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EDITORS’ PREFACE

Members of the Symposium will no doubt notice that the account of the
discussions of papers in this volume is uneven.

Many questions and criticisms went unrecorded on the forms supplied,
or,did not reach the Editors. Further, some of those which came in had
been polished and made more cogent. The effect of this was that the
replies already on hand were either irrelevant or ineffective.

Under these circumstances it was clear that the Editors were unable
to provide a factual report of the proceedings, and they decided to base
an account on ideal conditions in which the questions and answers could
be well considered. In this way, they thought, the scientific, rather than
the personal aspects of the discussion, might be registered more satis-
factorily. ,As the ideal questions or criticisms were received, they were
forwarded to the author of the paper discussed. He thus had the advan-
tage of the last word. This procedure also allowed acceptance of ques-
tions which, so far as the Editors could remember, had never been asked
atall.

It was found possible to collect and circulate all these documents and
to recover corrected proofs of the main papers and all replies to discus-
sions within four weeks of the termination of the Symposium.

In a subject in which movement in discovery is so rapid, four weeks is,
of course, a long time and this led tosuchalterations in proof as normally
could not be allowed. It also permitted at Icast one author to carry out
further experimental work to clarify a matter which the Symposium had
left obscure. The Editors decided that even in this case a postdated ‘stop
press’ note came within the intentions of the Symposium.

This volume thus contains the final versions of the main contributions
and, attached to ecach, the *discussion’ in an idealized form.

Sir William Dunn School of Pathology PAaur FILDES
University of Oxford W.E.VANHEYNINGEN
17 June 1952






THE ORGANIZATION OF THE SYMPOSIUM

The Committee of the Society for General Microbiology having selected
for a Symposium a controversial subject, it became necessary to organize
it in such a way as to ensure that an even balance was maintained
bstween opposing factions, and that their respective views should be
exchanged and conveyed to the prospective audience in advance of
the meeting so that the discussion should be conducted as effectively
as possible. About eight months before the event the Society invited a
representative group of virus experts to write a full account of their
views. These were set up in type, and about one thousand sets of galley
proofs were distributed to all members of the Society three weeks before
the opening of the Symposium. The meeting, which took place at
Oxford Wniversity on the 16th and 17th of April, 1952, was attended
by some 400 persons. The galley proofs were taken as read and, after
brief introductions by the authors, the papers were thrown open to
discussion by invited speakers and the audience generally. Each speaker
was provided with a printed form on which his remarks, whether
questions or answers, were to be recorded and handed in for publication.

The organization of the Symposium on these lines entailed consider-
able expenditure. A large proportion of the cost of printing the galley
proofs was met by a contribution of £250 from the Nuffield Foundation.
Further printing costs and travelling expenses of visitors invited from
abroad were met by subscriptions amounting to £710 10s. 0d. from the
following organizations: Allen & Hanbury’s Ltd, Boots Pure Drug
Co. Ltd, The Distillers Co. (Biochemicals) Ltd, Evans Medical Supplies
Ltd, Glaxo Laboratories Ltd, May & Baker Ltd, Pest Control Ltd, The
Wellcome Foundation. The Society is glad to record here its gratitude
for this generous support, without which it would not have been possible

to run a successful Symposium.
W. E. vAN HEYNINGEN






PROBLEMS OF PROTEIN SYNTHESIS

H. CHANTRENNE
University of Brussels, Laboratory of Animal Morphology
A FEW FUNDAMENTAL DATA

Two proteins having the same physiological function in two different
species of animals are often different enough to be easily distinguished
by chemical analysis, solubility measurements or other relatively crude
physical or chemical tests. Closely related strains of the same micro-
organisms can be identified by small differences in their metabolism, i.e.
in their enzymatic equipment, and the study of biochemical mutants in
micro-organisms (Beadle, 1945; Bonner, 1946) or in higher organisms
(Perutz et al., 1951) has shown, in many instances, that mutations corre-
spond to the loss or to the modification of one type of protein. The
formation of a given protein in a cell thus depends on the genetic charac-
teristics of that cell.

On the other hand, the discovery of the acquisition of new enzymes by
micro-organisms grown in a new medium and the very careful analysis
of this phenomenon, has shown that the actual formation of an adaptive
enzyme depends on both genetic characteristics and external conditions
(Spiegelman, 1946, 1949; Monod, 1948, 1950; Ephrussi & Hottinguer,
1950). A given adaptive enzyme can form only in cells possessing a
suitable genotype, and its actual formation requires the presence of the
corresponding substrate. Another example of the action of external
factors on the production of specific proteins is the formation of anti-
bodies specific for the antigens which caused their production.

The proteins in a non-growing cell have been considered for a long
time to be stable and inert; but the pioneer work of Schoenheimer (1942)
on the incorporation of labelled amino acids into the proteins has com-
pletely changed that picture, by showing clearly that the substance of the
proteins in the living cell is in a dynamic state, being continuously re-
placed by that of small molecules of the environment. Innumerable
works have confirmed this for many various types of cells. This is thus a
fundamental fact that must be kept in mind in any consideration of the
mechanism of protein synthesis.

The study of viruses has established two basic facts, among many
others. First, that the introduction of the virus into a receptive cell
causes this to produce a group of proteins that the non-infected cell

NVM I



2 H. CHANTRENNE

would never have produced, as if the presence of a virus particle had
caused the cell mechanisms to reduplicate that particle manyfold. Second,
virus studies have shown that these ‘self-duplicating’ particles contain a
large amount of nucleic acid, be it ribosenucleic or desoxyribosenucleic.
Other known self-duplicating particles have also been shown to contain
nucleic acids. Thus chromosomes contain both types, chloroplasts con-
tain RNA, and there are reasons to think that the self-duplicating parti-
cles responsible for enzyme production also contain ribosenucleic acid
(Spiegelman, 1949).

RNA is most probably involved not only in the self-duplicating pro-
cesses, but also in protein synthesis in general. The histological and
chemical studies on the distribution of RNA in different tissues by Bra-
chet (1941, 1947) and the microspectrophotometric researches of Caspers-
son et al. (1941) have led to the recognition of a constant coincidence in
space and time of a high content of RNA and rapid protein formation.
At the time when, and in the place where, proteins are being rapidly
formed, the amount of RNA present is relatively high. This relation is
particularly striking when the same tissue is considered under two differ-
ent physiological conditions (Jeener, 1951). For instance when protein
formation or growth is taking place the RNA content is high, but when
the same cells are not producing proteins, there is less RNA. The number
of facts all pointing in the same direction is very impressive, and the
great number of experiments reported since that relation was first dis-
covered have largely confirmed the existence of a correlation between
RNA and protein synthesis (Brachet, 1950). Moreover, there is evidence
that ribosenucleic acid accumulation occurs before protein synthesis
(Thorell, 1947; Brachet, 1950; Davidson et al., 1949).

