from the ferti-
fization of protoperithecia of one mating type by conidia of the
opposite mating type, lead to the formation of perithecia of which
all the ascospores are of the maternal type with respect to the
‘poky’ character, while they show normal (Mendelian) segregation
of biochemical marker genes, If the protoperithecial (female)
parent is ‘poky’, all ascospores give risc to ‘poky” mycelia; if it is
normal, all ascospores produce normal mycclia,

The occurrence of the two types of perithecia, homogeneous
cither for one of the alternative characters or the other, is reminis-
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to another in Paramecium, and from s to modified sin
Podospora.

With these facts in mind we can now return to the
problems of cell differentiation and cell heredity in higher
forms. In doing 50 we must remember two things. First,
that in our search of the nature and seat of these pheno-
mena in the Metazoan cell, we turned our attention to
micro-organisms beeause we were unable to solve the
problem by direct anglysis of somatic cells. Qur reasoning
will be by analogy. We cannot speak, therefore, of what
differentiation is due to, only of what it may be due to.
Secondly, let us remember that the differentiation of
specialized cell types in the course of ontogenetic develop-
ment was assumed at the outset to be irreversible, I have
given you reasons for believing that this is the most
plwusible assumption. However, a claim of irreversibility
s of necessity based on negative evidence, Therefore it
cannot be proved; it can only be disproved. Consequently,
let us not confine our attention to the equally scemingly
ireversible processes revealed by the study of micro-
organisms, Any sort of change having a tendency to self-
perpetuation is of interest to us. This 15 so not only because
the highly specialized differentiation of lines of somatic
cells may, after af), turn out to be reversible under some as
yet unknown condstions, but especially because we know
that, in the course of antogenetic development, irrever-
sible differentiation is preceded by stages of labile deter-
mination.

Differentiation of cell types, we thought at the outset,
must be due to self~perpetuating cytoplasmic changes, but
genetic analysis performed on cells of the germ line pro-
Vided no support to such an hypothesis, However, by
studying orgamsms without isolated germ Yine we find
that both irrcversible and reversible but persistent divergence
of tellllinc: can be achieved through the sole agency of cyto-
Pplasmic variation, in the absen

ce of permanent uuclear
changes, Indeed we find more: cytoplasmic variations
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and ‘clamp’ formation. In this process the apical cell of a hypha
forms a hook which bends backwards and into which migrates one
of the four nuclei, A pair of nuclei of opposite mating type move
more towards the apical part of the cell, while the fourth nucleus
remains behind. A cell wall is then formed at the base of the hook
(or clamp), thus separating it from the cell, and another across the
cell, just below the base of the clamp, subdividing the cell into
a binucleate apical cell and a basal cell which contains at this
moment only one nucleus. This is followed by the penetration of
the clamp into the basal cell and the migration of the clamp nucleus
into the basal cell. This process is started over in the new apical
cell. Eventually a dicaryotic mycelium is produced.

Harder isolated haploid mycelia of Pholiota mutabilis of com-
plementary mating types, which differed in origin and in growth
pattern. Fusion of the haploid mycelia of two strains, A and B,
was obscrved under the microscope. The clamp and the apical
cell were destroyed by cutting them with a needle before the clamp
connexion was established, and the basal cell was separated from
the mycehum. Thus, cells were obtained which contained mix-
tures of A and B cytoplasm and only one (B) nucleus, recognized
by its mating type.

Like the mycelia of the ordinary Ax B hybrids, the haploid
mycelia produced by these ‘merogonic hybrids' showed growth
characteristics intermediate between those of the pure strains A
and B. These characteristics were maintained over prolonged
periods of vegetative reproduction.

2. GENERAL DISCUSSION

I have now presented enough facts to enable us to answer
the question we started with (Introduction): can diver-
gence of cell lines be due to cytoplasmic changes? Indeed,
we find that it often js. The cytoplasmic differences, we
found, belong to two different classes. Some changes of
cell type appear to be irreversible: such are the changes
from normal to vegetative littles in yeast and from killer
to sensitive in Paramecium. Others arc pcrsjstcr}t, but
reversible: such are the changes from onc antigenic type
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to another in Paramecinm, and from § to modified s in
Podospora,

With these facts in mind We'can ROW return to the
problems of cell differentiation and cell heredity in higher
forms. In doing so we must remember two things. First,
that in our search of the nature and seat of these pheno-
mena in the Metazoan cell, we turned our attention to
micro-organisms because we were unable to solve fhe
problem by dicect analysis of somatic cells. Our reasoning
will be by anzlogy. We cannot spesk, therefore, of what
differentiation is due to, only of what it may be due to.
Secondly, let us remember that the differentiation of
specialized cell types in the course of ontogenetic develop-
ment was assumed at the outset to be irreversible. I have
given you reasons for believing that this is the most
plusible assumption. However, a claim of irreversibiity
is of necessity based on negative evidence. Therefore it
cannot be proved; it can only be disproved. Consequently,
fet us not confine our attention to the equally seemingly
iteversible processes revealed by the study of micro-
organisms. Any sort of change having a tendency to self-
Perpetuation is of interest to us. This is so not only because
the highly specialized differentuation of lines of somatic
eclls may, after all, turn out to be reversible under some as
yet unknown conditions, but especially because we know
that, in the course of ontogenetic development, jtreves-
sible differentiation is preceded by stages of labile deter-
mination,
mgltfg::f;:xtéa:(\m ?f cell types, we thought at the outset,

t o self-perpetuating cytoplasmic changes, but
genetic analysis performed on cells of the germ line pro-
sided na support to such an hypothesis. However, by
studying organisms without jsolated germ line we ’ﬁnd
that both irreversible and reversible but Dpersistent diverpene,
of tr!l_lmcx ranlbc a{l‘ut’rcd through the sole agency ofé::ytof
Pasmic vanation, in the absence of permanent m,