The transformation of one type of bacterium into another by purified
DNA (Avery et al., 1944; Boivin et al., 1945; Hotchkiss, 1948) also sug-
gests an effect of DNA on the structure of proteins synthesized, since we
are accustomed to consider a change in metabolism or constitution as
the reflection of a difference in enzyme equipment. The formation of
galactozymase in adapted yeasts can be inhibited by ultraviolet irradia-
tion, and it is very impressive that the action spectrum for this pheno-
menon closely resembles a nucleic acid absorption spectrum (Swensson,
1950). It has also been shown, that the turnover of RNA phosphorus in
yeast is several times higher when the cell is producing proteins, and that
several factors inhibiting protein formation also inhibit the replacement
of the RNA phosphorus (Spiegelman & Kamen, 1947). Quite recently,
Hultin (1950) working on the liver of chick embryo, Keller (1951) and
Lee et al. (1951) on rat liver, and Szafarz (1951) on a flagellate, have
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ybserved that the rate of incorporation of amino acids into proteins is very
lifferent for various particulate fractions that can be isolated by centri-
ugation of the homogenized tissues. The highest speed of amino acid
ncorporation was found in the proteins of the ‘microsomes’ and especi-
lly in the smallest of those particles which are known to have the high-
'st RNA content of all the cell particles. The larger particles containing
he respiratory enzymes and the centres of high energy phosphate bond
sroduction were much less active in this respect. This is true also for the
ncorporation in homogenates (Borsook, 1950; Siekevitz & Zamecnik,
.951). These results extend to the cell particles the previously recognized
soincidence of high nucleic acid content and protein synthesis, and may
>e taken as good evidence that the microsomes are a site of protein
ormation (Brachet, 1947).

Recent comparative studies on the activity of the cytoplasm in the
resence Or absence of the nucleus, have confirmed the conclusion that
yrotein synthesis is essentially a cytoplasmic function. Acetabularia
nediterranea is a large mono-cellular alga that can be cut into two
1alves one of which contains the nucleus, while the other is free. Both
1alves will survive for several weeks. It has been observed (Brachet &
“hantrenne, 1951) that the rate of incorporation of #CO, into the pro-
eins of nucleated and unnucleated halves of the algae remains the same
or two weeks after division. After thirty-eight days, the rate of incor-
oration into the proteins of the unnucleated halves still amounted to
709, of that in the nucleated halves. This indicates that the complete
iystem for amino acid incorporation into proteins is cytoplasmic, and
‘hat the action of the nucleus on this process is indirect and remote.

The same conclusion has been reached in an interesting study (Jeener
% Jeener, 1952) on the behaviour of a thermobacterium grown in the
ibsence of either uracil, which limits RNA synthesis, or of desoxyribo-
wicleosides, which limit DNA formation. Growth appears to be related
firectly to the formation of RNA, but much more remotedly to the for-
nation of the DNA of the nucleoids. N

The fascinating work on enzymatic adaptation, and on mutations
:aused by acriflavine in yeast (Ephrussi) indicates that adaptive enzymes
ind even such a fundamental enzyme as cytochrome oxidase, are indeed
ormed in the cytoplasm, where they are produced by self-duplicating
»articles. In turn the duplication of these particles is controlled by gene-
ic factors segregating in accordance with Mendelian laws. (Chen et al.,
950; Spiegelman, 1946; Monod, 1948).

Direct biochemical studies on protein formation have been difficult
io far. Net protein synthesis in vitro has been obtained in a few cases.

1-2



4 H. CHANTRENNE

Peters & Anfinsen (1950) have obtained serum albumin formation by
slices of chicken liver. They found that the respiration of the slice, and
the integrity of its mechanisms for producing high energy phosphate
substances were necessary for albumin synthesis. Hokin (1951a) ob-
served the in vitro formation of amylase by pancreas slices; in this
tissue also respiration producing high energy phosphate bonds was re-
quired. Again Hokin (19515) made the very important observation that
the addition of the essential amino acids to the incubation medium en-
hances the amylase production. Methionine however has no effect. This
is an interesting fact indeed, since amylase does not contain any methio-
nine. Thus, the net formation of a protein responds very rapidly to the
presence of its constituent amino acids.

Tracer work on the incorporation of the amino acids into the proteins
of slices or of homogenates of various animal tissues (review by Borsook,
1950) also emphasizes the necessity of high energy phosphate bonds for
the incorporation of the amino acids, with the possible exception of
lysine. When several amino acids are incorporated simultaneously by a
given system, there seems to be no mutual interference, and the amino
acids are incorporated independently (Borsook et al., 1950). This last
result is apparently at variance with the requirement for all the amino
acids in a net synthesis as observed by Hokin (19515) and especially
apparent from feeding experiments in which it has been conclusively
shown that the essential amino acids are not able to sustain growth or
even nitrogen balance in an animal when they are fed at intervals of, e.g.
two hours, whereas they are effective when fed simultaneously (Geiger,
1950).

This brief review of some major experimental facts shows that in spite
of a fairly large accumulation of data, we are still far from understanding
the mechanism of protein production. In the rest of this paper, we are
going to examine a few of the main questions that are still to be solved,
and discuss the present state and perspectives of different aspects of the
problem of the mechanism of protein biosynthesis.

PEPTIDE BOND FORMATION

There is very little information about possible intermediate polypeptides
or lower peptides between the free amino acids and the proteins, and so
far it has not been possible to study separately the formation of a part
of a protein. Most of the information now available on the condensa-
tion of amino acids is derived by analogy with somewhat comparable
and simpler systems in which peptidic linkages are formed.

For instance, the formation of the CONH bond in acetylamines, hip-
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puric acid, glutamine and glutathione have been extensively studied.
There is one common feature of all these reactions, the synthesis de-
pends on high energy phosphate compounds. The case of acetylamines
has been elucidated by the investigations of Lipmann and his co-
workers. In pigeon liver, acetylsulfonamide is formed in the following
way: adenosinetriphosphate (ATP) and acetate react enzymatically with
cqenzyme A, with the formation of acetyl coenzyme A, phosphate and
ADP. The acetyl coenzyme A then reacts with the amine in the presence
of another enzyme; this results in the formation of the acetylamine,
with regeneration of coenzyme A. The mechanism of this peptide bond
formation thus essentially consists in the activation of the carboxyl
group at the expense of high energy phosphate, followed by the transfer
of the acetyl radical via coenzyme A to the amino group, which does not
undergo, as it seems, any preliminary transformation, except its fixation
on the enzyme.

Hippuric acid formation from benzoate and glycine is probably depen-
dent on a very similar process, since coenzyme A is again involved
(Braunstein, 1950; Chantrenne, 1950). On the other hand, coenzyme
A is not required for glutamine synthesis (Speck, 1949) and it is inhibi-
tory for the incorporation of labelled glycine into glutathione (Bloch,
1951). In glutamine synthesis, it is clear that the y-carboxyl group of
glutamic acid is activated at the expense of ATP, and it has been sug-
gested that the intermediate might be y-glutamylphosphate, but this is
not established. Recently Bloch (1951) found an unknown coenzyme to
be involved in amino acids incorporation into glutathione, and develop-
ments in this field will be watched with great interest, for the cysteine—
glycine bond in glutathione is the only true «-peptide linkage between
two amino acids, the formation of which has been studied so far. It
might provide the best model of peptide bond formation.

The cases of peptide bond formation we have just described can be
considered, at best, as models of a mechanism of peptide synthesis, but
there is no evidence that similar processes play a part in protein forma-
tion. However, the experimental fact that protein synthesis depends on
phosphorylation suggests at least a possible analogy with the simpler
cases of peptide linkage formation, and allows one to take as a working
hypothesis that high energy phosphate compounds serve to activate the
carboxyl groups of amino acids prior to condensation (Lipmann, 1941).

This is not the only possibility though, and it is quite conceivable
that the individual amino acids are not activated directly at the expense
of high energy phosphate. It is possible that a few types of peptide
bonds only, e.g. those of glutathione or glutamine, are made at the ex-
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pense of phosphorylation mechanisms and then ‘transferred’ to other
peptides by transpeptidation (Linderstrom-Lang, 1949; Fruton, 1950,
1951; Virtanen, 1950).

Enzymes catalysing transpeptidation reactions have been found in
various tissues, but little information has been obtained so far concern-
ing their significance for polypeptide and protein formation. It is our
opinion that two types of transpeptidation reactions may be distin-
guished among the data of the literature: transpeptidations catalyzed by
proteolytic enzymes and transpeptidations catalyzed by enzymes that
might be called ‘non-hydrolyzing transpeptidases’. 1t is clearly estab-
lished that pure proteolytic enzymes like chymotrypsin or papain catalyze
the direct replacement of one of the members of a peptide by another
molecule (Behrens & Bergmann, 1939; Johnston et al., 1950b; Fruton,
1951) but at the same time the same enzymes catalyze the hydrolysis of all
the peptides present, including the newly-formed peptides. There is a
competition between water and the amine for the carboxyl group at the
level of the enzyme, and this competition is bound to be decided in
favour of water, since the hydrolysis equilibrium for all the peptides is
far to the side of complete hydrolysis. It seems to us that such trans-
peptidations have little chance of playing an important part in poly-
peptide synthesis in the living cell unless, for some reason, water could
not enter the competition, i.e. unless the functional enzymes in vivo were
not hydrolyzing. The same remarks apply to the transfer of the carboxyl
group of an ester onto the amino group of an amino acid, that has been
shown to be catalyzed by proteolytic enzymes (Brenner et al., 1950, 1951).

The other type of transpeptidation is exemplified by the glutamyl-
transferase of Stumpf & Loomis (1950) and possibly also of Hanes et al.
(1950) and Grossowicz et al. (1950). An enzyme isolated from fruit
seeds catalyzes the replacement of the y-NH, group of glutamine by
-NHOH when the enzyme is incubated with glutamine, hydroxylamine,
Mn ions and a catalytic amount of ATP. The process is very different
from the other type of transpeptidations. In the present case there is no
hydrolytic cleavage of glutamine or of the hydroxamic acid formed and
the initial y-glutamyl group is transferred, without loss, in a stoichio-
metric reaction (Stumpf, 1950). This type of reaction might of course
operate with a high yield and should be considered as a model of reac-
tions that might be involved in polypeptide formation. The transglu-
tamylations observed by Hanes and co-workers (1950) between gluta-
thione and various amino acids might be of a similar type. It seems
probable that the enzyme splitting the y-glutamyl bond of glutathione is
not a hydrolytic enzyme but a transglutamylase that will transfer the
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glutamyl group from the NH, group of cysteinylglycine to that of various
amino acids. A point that may be very important, and that as far as we
know has not been stressed, is that a second enzyme associated with the
first (Olson & Binkley, 1950), and present in Hanes’s system, hydrolyzes
cysteinylglycine very rapidly, although it will not touch glutathione. The
result of this is that glutathione completely disappears, one of its peptide
bonds being transferred to a new peptide (e.g. y-glutamylvaline) and the
other hydrolyzed. If we consider the equilibrium of the two reactions we
can see that the splitting of cysteinylglycine shifts the equilibrium of the
first reaction towards the right, and that the two reactions are coupled.

y-glutamylcysteinylglycine--valine = y-glutamylvaline - cysteinylglycine
cysteinylglycine+H,0—- cysteine-+glycine

Glutathione in such a system might function as a very efficient y-gluta-
mylating agent. The net yield in new peptide bond formed is only 509,
if the first enzyme is not hydrolytic, but the new glutamylpeptide is stable,
for the equilibrium of the total reaction is just as much in favour of the
formation of the new glutamylpeptide as it is in favour of the free amino
acids when a peptide is exposed to proteolytic enzymes. This seems to be
an example of coupling of hydrolysis to synthesis of peptide bond that
is reminiscent of a mechanism suggested by Bergmann & Fruton (1944).

Before closing this section, let us remember that carboxyl activation
of amino acids and transpeptidations are not more, at present, than
suggested models of peptide formation and that the actual mechanism
involved in protein formation is not known.

ARRANGEMENT OF AMINO ACIDS INTO
POLYPEPTIDE CHAINS

The formation of a given polypeptide chain raises a second question,
namely the mechanism of the selection of the amino acids from which
the peptide bonds will be formed. At present we have no reason ic be-
lieve that there exists any regularity of arrangement of the individual
amino acids in the chains. With the refinements of analytical methods
the idea of a periodicity of the amino acids had to be given up, and when
examining the arrangement of the amino acids in a chain of insulin, as
revealed by the outstanding work of Sanger (1951), one cannot indeed
find any regularity or periodicity; the amino acids are arranged appar-
ently in the most arbitrary order. However we are bound to consider
that they are arranged in a definite order and not distributed at random
in the chains, otherwise a research like Sanger’s would have led to no
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consistent result, and the constant biological and physico-chemical pro-
perties of insulin would be impossible to account for.