iclear
changes, Yndecd we find more: ytoplasmic variations
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of interest to us can be achieved by more than one
mechanism; irreversible changes have been shown to be
due to the segregation of self-reproducing cytoplasmic
elemen.ts; reversible changes, on the contrary, are not due
to qualitative changes of the intrinsic composition of cefls:
they may or may not (and probably do not) involve
variation of self-reproducing particles (see Note 1), More-
aver, we find that cytoplasmic variations of both persistent
and irreversible character can be initiated in several ways.
The non-living environment can induce changes of con-
centration of kappa particles and of antigenic type,in
Paramecia, and the loss of cytoplasmic particles in yeasts.
The contact with living environment (s strains) induces
the change from s to s in Podospora. The reverse cyto-
plasmic change in this organism is apparently duc to the
interaction of certain nuclear genes. Lastly, we find that
nucleus and cytoplasm affect each other’s activity. The
cytoplasmic particles of yeasts are activated by a nuclear
gene. In turn, in Paramecia definite cytoplasmic states
permit the expression of definite nuclear genes.

Here is a sct of facts that ought to help explain develop-
ment.

Considering that embryonic development results in a
restriction in different cell lincages of the manifold
potentialities originally carried by the cgg,* we may
picture the process of differcntiation as consisting, for
example, in the segregation, or sorting out, of an initially
mixed population of cytoplasmic particles. Or we may
suppose that the cgg, to begin with, contains a mixed
population of inactive particles, and that development
consists in the activation by nuclear genes of different
sorts of particles in different cell lineages (sec Notes 2 and
3). Many other schemes of this sort can be set up: the
study of micro-organisms has supplied us with several

« This statement 15 to be taken as a first approximation only: for the

work of Spemann?? has shown that devel consists in
restriction and widening of the potentialities of the cgg.
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models of differentiation based on purely cytoplasmic
mechanisms or on tuclea-cytop interactions (see
Note 4). It will be the task of the embryologist to choose
among them, .

Let vs not delude ourselves, however, and think that
we have supplied him with the key to his problems: the
embryologist is not in sight of the end of his task; and
neither ate we. While any one of the cytoplasmic mechanisms
described could be an instrument of somatic differentiation,
none of them can be its primary factor.

Development is an orderly process: it follows a ‘plan’
whith dictates when and where the fnstruments of differen-
tistion come into action. Experimental embryology has
taught us that a more or less rough outline of this ‘plan’
isengraved already in the cytoplasm of the undivided egg.
Sometimes it is indicated by the visible distribution of
cytoplasmic materials, sometimes it can be revealed only
by expetiment. But at this stage the ‘ground plan’ is
neither complete, nor necessartly definitive: it will be
gradually refined and fixed in the course of subsequent
development,

. The primary cause of differentiation thus vesides in the
witial anisotropy of the egg, expressed by its polarity and
symmetry. At first sight this initiol anisotropy cowld be
set up by rather trivial external factors. However, it js
sufficient to compare the ‘ground plans’ of the eggs of
Tepresentatives of different groups of vertebrates (Pishes,
An_\p‘h'\bu!ns, Reptiles, &c., Fig. 37) to discover a most
striking similarity of plan. Inasmuch as we admit that the
different homologies in these groups of organisms reflect
;ui‘(’{‘““m“ ldtsccm, we are left with no doubt that e
amental anisotroj e ) {
geneti b, Py of the egg eptoplasm itself has a
L must be secalled now, that the *pren * %
always definitively fixed in the und'\vig!educz}gc}g p :ﬁ: b‘]sgsx:gf
meres resulting from its division often remain capable
when isolated, of developing into complete organisms:




oo
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Fic. 37- Daleq and Pastecls’s topographical chart of otgan speafic areas
in the cggs of Amphiovts type (1), of a Cyclostome (2), an Anuran (3} 8
Teleost (4} and a Sauropstde (5). bl, blastopore; c, T hord}
ee, | p femn, ce, F bryonic lerm; en,
¢ lerm; m, Jerm; n, ¥
nervous system (after I'auré-Fremiet, 1943, sce Ref. 4).

o
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strictly similar to those formed by the x.vhole. ;gg. :‘:z:il;
of these parts of the egg therefore carries within lt ¢
same ‘ground plan’ as the egg as a \vhqle. 'The_ anisotr 53-/
of the egg, sometimes revealed by the dzstnb‘utzon of ?I’"
plasmic materials, is thevefore only a reflection of another,

ANIMAL POLE

%
VEGETAL POLE

FIc. 38 Harmson's dragram of an ovum,
polarty There 13 & proten lattice made

lustrating the two factors
up of black and white circles

orented towards the two poles, and constituting the *polarity of direction’,
Tnthe mtersuces of the lattice are particles of two kinds designated by x
wd ~ oncof whichis more concentrated at the animal pole and the other
8t the vegetative pole, and tndcating the ‘polanty of stratification’, in.
» with the R 13t dius theory of the sea urchin egg
{from Harrison, 194, see Ref. g}

more fundamental and deeper asymmetry, Presumably seated
o the molecular level* 5.7, 9,14 (see Note g).

A madel of the molecular structure of the epg cyto~
plasm, ducto R, G, Harrisen, and viewed as 3 lattice of

oticnted bipolar protein molecules, in the meshes of which




104 GENERAL DISCUSSION

are contained the various cytoplasmic inclusions, is shown
in Fig. 38. This structure possesses a ‘primary polarity’,
due to the orientation of the dipole molecules of the
lattice, and a ‘polarity of stratification’ duc to the distri-
bution of secondary materials, It is easy to imagine how
such a system, anisotropic from the start, can, under the
influence of stimuli emanating from the nucleus, from the
environment, or from a cytoplasmic inclusion, cvolve
asymmetries of a higher order.