If the amino acids are not distributed at random in the protein mole-
cule, then there must be some mechanism in the cell which causes a
certain arrangement to be repeatedly and consistently produced. For
each protein a unique arrangement is formed among the very great
number of isomers or homologues one can think of. We know nothing
about the actual mechanism involved, but several suggestions have been
proposed; let us examine some of them and see to what extent they are
supported by facts.

It is possible that amino acids are first activated at the expense of ATP
and then united in polypeptides under the action of a series of enzymes
that have not yet been discovered. This is evidently hypothetical and is
based only on the necessity of phosphorylation for protein synthesis.

Following the discovery of the specificity of proteolytic enzymes for
some arrangements of amino acids, and their ability to catalyse trans-
peptidation, it was suggested that a given assortment of proteolytic en-
zymes might organize the peptide chains by a series of transpeptidations
(Behrens & Bergmann, 1939). Simple rearrangements of this type have
actually been observed (Fruton, 1950; Waley & Watson, 1951). How-
ever they suffer from the unfavourable competition with water. This
makes it rather doubtful that such systems might operate efficiently for
protein synthesis, unless the properties of the enzymes involved in vivo
be somewhat different.

We would like to suggest a related but different possibility for the
selection of arrangements by the proteolytic enzymes. If peptides were
built by transpeptidation of the Stumpf type, and if after each transpepti-
dation specific proteolytic enzymes would Aydrolyse a bond of one of
the peptides just formed, the specific attack on, and the splitting of the
‘forbidden arrangement’, would stabilize the other arrangement by mak-
ing the transpeptidation complete. This system of selection is merely a
generalization of the system observed in the transpeptidations with
glutathione, in which the ‘forbidden arrangement’ is cysteinylglycine.

In any of the mechanisms just considered, many enzymes would be
involved in the building up of a polypeptide chain. It should be realized,
however, that the production of a protein with a definite arrangement
of amino acids raises a question that does not appear in the formation
of the other constituents of living systems. The specificity of any bio-
chemical process is always explained, correctly we think, by the speci-
ficity of the enzyme or of the many enzymes involved in a chain of
successive reactions. But when the formation of a protein is considered
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the question as to the number of enzymes involved in the determination
of the specificity of that protein becomes acute; for the problem cannot
be solved this time by simply referring to the specificity of the enzymes
involved. This would amount to displacing the problem, for these en-
zymes are also specific proteins and they are also made by the same cell.
It is not known at present whether many proteins, in a given cell, are
formed from a relatively small number of larger building blocks com-
bined in various ways, or whether the arrangements of the amino acids
in the different proteins produced have no relation to one another. But
even if a deeper knowledge of the composition and of the comparative
anatomy of the protein molecules should reveal that certain sequences
of amino acids are common to many proteins, it would remain that for
each protein there must exist at least one agent orienting the synthesis
towards the production of the particular protein considered, beside the
several enzymes doing the common work of polypeptide building. We
would again be faced with the difficult situation that we explain the for-
mation of a protein by that of more proteins. This difficulty would be
less if the orientation of protein synthesis was determined by a protein
identical with the protein synthesized, or by a protein or non-protein
substance having a complementary structure to that of the protein
synthesized.

Thus we are led to consider another possibility of determination of
the specificity, namely the arrangement of the building blocks into the
right order under the action of models or templates. The idea of a tem-
plate mechanism has been the subject of many speculations and it fits
rather well with experimental facts that are difficult to explain otherwise,
e.g. the fundamental observation of virus reproduction, that the intro-
duction into a cell of the foreign nucleoproteins of the virus completely
changes the orientation of the synthesizing mechanisms of the cell, and
causes it to produce nucleoproteins identical to those of the sample
introduced. Thus, the virus has brought into the cell all that is necessary
for orienting the synthesis towards the building of precisely its own com-
ponents, i.e. it has brought into the cell models to be copied.

The formation of antibodies specific for the antigen injected is another
striking experimental fact that can be interpreted easily in terms of a
template process (Breinl & Haurowitz, 1930; Pauling, 1940). The same
is true for adaptive enzymes formation, and for the genetic control of
protein formation.

If templates are a reality they must be found in the chromosomes, in
the genetic units of the phages, in the viruses, in all the particles endowed
with genetic continuity and probably in microsomes. Our present know-
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ledge of some of these particles makes it probable that the templates, if
there are such things, are proteins, nucleoproteins, or nucleic acids.
Some good discussions on possible template mechanisms may be found
in the recent literature (Haurowitz, 1949, 1950) and it is not our inten-
tion to discuss them here. However we would like to mention only one
debated point, namely the idea that the replica of a template would be
necessarily the image of the template, so that the process should involve
the formation of two series of structures, one being the negative print of
the other. This does not necessarily follow; for instance the structure of
unfolded proteins as suggested recently by Pauling & Corey (1951) and
named the ‘pleated sheet’, would give a contact copy identical to itself.

THE FOLDING OF THE POLYPEPTIDE CHAINS

The physical properties of the proteins, the X-ray diffraction data, and
the changes of properties accompanying the hydrolysis or the, denatura-
tion of proteins have indicated that polypeptide chains are folded in a
certain structure held together by hydrogen bonds and possibly some
salt-like linkages. The particular folding of the chains is very important
for the properties of the proteins, since enzymes lose their catalytic pro-
perties when their structure is modified (denatured). Most interesting is
the case of ‘reversible denaturation’ in which it has been shown that e.g.
trypsin can be inactivated by heat but that it will spontaneously return
to its ‘native’ state if the temperature is lowered. In this case at least,
the peptide chain can probably recover its normal folding after this has
been disturbed to a certain extent by external agents. However, this is
not the case for all the proteins, and many will not return to their native
state. After denaturation by heat the chains will be bound to one an-
other in different ways, and the whole substance may flocculate.

In a hypothetical solution of unfolded free polypeptide chains there
is very little chance that all the individual chains would spontaneously
fold in the same way into discrete and identical structures. But it is
quite an assumption to imagine that polypeptide chains are first made,
and then folded. If they ‘grow’ by binding amino acids at one or both
ends the folding may start from the very beginning of the process, and
each step of the folding may be a necessary consequence of the pre-
ceding step of synthesis. If polypeptide chains are formed on a tem-
plate this has certainly an effect on the folding of the chain.

We know entirely too little about this process at present to know even
whether the folding raises a problem similar to that of the arrangement
of the amino acids, or whether it is a mere consequence of this arrange-
ment.
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THE ROLE OF NUCLEIC ACIDS

Although the idea that nucleic acids play a part in protein synthesis is
supported by many observations and data we are still very ignorant
about the mechanism of its action.

There is little doubt that nucleic acids are necessary components of
self-duplicating particles showing genetic continuity, i.e. the reproduc-
tion of a certain organization at the molecular and particle level. Some
years ago, nucleic acids were considered as rather simple structures offer-
ing very few possibilities of diversity. But recent developments of
methods of purification and analysis have resulted in the recognition of
the fact that nucleic acids are much more complex, and it seems not un-
reasonable to consider that there might be as great a variety of nucleic
acids as of proteins. The great specificity, that has been considered a
unique feature of the proteins only, is probably shared by nucleic acids.
The nucleic acid nature of the transforming agents of pneumococcus
and other bacteria is probably the most convincing evidence of nucleic
acid specificity. As a result the status of the two main constituents of
particles with genetic continuity appears now much more balanced than
before. The respective parts played by nucleic acids and proteins in the
reproduction of such particles is not well understood, but it seems that
the study of virus reproduction has gone far towards the elucidation of
this problem. This will certainly be discussed by specialists in this sym-
posium.

Aside from the self-duplicating particles, what is the role of ribose-
nucleic acid in the production of proteins? There are indications that
proteins, enzymes at least, are produced by self-duplicating particles
(Spiegelman et al., 1950; Ephrussi & Hottinguer, 1950). On the other
hand, the microsomes seem to be the site of rapid incorporation of
amino acids into the proteins (Borsook, 1950; Keller, 1951; Siekevitz &
Zamecnik, 1951; Szafarz, 1951). Thus it may be that the relation between
concentration or localization of RNA and active protein synthesis is due
to the abundance of protein-synthesizing units, which contain RNA, and
that the duplication of these particles preceding a burst of protein syn-
thesis is responsible for the increase in RNA (Brachet, 1944, 1947, 1949).

Several papers on the comparison of the rate of glycine incorporation
into proteins and into the purines of RNA have been published recently.
Hammarsten’s group (1951) found a constant relation between the in-
corporation of glycine into proteins and RNA in growing tissues, and
very little incorporation both into RNA and into the proteins of resting
yeast cells. Also, glycine is incorporated into RNA earlier than into
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proteins, which would indicate that RNA synthesis occurs before protein
synthesis, if it is assumed that the rate of incorporation reflects the speed
of synthesis. On the other hand Abrams (19515) found that it is possible
to inhibit the incorporation of phosphate into RNA by X-ray irradiation,
without greatly affecting protein synthesis.

It is our opinion that it is very difficult to draw conclusions at present
from these experimental data, for three main reasons. First it is known
that different proteins have different turnover rates in the same organ
(Sprinson & Rittenberg, 1949) and this is true also for ribosenucleic acid
(Jeener, 1949, 1950; Barnum, 1950). Second, in view of the problems
considered here, it would be very important to distinguish between the
proteins that are components of the self-duplicating particles and the
other proteins of the cell. Third, the meaning of the rate of incorporation
of a labelled building block into a larger molecule is not clear. For in-
stance the fact that in non-growing tissues phosphate incorporation into
DNA is very slow (Brues, 1949; Hammarsten, 1951; Jeener, 1949) where-
as the incorporation of glycine into DNA is much faster (Le Page &
Heidelberger, 1951), makes it clear that it is very dangerous to consider
the rate of incorporation of a small group into a large molecule as a
measure of the speed of synthesis of this large molecule (see also Abrams,
1951a). These discrepancies might be due to our ignorance of the real
precursor in the different cases, but it may also be due to the existence
of reversible enzyme catalyzed reactions bringing about exchanges of
groups even when net synthesis does not occur.

If we wish to consider the role of RNA or DNA at the level of chemi-
cal reactions we are left with nothing but hypothesis. Nucleic acids,
being an essential part of self-duplicating particles, have been considered
as a fundamental piece of the copying mechanism. It has been sug-
gested, for instance, that nucleic acid is a replica of the protein molecule
in the sense of a complementary distribution of electric charges (Fried-
rich-Freksa, 1940; Rondoni, 1940), or that it is the backbone holding the
template protein in the unfolded form (Haurowitz, 1949, 1950). Spiegel-
man (1949) has proposed also that it is an organized structure able to
deliver the energy for peptide bond synthesis at the proper place, e.g. a
bearer of anchored phosphoric acid groups on which the carboxyl
groups of amino acids are being activated by acylphosphate formation
(Chantrenne, 1950). This is all very speculative and the experimental
facts are too scarce at present to allow either a choice to be made or any
possibility to be discarded.
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THE MEANING OF THE DYNAMIC STATE
OF THE PROTEINS