Harrison’s model may give us only a much simplified
picture of reality, but, if we accept it at all, the fundamental
problem of genetics in relation to development becomes that
of the origin of the specific molecular pattern of the cytoplasm,
sohich confers to the cgg its vectorial properties (scc Note 6).

However, even the solution of this problem will not be
the end of the journey. The fact that each of the parts of
the egg is capable of developing into a complete organism,
and yet does not do so when left in its natural position,
proves that the developing germ, the embryo, is an
integrated unit.* % 27 Indeed, it has the propertics of a
‘supra-cellular continuum’.¥” The ground plan, poten-
tially contained in each of the cells, is now superseded by
that of the embryo as 2 whole, of which the individual
cells are now only the subordinate, executive agents. Cell
boundarics appear to be no obstacle to the all-pervading
integrative forces, the nature of which is the key to bio-
logical organization (see Note 7).

This reference to the properties of the organism as a
whole contains within it the limitation of the cell-theory in
its original form. Morphogenesis, we know now, is not
dependent on the subdivision of the organism into cellular
units: it can be achieved with or without such subdivision.
Strikingly similar forms can be assumed by unicellular
and multicellular organisms. The emphasis is here placed
therefore not on the subdivision of the organism into cells,
but on the integrated character of the organism, whether
unicellular or multicellular. The cell is, however, the
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lowest biological unit endowed with the integrating
propertics of an organism.

With this in mind, let us now return to 'cell heredity
which, we thought at the outset, must have its seat m.the
cytoplasm. Indeed, our study gives support to this view.
e have seen that, in irreversible divergence 9( cell types,
cell heredity is the consequence of the genetic continuity
of sometimes visible cytoplasmic elements. What guaran-
tees persi of the reversible ct of cell type is
impostible to say at present, but it is clear that, whatever
its mechanism, it also has its seat in the cytoplasm,

The cytoplasm thus appears to possess a degree of autonomy
hizh enough to make it no longer tenable to limit its signifi-
cance to a subordinate role in the life of the cell.

However, high as the degree of autonomy of any cell
element may be, it is limited: this holds for the nucleus as
wellas for the cytoplasm. The particulate genetic elements
of the cytoplasm of the yeast cells and of Paramecia have
been found to be dependent on the nucleus in their
reproduction or activity. Similarly, the alternative cyto-
plasmic states revealed by the study of antigenic types of
Paramecia depend on the nucleus, which defines their
range of possible variations and the specificity of the
antigens produced. In turn the eytoplasmic states of Para-
mecia determine which of the nuclear genes comes to
cxpression. Again, in yeast, the nuclear gene required for
lf\: production of respiratory enzymes cannot express
nscl_f unless 3 cytoplasmic particle is also present, To
aseribe the primary role in this process to the nuclear
component of the cell, rather than to the cytoplasmic one
‘}lls no r;mrc_ mian'ing \};’:mb the reverse. The cell is an
tntegrated unit which can be brok
o ag':alyxu_ en down only for purposes

It may be argued, of course,
have shown only that the cell
that it 13 still possible that

that, strictly speaking, we
is 2 unit of function, and
the property of identical
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reproduction is the exclusive attribute of subcellular ele-
ments, whether nuclear or cytoplasmic. While there is no
doubt in my mind that this unique property of living
matter has its seat in the specific molecular organization
of subcellular units (see Note 8), I do not think that it
is possible to draw a line between the two aspects of the
cell: eell-reproduction is inseparable from cell-function (scc
Note g).

Herc again we can reason only by analogy. Virus par-
ticles,2® regarded as close analogues of the normal self-
reproducing elements of the cell, are apparently barely
more than small groups of genes. Viruses scem to possess
no enzymatic activity with which to obtain the energy
required for their autosynthesis. In order to multiply,
they mobilize to their advantage the highly co-ordinated
metabolic activities of the host cell. Their autonomy in
reproduction is therefore limited. In fact, itis so dependent
on the metabolism of the cell that one may as well speak
of the cell reproducing the virus, as of the virus reproduc-
ing itself. The self-reproducing character of the viruses is
the result of the presumably last act of their synthesis, the
act in which a pre-existing element, by supplying a mole-
cular pattern to be copied, imposes on the products of
the integrated cell metabolism its own configuration and
specificity.

All that was said about viruses, presumably holds also
for the normal subcellular clements, including the nuclear
genes.

We may therefore speak of autoreproduction of the inte-
grated unit which is the cell, but it would be more correct
not to speak of autoreproducing particles: in view of their
unique role in the process of identical perpetuation, I
would rather speak of them as conscrvative units of the cell.