It is generally assumed that the incorporation of labelled amino acids
into the proteins of non-growing tissues is evidence that in the cells two
separate and competitive processes are working simultaneously. One
process is the condensation of amino acids into proteins, and the other
their degradation by proteolytic systems. The question as to whether
net synthesis, maintenance or net degradation takes place is supposed
to be a matter of who wins the race (Rittenberg & Shemin, 1946). This
might indeed be true. It should be realized, however, that this scheme
is not the only possible interpretation of the experimental fact. The ex-
periments just show that individual molecules of amino acids that were
free in the medium at time o are found as constituents of proteins at
time 7. But this does not decide whether the amino acid molecules con-
sidered (labelled) are contained in thoroughly new protein molecules as
is generally assumed, or whether they have just replaced identical amino
acids that were part of the protein molecule present at time o.
Generally speaking, incorporation of a labelled group into a substance
can be the result of a net synthesis, or of the enzyme catalyzed exchange
of the non-labelled group for the corresponding labelled group. For
instance, when pyruvate is incubated with certain Coli extracts in the
presence of formate and coenzyme A, very little if any change in concen-
trations occurs. However, if “C labelled formate is used, it can be ob-
served that the carboxyl group of pyruvate very rapidly incorporates the
formate carbon and that an equal distribution of isotopes is reached
within a short time (Chantrenne & Lipmann, 1950). Adopting the same
vocabulary as in the case of protein, we would say that pyruvate is in a
dynamic state in the presence of the Coli enzyme, which is a correct
statement of the fact. But it would be misleading to state that pyruvate is
continuously being built up and broken down by two competing mechan-
isms. In fact, there is only one reversible reaction, and the pyruvate
molecules in the environment of the enzyme from time to time are bound
by the enzyme and activated. That is, the pyruvate is fixed on the enzyme
in such a way that the—CO—COQOOH linkage is labilized. The CH,CO-
radical when bound to the enzyme can combine with any formyl group
that happens to be fixed on the enzyme at the same time. This process is
going on all the time and it would occur whatever the direction of the
net reaction, even if the total concentration of pyruvate was decreasing.
Such exchange reactions are well known, but in general they have not
been considered seriously for explaining amino acid incorporation into
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proteins (see however Borsook, 1950). This may be the result of the diffi-
culty in visualizing how amino acids, buried within a long polypeptide
chain, would exchange with free amino acids. But this is not a sufficient
reason to disregard the possibility of exchange. Some experimental facts
are indeed difficult to account for if incorporation is considered as re-
flecting the continuous one way flow of substance through the proteins.
The fact that in the absence of metabolizable substrate or in the presence
of inhibitors of its synthesis, galactozymase does not disappear from
adapted yeasts, is difficult to explain in terms of two different and com-
petitive processes. It is indeed surprising that the hydrolysis is precisely
inhibited by the same agents which inhibit synthesis (Spiegelman &
Nozawa, 1945). It has been shown recently (Simpson, 1951) that the
release of labelled amino acids from liver protein is inhibited by dinitro-
phenol which also inhibits the incorporation. This is easy to understand
if the same reaction is responsible for both incorporation and release,
but rather surprising if two competitive reactions are involved. Again
the independent incorporation of amino acids (Borsook, 1950) is diffi-
cult to reconcile with the requirement for all the essential amino acids
at the same time (Geiger, 1950) for net synthesis, if incorporation means
net synthesis.

We are of opinion that the possibility of exchanges should not be over-
looked. Just as pyruvic acid or saccharides (Doudoroff, 1947) are known
to be labilized by enzymes in such a way that their constituent groups
can be rapidly exchanged, we might have to face the possibility that
proteins might be able to go on and off some active surface (‘template’)
on which they were built, and that when they are on the ‘template’
their constituent amino acids might be exchanged independently. This
amounts to extending to the case of ‘templates’ the properties that are
familiar for ordinary enzymes, or to considering the template as a poly-
valent enzyme on which all the peptide bonds of a polypeptide chain
are labilized. ,

Essentially this is nothing more than an alternative interpretation of
the dynamic state of the proteins, but it is quite different from the gener-
ally accepted view and it might prove to be of some heuristic value.

It is to be hoped that well-designed experiments will tell us what the
actual mechanism of the dynamic state of the proteins is, for the ap-
proach to growth control is directly connected to that knowledge. If the
protein turnover reflects a one-way chain of two series of reactions, one
for building, the other for splitting, the problem is to understand the
fine adjustment of the two mechanisms and to learn how to dissociate
and control them. If on the other hand the mechanism is of the type we
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have outlined above, the problem is one of control of template activity
and template duplication.

The centre of the problem of protein synthesis is, in our opinion, the
arrangement of the amino acids, and this problem is of such a nature
that we will have probably to reach new concepts of biochemical mechan-
isms in order to account for the observed facts. It seems to us that
time is ripe for focussing the attention onto the possibility of template
mechanisms, and for trying to discover how they work. Virus study has
done much in this respect, and biochemists interested in the problem of
protein biogenesis are eager to know more about virus reproduction,
for they feel that they have probably more to learn from virus research
than the virologists can expect to learn from biochemical research in
this field, for the time being.
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DISCUSSION

L. F. HEWITT: If by a ‘template’ is meant an exact model of the protein
molecule the concept does not appear to be very fruitful since it gives no
clue to the mechanism and does not explain why some proteins act as
‘templates’ and are replicated in the cell whilst others are not. On the
other hand if the ‘template’ is a die or mould forming a counterpart to
the proteia structure it seems possible that nucleic acids may form such
counterparts and function as directors of specific protein synthesis in the
cell. Astbury has pointed out, on the basis of X-ray measurements, that
the distance apart of the projecting nucleotides in the nucleic acid fibre
is about 3-4 A and this is approximately the distance between amino-
acid side-chains in an extended polypeptide chain. Hence, even if the
structure were helical, the distribution of the purine and pyrimidine
rings in the nucleic acid molecule may result in a specific arrangement of
amino acids in juxtaposition with the nucleic acid. The next stage
would be the formation of peptide bonds and the linking together of
the amino acids in the appropriate order leading to the synthesis of the
specific protein molecule. The nucleic acid-protein counterpart theory is
in accord with some of the modern work on bacteriophage multiplica-
tion dealt with later in the symposium. It also seems possible that the
polysaccharide or carbohydrate core present in many proteins may play
an important part in the building-up of the protein molecule. Prelimi-
nary experiments, however, in the case of serum proteins indicate that
the carbohydrate core, consisting probably of galactose, mannose and
acetyl-hexosamine may not be of sufficient complexity to control the
specific arrangement of amino acids in the protein molecule.

H. CHANTRENNE: A discussion on the advantages of a mould-cast
system as compared to a model copying system is to be found in
Dr Lwoff’s paper in this symposium.

The idea that nucleic acid is part of the template or is the template
itself is acquiring much weight indeed; and some recent data reported at
this meeting on the respective behaviour of the phage constituents sug-
gests that desoxyribosenucleic acid is probably the important moiety.
In this realm of speculation, I would also be inclined to believe that
nucleic acid acts as the organizer of the protein, although one has to
recognize that no one visualizes very clearly how a nucleic acid can con-
trol the formation of a protein pattern.

2-2
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Now, the general tendency is to consider a template as an exact model
or a perfect mould of the corresponding protein. I think this might be
too restrictive a view. It is quite conceivable that a template process be
involved in organizing part of the protein molecule only, and that once
the formation of a part of the protein—say an octopeptide—has been
rigidly controlled by a template process, the further development of the
molecule might be determined by the structure of the first part and
perhaps environmental factors together. For instance, in a helical poly-
peptide chain, once two turns have been built, the nature of the amino
acid which is bound next might depend on the nature of the last amino
acid in the part already formed, on that of the amino acids located
opposite in the previous turn of the helix, and possibly also on the pre-
sence of other molecules in the surroundings. Such a process of epi-
genesis of the proteins would include the essential idea of a template
mechanism, and allow for the interference of various agents with the
formation of a protein, as required by enzymatic adaptation or antibody
production. This less rigid mechanism would also account for a fact
that Dr Pirie has, on several occasions, insisted on, namely that what we
used to call a well-defined protein is a mixture of closely related mole-
cular species rather than a pure substance.