Let me supplement these considerations by a quotation
from a recent article by Sonncborn: ‘If the nucleus werce
in complete and exclusive control of heredity, then it
would have to be concluded that nuclei, isolated under
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conditions that permit their multiplication, would be
capable of reconstituting cells of the kind _from which they
were taken, If this did not happen, then it would have to
be concluded that the cell, including the cytoplasm, sore-
how serves as a necessary model for the formation of new
cellular material in essentially the same sense as the genes
are necessary models for the formation of new genes. The

iceltular colorless flagettate Chl can be cultivated
on a few inorganic salts and acetic acid. Would any
biologist go so far as to believe that a successful culture
of Chilomonas nuclei, provided with such a diet—or for
that matter with as complex a diet as one wishes—could
reconstitute a Chilomonas cell, or any cell at all? Yet if the
eytoplasm is entirely the result of gene activity, if it canall
be made de nove, when food is provided, no model of pre-
existing cytoplasm should be needed for its new function.
) ‘Perhaps it will be objected that there are some self-

plicating cytoplasmic el which the nuclens
cannat make. Then suppose these too can be cultivated
n cx{ro. Is anyone willing to believe that, if all such self-
duplicating components of the cell were thrown together
inatest tube in the proper proportions with adequate food
for their multiplication, a Chrlomonas cell or any cell at
all would result? Although the whole picture is admittedly
Imaginary, it makes the nature of the problem sharp and
clear. If cells cannot be reconstituted in the way suggested
then 1t seems to me we are forced to admit that thé
molccglar am.} pmiculatg arrangement of the ceflular
materials, their organization into a working system, is
itself a part of the genetic system of the cell 722¥ ’

Alter a century of amazing progress in the analysis of
the cell and its genetic structure, we thus return to the
notion of the cell as the ultimate unit of life, lost in the
course of our advances. This loss was the inevitable
logical consequence of the analytical methods employed,

* Cf Pontecono's paper 'Genetical analyss of ¢ o
At the Gih Symposium of the Soc.

<l organizanon® i
e, Do vas Norgapization” given
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The present knowledge of the biochemical constitution
of the cell was achicved largely by the use of destructive
methods. Trained in the tradition of the theory of solu-
tions, many a biochemist tends, even today, to regard the
cell as a ‘bag of enzymes’. However, everyone realizes now
that the biochemical processes studied 7n vitro may have
only a remote resemblance to the events actually occurring
in the living cell.

It is less obvious that the method of genctics, although
it involves no ‘bloodshed’, is as analytical in its essence.
Indeed, the ‘resolving power’ of this method is amazing.
It provides us with a picture of the cell’s nuclear con-
stitution with unequalled ‘definition’. But, so long as the
basis of genetics is the study of differences, it cannot be
expected to give us an undistorted picture of the cell as
a whole. The integrated character of the cell, which is its
fundamental property, is bound to escape our notice most
of the time.

These statements arc not intended to imply that the
current analytical trends and methods are bound to be
fruitless. All T want to convey to you is that cqual emphasis
should be placed on the study of the processes of cell
integration.

Neither should my opinions be taken as a sign of
defeatism, for they arc based on the belief that ultimately
cell integration will find its explanation in terms of know-
able, if not known, molecular structures and forces.

The journey to this goal will be long and hard indeed,
but at its end lies a great promisc: the insight into the
mystery of the individuality of the living.

NOTES TO DISCUSSION

1. Wright, who was among the first to speak of steady states in
connexion with the genetic problem of differentiation, remarks that
*The idea of differentiation of the cell as a sclf-regulatory system
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whole and that of stabilization of a particular mode ?i differen-
tl‘z:ion :y means of the elaboration of self-duplicating entities
within the cell are not incompatible’# R K
Tt must be added that, putting aside cellular changes involving
¥ishle cytoplsmic elements, “the distinction between changes
based on transitions from one stable state to another, and those due
10 shifts in nion of populations of pl is a priori
stry difficult, Steady states should be reversible, but so should be
shifts in populations of plasmagenes.

2. Wright®® suggests that pl may be ! d by
the germ line of higher orgamsms in an inactive form, lacking the
prosthetic groups, and that, in the course of deve\cpn.\e.m, l&}ey
are itres ersibly activated for different functions by combining with
such groups emanating from the nucleus. Because of differences
in focal conditions, the pl ‘activated’ in this way are of
different sorts in different somatic lines. All of them are capable
of multiplying in an independent fashion in the activated form and
this results in cefl heredity.

Ttmay be pointed out that Wright's hypothesis that plasmagenes
tmay be transmitted in an inactive form finds a confirmation in the
fact that, in the ‘segregational mutants’ of yeast, non-functional
yteplasmic panticles remain capable of multipheation. Further-
mate, it has been shown above that these particles are indeed
activated by something emanating from the nucleus However, the

i of Wright's hypothesis are not entirely fulfilled in

this cise, beesnse the activity of the cytoplasmic particles ceases 2s

suon as they are introduced 1nto a cell carrying the recessive gene 7,

3 Txtensive studies of the biochemical changes oceurring
during, ontogenesis have led Brachet 10 rather simlas VIEWs, as
shawn by the following quotation: . . . Peeuf vierge contiendrait

uctout de teés perits granules, extrémement tiches en acide tibp-
nucliique, 3 mesul

re que le développement progresserait, ces
franules se pliquerat i deviendrai
b sement, ];uxs t différents. Ces granules,
N s

¢ Te ient ensuite naissance
3 des protéines spéeifiques lors de fa difi¢renciation histologique
d_:s organes, Le fait que ces granules, A en juger par nos études sur
Vacide ribonucliique et celles de Baneh sur fs Tespiration des
hybndes aux, fe semblent pas &tre 3 méme de se synthétiser
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lorsque Ia constitution génétique des noyaux est anormale, rend
probable I'idée que leur multiplication se trouve sous le contrile
des génes. On en arriverait ainsi 3 'hypothése suivante: les rema-
niements cytoplasmiques qui suivent la fécondation rendraient le
cytoplasme hétérogene; ces différences cytoplasmiques retenti-
raient, A la fin de la segmentation, sur Yactivité de certains gines
dans les divers territoires. C'est sous I'influence des gines que
s’opérerait la synthése des granules qui, 3 leur tour, scraient les
agents de Ia synthése des protéines.’? (Cf. also Lehmann'.}

4. Such cytoplasmic changes may of course, in turn, affect the
nuclei. As stated in the Introduction, the functional equivalence
of the nuclei of different lines of differentiated somatic cells has
not been proved. Goldschmidt has long age suggested that develop-
ment consists in the orderly activation of different sets of genes in
the different cell lincages. The experiments of Beale quoted carlier
(pp. 69-75) show such a cytoplasmic effect on genic activity.
It may be added that, as Sonneborn®! has pointed out, in Para-
mecinm the production by the fertilization nucleus of two different
sorts of nuclei (macro- and micro-nuclei) ‘shows in an unambiguous
way what is familiar to protozoologists, but appreciated by relatively
few other biologists, namely, that nucler themselves may become
differentiated during development, in the absence of reduction
divisions and without genic segregations’.