The above is intended to emphasize that many different types of
mechanisms can be imagined as variations on the theme of a template
process.

N. w. PIRIE: Could you amplify your suggestion that after transpeptidi-
zation forbidden arrangements may be hydrolysed selectively by specific
proteolytic enzymes. The idea is similar to the ‘scavenging’ process
that Bawden and 1 invoke but I do not know of any good evidence that
peptides do differ greatly in the readiness with which they are hydrolyzed.

H. CHANTRENNE: I have not worked with peptidases myself, but several
examples of peptidases showing a considerable degree of specificity have
been reported; see e.g. the review by E. Smith in Advances in Enzymology,
Vol. 12. T understand that a high specificity of proteinases and pepti-
dases is the original stimulus behind Bergmann and Fruton’s idea that
these enzymes play a part, as specific transpeptidases, in protein syn-
thesis. And I find it easier to visualize hydrolytic enzymes as scavengers
than as builders, for their efficiency as scavengers is bound to be much
higher.

D. J. BAUER: If proteins are synthesized on a template, does this mean
that the template is an enzyme ? The template is presumably a nucleo-
protein, and so far no enzyme activities have been attributed to com-
pounds of this type.

H. CHANTRENNE: This is to a large extent a matter of definition. We
don’t know of any simple biochemical reaction catalysed by a nucleo-
protein, and we also don’t know what the catalysts involved in protein
synthesis are like. I have used the term enzyme with the general mean-
ing of ‘biochemical catalyst’.



VIRUS MULTIPLICATION CONSIDERED
AS A FORM OF PROTEIN SYNTHESIS
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The title of the symposium suggests a generalization that may well be
unjustified. The only features uniting the virus group, by tacit definition,
are that they are smaller than visible organisms and that they have not
been cultivated in vitro. These two essentially negative features provide
no sure grounds for assuming any uniformity in their method of multi-
plication or other behaviour. Thereisno obvious reason why the tesolving
power of ordmary microscopes should have any biological significance,
and an apparent inability to multiply except in living hosts is not a
feature peculiar to sub-microscopic particles. Present knowledge on the
particle sizes of different viruses suggests that they cover a range extend-
ing from a little less than that of some bacteria to no more than some
proteins which lack virus-like attributes. Within this range there is much
opportunity for large differences in chemical constitution, in origins, and
in methods of multiplication. Facile generalization, therefore, is to be
deplored, and statements that viruses arc ‘small organisms’ should be
regarded with as much suspicion as statements that they are ‘simply
molecules’. Some viruses can be profitably studied by methods de-
veloped in other subjects, but all viruses are not amenable to the same
methodological approach.

THE ORIGINS OF VIRUSES

In this paper we shall regard an infection as invariably the result of some
form of transmission from a previous infection. There is little novelty,
however, in the apparently spontaneous appearance of infections, often
with viruses the worker is not consciously handling and sometimes with
ones not previously recorded. The production of bacteriophages in lyso-
genic bacteria by such treatments as radiation with ultraviolet light
(Lwoff, Siminovitch & Kjelgaard, 1950) may provide analogies when
seeking clues to the origins of some of these infections, which now re-
main unexplained but are generally dismissed as contaminations arising
by some unknown method of transmission from another infected host.
No doubt this interpretation is usually correct, for viruses probably con-
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one that helps to throw any light on the possible origins of viruses.
Transmission from one infected host to another is obviously a process
that cannot have continued indefinitely. An initial origin for a virus
must be postulated, and some discussion of the possibilities is relevant
to our subject, because viruses with different origins are likely also to
differ in their methods of reproduction.

Two alternative, but not mutually exclusive, theories have been pro-
posed for the evolution of viruses. The first is that they have arisen from
bacteria by a loss of structures and functions which became possible
when they adopted an intracellular habitat (Green, 1935; Laidlaw, 1938).
Needham (1938) and Lwoft (1943) have examined the principles govern-
ing the process whereby autotrophic bacteria can adopt an increasingly
parasitic habit and evolve by the successive loss of capacities, so that, for
growth, ithey need media of increasing complexity. The deficiencies de-
veloped in this way, though important, will usually affect the synthesis,
from even simpler and more widely distributed substances, of small
diffusible molecules, such as amino acids. At this stage, the physiology
of a bacterium imposes a limit, for an organism bounded by a semi-
permeable membrane must be able to synthesize such essential sub-
stances as cannot pass through the membrane. To extend this process
of degeneration to the stage of viruses, which seem to depend on their
environment for at least some of the enzymes required for their own
synthesis, it appears necessary to postulate the loss of a surrounding
semi-permeable membrane. Free from the restrictions imposed by a
membrane, a virus could accrete to itself, from the host cell, particles of
any size, and use host-cell enzymes to synthesize components that are
incorporated into it. Formally there is no sharp distinction between
this type of reproduction and the reproduction of yeast by budding, for
various kinds of particles move into developing buds and start processes
there. The bud, considered as a new organism, uses parental synthetic
systems to make materials of all degrees of complexity until it is suffi-
ciently equipped to function independently.

Although some viruses, particularly some of the larger ones, may have
evolved from more independent organisms in such a manner, the smaller
plant viruses, with which we shall be concerned in this paper, probably
have a different origin. It is the smaller viruses that pose the problem of
method of multiplication in its most acute form. At the upper limit of
size there is a kind of ‘no-man’s-land’, where virus particles and ‘filter-
passing’ forms of bacteria tend to merge, and some of these types, which
were first looked on as viruses, have been grown on artificial media. It
is logical, even though not necessarily true, to assume that some large
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viruses may multiply in ways not entirely dissimilar from the smallest
organisms. Itis less logical to expect the same processes with the smaller
viruses. For these, the theory that derives them by evolution from nor-
mal cell components seems more plausible; it stems directly from Muller’s
(1922) suggestion that viruses might be ‘free genes’, but there is no reason
to postulate one particular source, either nuclear or cytoplasmic, as more
likely than another. On this theory, a virus could arise endogenously,
because of some accidental change in a normal cell component that pre-
vents it from filling its normal role but not from stimulating the synthe-
sizing machinery of the cell; or it could arise exogenously, by the entry
of a normal component from a cell of one organism into a cell of
another.