5. The same conclusion is reached when one considers the fact
that, in the regeneration and asexual reproduction of many lower
forms, the development of a complete new organism can be started
from a few cells which have arisen under conditions very different
from those which have presided at the formation of the egg itself.
These remote descendants of the egg cell then also carry ‘the plan’
within them.

6. Tn the organization of the egg the cortical structures are of
particular importance: it 1s the cortex which appears to be directly
respansible for the vectorial propertics of the egg.3-##

Simlarly, in unicellular organisms the structure of the cortex has
beenshown tobe iated with the organization of theindividuals
and their morphogenetic changes.'” In Ciliates numerous obfcrva-
tions and cxperiments show that the infraciliature, dtat is the
orderly system of ki and ki onnccting fibres
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{kinetodesma) is dcectly connected with all mymhuge‘;\c‘;\; p(x;:;
cesses£15:20,28 The division of 2 sim?b: ml.xa.tc is prece }el Y o
reorganization of this network of the mfr:.ac!h_aturc, whicl p;n-m.
one to observe, long before nuclear division and cytop aj;m;c
deavage, the substitation of two systems for the previous single
one, so that a simple constriction of the cytoplasmic body can
separate two complete individuals.® .
The distribution of the complex eystera of kinetosomes no
doubt refiects the more profound undeﬂy‘i‘ng mu!':m:daz': ;{at:m:‘ x?é
i 5.4.15 Thys, morphogenesis in Ciliates
s f Mo ke confront s with the

problem of the nature and origin of the speaific molecular pattern
of the cytoplasm.

7 The fundamental unity of the cell has prompted Baitsell to
write: “May it not be possible that the cell is essenually a proto-
plasmic crystal in which an almost infinite number of protein
molecules, beginning with the genes n the r.hromasom.es,. are
associated in a definite ultrami pic pattern b istic of
the particutar type of cell? 1n such a condition, just 2s Langmuir
early recognized, individual protein are not present, but
all arc united to form the perfect unit, the complete crystalline
pattern of a speafic type of protoplasm, the terms mol
erystal and cell becoming synonymaus.t

Sunifar speculations have been advanced b

y several authors on
the basis of ideration of the i d ch of more
esclved arganisms and of theur development From his study of the
develop of an insect, Wiggl

th, for example, concludes:
“The prime maver i morphogenesis in the fnsect is the epidermis,
The executive units 1n the process are the individual cells; bus the
functions which fall to the lot of a given cell are determined by the
non-cellular continuum which 18 the essential organism "7
Elsenhere, Wigglesworth remarks: “The essential organism is
something apart from the celfe which support it. It exists before the
cells dispose themselves and define its form. The cells and their
nuclei, as the sehicles of the genes, play a great part in controlling
the detarls of the form the organism wll take; but the framework
which marka the man owhines of thar form, which says that the
ism shafl be 3 verteh i

, an s 2 frog, or an insect
a dipteron, a Drosophila, which defin head and the tai), thc‘

+
)
cs the
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main regions of the body and the limbs—this framework exists
before the cells.’®

8. Sonneborn® has pointed out: “The cytoplasm may provide
a particular self-perpetuating molecular pattern. This could be
true both for the surface of self-duplicating particulates, such as
plastids and mitochondria, and for the fibrous ground substance
of the cytoplasm. There are, it scems to me, reasons for suspecting
that the molecular organization of the cytoplasm may be a heredi-
tary property of the cytoplasm, comparable to the hereditary
arrangement of the genes in the chromosomes. The rapid and
efficient operation of enzyme systems with many enzymes partici-
pating in a regular sequence, seems to require a precision of
localization on enzyme-bearing particles such as mitachondria;
and this arrangement is most easily conceived as a consequence of
the surface pattern on which the enzymes are adsorbed. As the
mitochondria are probably self-duplicating, the pattern too may be
perpetuated.’

9. The rcader might be interested in the following quotation
from Hopkins:™ *You will at once urge, and, of course, rightly,
that the attributes of a living system go far beyond its power of
maintaining in various environmental circumstances a dynamic
individuality. A cell has a history; its structurc is inherited, it
grows, divides, and, as in the embryo of higher animals, the pro-
ducts of division differentiate on complex lines, Living cells, more-
over, transmit all that is involved in their complex heredity. T am
far from maintaining that these fund | propertics may not
depend upon organisation at levels above any chemical level; to
understand them may even call for different methods of thought;
1 do not pretend to know. But, if there be a hicrarchy of levels, we
must recognize cach one, and the physical and chemical level
which, I would again say, may be the level of sclf-maintenance,
must always have a place in any ultimate complete description.’
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ADDENDUM

YThus there can be no doubt that there are qunljmx nf the
cytoplasm that are aufonomous The astonishing Ihlyllg 15
that cytoplaseuc heredity plays such a small role
(s.whicHT, The physiology of the gene. Physiol Rev.1941,

21, 487-527)

OX THE SCARCITY OF EVIDENCE OF CYTOPLASMIC
HEREDITY, AND ON THE AMBIGUITY OF THE
CONCEPT OF AUTOREPRODUCING UNITS

N his notably lucid discussion of the genetic problem
Ipﬁsc\& by cellular differentiation, 8, Wright states:

“The usual and most probable view is that cellular
differentiation is cytoplasmic and must therefore persist
and be t itted to daugh cells by ey i
heredity. The chicf objection is that it ascribes enormous
importance in cell lineages to @ process which is only

rarely responsible for differences between germ cells, at
least within a species.’™

Although several new instances of cytoplasmic heredity
have come to light since the publication of Wright's article,
the objection is still valid. Whatever credit is given to the
evidence presented 1n my lectures, it remains a fact that the
well-auth { cases of cytoplasmicinheri cvery
rare, and that Mendelian heredity is, on the contrary, of uni-
versal oceurrence among all organisms, whether animals,
plants, or micto-organisms, subjected to genetic analysis,
Stnce, in the foregoing, T have placed a great deal of
emphasts on the occurrence of cytoplasmic heredity in

micro-organisms and on the theoretical necessity of
2ssuming that differentiation in higher forms involves
similar cytoplasmic ph ,ad ion of the pos-
sible reasons for the apparent rarity of cytoplasmic
heredity scems to be pertinent at this point,
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One possible reason is suggested by Wright himself:
‘It may be. . . that the more or less complete early isolation
of the germ line has come about in evolution to maintain
a line of cells with plasmagenes lacking in prosthetic
groups and hence in specialized activity but capable in
somatic cells of combining with such groups emanating
from the nucleus to form molecules that multiply there-
after as plasmagencs of a more specialized sort.”¥

The absence of an isolated germ line may indeed be
the reason why cxamples of cytoplasmic heredity are
apparently relatively more abundant in micro-organisms
than in higher forms.

As pointed out by Sonncborn,®® the relatively rarc
detection of cytoplasmic heredity may be due, at Icast in
part, to the methods employed: ‘In the first place, there
is a simple, familiar and highly successful method—the
Mendelian method—for studying genic inheritance; no
method comparable in simplicity, power, and reliability
is available for the study of cytoplasmic inheritance. This
results in considerable sclection in the examples of here-
dity studied and reported in the literature: the simpler
cases that yicld readily to a familiar methodology are
preferentially attacked and reported. Complex or less
standard cases tend to be put aside or interpreted formally
in terms of accepted theory. Secondly, genctic methods
arc designed chiefly for analysis of differences between
individuals that can interbreed ; hence, propertics common
to all individuals of an interbrecding group remain largely
unanalysable by the ordinary methods of genetics except
under unusually favorable conditions.”

This quotation contains several independent and impor-
tant suggestions which deserve particular consideration.

The first I should like to discuss is whether experiments
conducted by means of the Mendelian method should be
expected to detect cytoplasmic inheritance when it oceurs.
The question is usually answered in the affirmative, at
least implicitly, for it is generally assumed that cytoplasmic
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berety should manifest iself by dissimilar results of
reciprocal crosses. This expectation 15 based on t e; a
that the egg-cell contains a great amount of cytoplasm,
shile the spermatozoon canies.very lmle’o( it T‘l\\s fact
may, however, be very mislead ytop )

which can be thought, on the grounds prest:,me'd in these
fectures, to be endowed with genetic continuity, are of

i pie or sub-mi picsize, Thereisundoubtedly
enough raom for such cytoplasmic bodies in the cyto-
plasmic layer which encloses the nuclear component of
the spermatazoon and, especially, in its middie-piece. ’ln
fact, it is well known that mitochondria are almost in-
variably carried in the middle-piece and thus i\:ﬂmduced
inte the zygote which, consequently, contains mito-
chondria of both paternal and maternal origin. It is
sually assumed also that, contrary to the nuclear elements,
the cytoplasmic ones are distributed at random at cell
division and should therefore be subject to frequent loss.
Actually, in many cases a rather even distribution of
mitochondria at mitosis has been observed, and it is
entively possible that it is guaranteed in most cells by
some as yet unhnown regulatory mechanism. Maving
pictures of dividing cells certainly do not give one the
impression that cytoplasmic elements such as mito-
chondeia are distsibuted at random between the two
ster cells, Yet it is possible that the high frequency of
loss of the cytoplasmie particles (probably mitochondria
in yeast is correlated with their reproduction by budding
—a mode of reproduction which makes the presumed
sheltering mechantsm more apt to fail.

For thesc reasons, the emergence in a higher organism
of the equivalent of a ‘vegetative mutant’ of yeast would
be an extremely unlikely event. Furthermore, an individual
of this sont would be regarded as a Phenotypic variant,
for its character would most certainly disappear on cross-

ts

n,

e
While 2 new mutant emerging as a result of a cyta-
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plasmic loss-mutation is thus most likely to remain
undetected, other reasons may be suggested for the non-
detection of established lines of such mutants. If it is
assumed that all cytoplasmic particles, like those of yeasts,
depend on nuclear genes for their function, and if it is
further assumed that the presence of inactive particles
confers on the cell carrying them no sclective advantage,
it is clear that mutation of the genes in question will almost
inevitably be followed by the loss of the corresponding
cytoplasmic particles.* The cross of such ‘dual mutants’
with ‘normal’ will, of course, give a purely Mendelian
result and the loss of the cytoplasmic factor will remain
undetected.

Sonneborn’s second suggestion implics that differences
between non-interbreeding groups may be due to cyto-
plasmic differences more frequently than those occurring
between individuals which can be crossed. This is a
plausible view, and I am prepared to accept it as well as
what, in my opinion, are its two logical consequences: that,
on the one hand, ‘macro-cvolution’ has had recourse to
cytoplasmic as well as genic mutations, and that, on the
other hand, cytoplasmic heredity is particularly concerned
with fundamental cellular functions. If the latter were true,
cytoplasmic mutations would be most of the time in-
compatible with survival and therefore escape detection.
Insomeinstances the loss of cytoplasmic clements endowed
with genctic continuity was in fact shown to be incom-
patible with survival (see above pp. 10-13). Most illuminat-
ing in this respect is the example of the yeast cell: here
a fundamental function, respiration, can be abolished with
almost complete impunity only because the organism in
question posscsses a remarkably efficient alternative

® The presence of phystologically inactive particles presumably confers
no sclective advantage on the cell which carries them, for cultures of
“segregational htsles’ arc rather rapidly comerted into cultures of 'dual

mutants’. Stocks of segregational hittles are, however, readily recorered
by crossing the dual mutants with normal ycast and 1solating the asco-

spores carrying the recessive r.
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energy-yielding metabolic pat}‘x\vgy. Tt is to '\\\\s. cireum-
stance, hatdly reatized with similar perfection in many
other sexwally breeding organisms, that we owe the pos-
sibility of its detailed study, The cytoplasmic control of
fundamental functions may escape detection precisely for
this reason.

The emphasis placed in the above statements on the
tem “fundemental’ will probably be strongly ob;efzted‘ 0
by many 2 reader as reminiscent of the old distinction
between ‘general’ and ‘special’ heredity (cf. B'rachetz) and
the controversies as to whether gene mutations concern
both ‘superficial’ and *fundamental’ chatacteristics, rather
than the former alone. 1 think that the guestion is today
in need of sesious reconsideration, and that it should not
de answered by metaphors or by the usual counter-ques-
tions, as in the following quotation from a well-known
book an the genetical mechanisms of evolution:

‘It has been contended, for instance, that mutations
{meaning gene mutations] involve only ‘supesficial charae-
tefistics, leaving the ‘fund !’ ones unaffected. Those
making such assertions have wisely refrained from reveal-

ing their criteria for the discrimination between superficial
and fundamenta) traits.

“The presence of one pair of wings and one pair of
balancers, as apposed ta two pairs of wings, 1 one of the
most striking dsstinguishing marks of the order of flies
(Diptera). One may ask then, 15 the appearance of a four-
winged Drosoplula o fundamental or a superficial change?
Is 2 mutation which diverts the embryonic development
to 3 wrang course and thus causes death fusdamental or
superficial? Those who would like to see a mutant fly
withaut an atimentary canal, or with the location of the
heant and the perve chain exchanged, overlook the fact
that such & mutant could not survive and hence cauld
m\";r b‘;: dc!ccu‘t‘)‘.“

a clear nsight into the problem is t be gained, §
mMust not be confused, in thg first place. ’I‘lfegtc:r;d“fis\léi
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mental’, when applied to the specics, to the individual
organism, or to the ccll, has obviously different meanings.
What is fundamental to the cell is of necessity fundamental
to the species also, but the proposition cannot be inverted,
In a Metazoan a change resulting in a sclective advantage
of a fraction of a per cent. is of fundamental importance
to the species, but is most certainly not a fundamental
cellular change. Secondly, we must keep in mind some
basic notions of physiological genetics and embryology.
If this is done, reasonable answers to the quoted questions
may be found.

To the first question the answer appears to be that,
whatever the value of the two-winged condition to the
Drosophila specics, the non-fundamental character of this
trait to the individual and its constituent cells is certified by
the very fact of the survival of four-winged flics. The two-
winged condition is obviously more important to the
systematist than to the fly, but even to the former it is not
as fundamental as the author of the quoted paragraph
implies: I am sure that if he cver collected an insect in
the field which resembled Drosophifa in every way except
in having four wings, he would still not hesitatc to classify
it as Drosophila.

The answer to the second question is, I think, as follows:
‘A mutation which diverts embryonic development to a
wrong course and thus causes death’ may or may not be
fundamental, Lethality of embryos often is due to the
breakdown of the corrclation which assures the har-
monious development of the parts of an embryo. Such a
breakdown is the amplified cffect of changes which in
themselves, that is on the cellular level, arc insignificant
or confined to particular cell-lines.

The fact that a ‘fly without an alimentary canal, or with
the location of the heart and the nerve chain exchanged’
could not survive is apparently more readily remembered
than the possibility that this‘ very fm.:t is the causc of the
apparent rarity of cytoplasmic heredity.
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[ should like to conclude these remarks by 2 rap'}d
consideration of two constantly recurrent arguments 1mn
favour of the predominant role of the nuc.leus, i

1t is frequently stated in a rather sweeping fashion that
all the major events in the synthetic processes of the cell
connected with its growth and multiplication are con-
trolled by nuclear genes. The first point I want to make is
that, contrary to this genemlizaﬁon, no convincing proof is
avaifable for the ditect nuclear contral of the structure of the
most important cytoplasmic components—the proteins—
and their specificity. The most frequently quoted example
isthat of the Mendelian inheritance of antigenic specificity.
fnall eases subjected to both genetic and chemical analysis
this specificity has, however, in so far as T know, invariably
proved to be due to the hapteni ponent {polysacct
tide) of the conjugated proteins. With the rise of genetics
of micro-organisms, numerous examples of bi icall
deficient mutants have been accumulated which usually
have been interpreted in terms of modifications of enzyme
specificity. A recent discussion at the Cold Spring Harbor
Symposium” has brought to light a number of possible
altermative interpretations. While there is thus no decisive
proof for the nuclear control of enzyme specificity, and no
proof that the nuclear genes are directly involved in the
immediate synthetic steps resulting in the formation of
malecules of the size of proteins, Slonimshit? has produced
what I take as a rather convincing demonstration that the
respiratory deficiency of the ‘vegetative littles’ of yeast is
an effect of the mutation on the protein moiety, rather
than on the prosthetic groups of the cytochromes, It
appears to me, therefore, entirely possible that control
of the basic structure of cytoplasmic proteins is a function
of cytoplasmic elements,® This possibility has been earlter

* Thin view 18
mechanum of proten s
proteins are formed by
phase of the process,

with Haw:
23 to thy
lymhcm.. ‘The essence of this hypothesys js nh:;
coping’ protenstemplates, In the firse, tynthetic
2 tao-dimensional protein s eopied, by s process

*s* hynothesi
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reckoned with by Wright, who, in discussing it, adds:
‘There is the difficulty here that if the main constituent
of the cytoplasm is autonomous one would expect more
abundant evidence of cytoplasmic heredity than is found,
particularly in connection with specificity. . .., It is possible
that specificity cffects due to haptens whose presence is
controlled by particlar nuclear genes . . . overshadow
specificity due to protein plasmagenes.™

The other reason for ascribing to the nuclear genes an
exclusive position in the cell is based on an evolutionary
consideration. As Muller'® has pointed out, the nuclear
genes possess ‘the attribute most essential . . . as the basis
of evolution, that is, the ability to change in such a way
as to be able to reproduce themselves in their new form™
(covariant duplication). However, as stated earlier, the
autonomy of any ccll element in reproduction can only
be relative: because the autoreproduction of the most
specialized structure may hinge on the presence of some
very trivial substances, the limits of an autoreproducing
system arc impossible to define. It is for this reason that,
in the definition of autoreproducing clements, an exclusive
importance is usually ascribed to the criterion of co-variant
reduplication. The point I want to make is that this
introduces an ambiguity into the concept of auto-
reproduction.

Neither the logical nor the material ‘isolation’ of an
clement endowed with genctic continuity permits one to
define the limits of an autoreproducing system. The fact,
for example, that specific nucleic acids of Pnetmococcus,
which dircct their own specific (co-variant) reproduction

cssentrally stmular to erystallization, tn which ‘the role of the nuchic acsd
13, apparently, to maintain the template protein film i the expanded
state’. In a sccond phase the two-dimensional copy 1s folded 1n 8 com-
plementary fashion to a secondary globular template

The role of eytopl. particles hondna, ‘hicsomes® of Leh-
rann, ‘microsomes’ of Claude, Brachet, and Chantrenne) 1n ;\mmr‘:
synthesis is also sugrested by the work of Claude, Brachet,? Chantrenne,|

and Lehmann.?
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as well as the synthesis of specific polysaccharides, can
be jsolated in pure form} does not by any means prove
that the stuff contained in the test-tube represents the
autoreproducing system. Although ‘transformations’ per-
formed by means of this substance (‘transforming prin-
Gple) are formally equivalent 1o the ttax.\sfer of genes,
these is not 3 shadow of doubt in my mind that in the
bacterial cell the nucleic acids do not multiply until they
are associated with other (possibly protein) substances.
Their role in *transformations' merely signals the existence
of an autoreproducing system which, apart from the
nucleic acid, may comprise elements, the variations of
which may or may not be reproduced, but which are,
nevertheless, autonomous in the sense that their loss is
equally irreparable. The critesion of ‘isreparable loss is,
therefore, in itsclf sufficient for the claim that the element
possessing this property represents a part of an auto-
reproducing system. ‘This is the more so because, on the
one hand, in most cases, ‘loss’ cannot be distingnished
from irreversible inactivation with respect to the hetero-
catafytic function of the element in question, and because,
on the other hand, apparent absence of co-variant repro-
duction may be the tesult of the incompatibility of the
\ariation of an element with the survival of the cell carry-

ing this efement in the modified form. But even assuming
that some indispensable el of autoreproducing
systems 33&; the capacity of mutation and co-variant
fedupheation, there is no justification for brushing them
aside as merely ‘primers’ of autecatalytic systems, that is,
s elements which have nothing to do with hereditary
deterounants sens stricto (cf. Mullert). The conclusion
that we afe dealing 1n such a case with rather trivial auto~
catalysis 1s preciuded by the very fact of the irreparable
character of their loss. The nuclear genes themselves
may very well comprise, in addition to the comstic
tuents capable of reproducible variation, indispensable
clements of this second sort, and the evolutionary role of
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the genes may therefore be dependent upon the integrity
of these elements.

The value of autonomous cytoplasmic elements for the
evolutionary process is an independent problem. Therc is
no doubt that the property of co-variant reduplication
confers on its carriers a special biological role. Such is the
case of nuclear genes. The question of whether auto-
nomous cytoplasmic components are also endowed with
this property and, consequently, are also capable of
‘following an unlimited evolutionary course™ will be
answered by the establishment of the site of synthesis of
cytoplasmic proteins and of the cytoplasmic or nucleat
origin of their specificity.
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the genes may therefore be dependent upon the integrity
of these elements.

The value of autonomous cytoplasmic clements for the
evolutionary process is an independent problem. There is
no doubt that the property of co-variant reduplication
confers on its carriers a special blOlOglC’ll role. Such is the
case of nuclear gencs. The question of whether auto-
nomous cytoplasmic components arc also endowed with
this property and, consequently, are also capable of
‘following an unlimited evolutionary course't will be
answered by the establishment of the site of synthesis of
cytoplasmic proteins and of the cytoplasmic or nuclear
origin of their specificity.
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