SIMILARITIES BETWEEN PLANT VIRUSES
AND OTHER PROTEINS
1]

The plant viruses that have been studied in any detail have been isolated
in the form of nucleoprotein preparations, so that the normal nucleo-
proteins seem the likely place to seek virus origins. Any attempt to gen-
eralize, however, is hazardous, for less than 109 of the known viruses
have been studied chemically, and amenability to the methods of iso-
lation yet used may depend on a chemical uniformity in this group;
this uniformity need not extend to all the other 90%. In what follows
we shall use the word virus, unless qualified, exclusively for these small
viruses, which are the only ones with which we have worked.

Purified preparations of some of these viruses appear homogeneous
when subjected to the customary physico-chemical tests, but this is no
reason to assume that they are homogeneous in the sense that every
particle is identical with every other and is capable of initiating infection
in a susceptible cell. Indeed, there is good evidence with some that this
is not so. Nevertheless, the preparations consist of material that is not
present in the normal host and, even if the preparations do not consist
exclusively of virus particles in the ideal sense, they consist of material
whose synthesis is intimately bound up with the synthesis of infective
particles.

As these smaller viruses appear to be nucleoproteins, the problem of
their multiplication becomes part of the broader problem of nucleo-
protein synthesis and of protein synthesis in general. It could be argued
that its solution must await the solution of the broader problem, but
such an argument misreads the usual history of scientific development.
Information gained in the study of a specific problem is often essential
for the solution of the general one, and it may well be that the study of
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virus multiplication will shed more light on protein synthesis than vice
versa. At present there is little that can be said with certainty about
either process, but it is worth comparing virus multiplication with syn-
thesis of proteins in general to see whether there is any phenomenon
that is characteristic of this multiplication and is not found elsewhere.

Proteins play so many roles, ranging from the small-scale control
exercised by the protein hormones to the large-scale nutritional func-
tions of serum proteins, that it is probably as hazardous to generalize
about their mode of synthesis as about virus multiplication. Neverthe-
less, two main types of response to changes can be distinguished. First,
the level of some proteins, e.g. a plasma protein or an enzyme, is main-
tained approximately constant so that a fall in concentration appears to
stimulate synthesis. Secondly, synthesis may be started by the stimulus
of an unusual substance, e.g. an antigen or the substrate for an adaptive
enzyme (on the plausible assumption that at least some adaptiye enzymes
are proteins), so that a protein with complementary properties is formed.
The distinction between these two may be smaller than appears at first
sight. If a cell contains a mechanism capable of making a plasma pro-
tein, this may run at an approximately constant rate, provided the supply
of substrate is adequate, but there may be no corresponding increase in
the total amount of protein because it is continually destroyed at a rate
depending on the concentration reached. Such a process may appear
to be too inefficient to be probable, but this cannot be assumed until
something is known about the efficiency with which a cell synthesizes,
destroys and resynthesizes proteins. It is worth stressing that even
materials normally regarded as structural or reserve are now known to
se maintained by similar dynamic processes. A commonplace of mor-
chogenesis is that it is more difficult to find what stops synthesis when
-egeneration is complete, or full size attained, than it is to find what
started synthesis. Normally proteins meeting certain specifications are
sroduced by the operation of controls into whose nature we need not at
‘he moment enquire. To account for the second type of synthesis we
1ave only to assume that the type of stimulus which ultimately produces
ts complementacts by modifyingthe control so that the normal mechan-
sm now produces modified protein.

There is a vast literature of hypothesis and disputation, much of which
would have done credit to a medieval Aristotelian, about the way in
vhich an antigen can be held unrecognizably in the cell so that it can
iffect all subsequent synthesis. In the absence of any evidence that the
stimulus does so persist, it seems wisest not to make the unnecessary
issumption. Any mechanism that is capable of producing one type of
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protein could presumably be modified to produce a related type. The
synthesizing mechanism is likely to be as dynamic as the other parts
of the cell and, if a part of it undergoes a cycle of resynthesis while
contiguous to the stimulus, it is a plausible assumption that it will be
permanently modified. The production of antibodies, or of adaptive en-
zymes, differs most obviously from virus multiplication in that the one
produces some sort of complement to the stimulus whereas the other
produces something that approximates to being a copy. But a copy can
be the complement of a complement. For twenty-five years concepts
such as mould and template have been used in this connexion without
anyone giving them a satisfactory chemical meaning. Until this has
been done and there is at least the outline of a picture of the synthesis of
opposites, there is no reason to assume that the synthesis of copies differs
from it fundamentally.

It seems clear that virus multiplication either needs a smaller amount
of initial stimulus than antibody production, or else it occurs at a differ-
ent site; if this were not so, animal diseases caused by viruses that are
active antigens would presumably be unknown. Virus multiplication
also demands a greater host-specificity than antibody production. In
this respect the production of adaptive enzymes is a closer analogue, for
with these there is both host and agent specificity; that is to say, al-
though some bacteria form adaptive enzymes to some substrates, not all
bacteria do, nor to all substrates. At least one enzyme, that converting
creatine to creatinine, is formed under the stimulus of either the sub-
strate or the product of the reaction. This is a process that more formally
resembles infection, for a bacterium is stimulated by a substance to pro-
duce more of that substance. The fact that something is known about
the intermediate mechanisms should not obscure the fact that the se-
quences of events are similar. Another resemblance to infection, is that
only fleeting contact with the stimulus may be needed to promote enzyme
production. Thus Pollock (1950) has found that Bacillus cereus produces
no more penicillinase after prolonged than after brief exposure to peni-
cillin. Once the new cycle is started, as with infection, it can proceed
without a continual supply of new stimulus.

Adaptation seems often, if not always, to consist in the increase of an
enzyme normally present in small amounts rather than to the production
of a new enzyme (cf. Lederberg, 1950; Stanier, 1951). This distinction,
however, may be more apparent than real. No enzyme preparation is
quite specific, perhaps because each contains a group of related sub-
stances rather than single entities. If this is the reason, different members
of a group are likely to have different relative activities towards different
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substrates, and adaptation may be the stimulation of one member in-
stead of another. So also with antibody production, modified globulins
may be produced by the stimulus of an antigen, but it may be that globu-
lins already occurring in amounts at present undetectable are prefer-
entially increased. The fact that nothing resembling the purified pre-
parations of plant viruses have been isolated from uninfected plants
suggests, at first sight, that virus multiplication must be an essentially
different process that leads to cells containing entirely new products.
This conclusion, however, goes far beyond knowledge. Healthy plants
contain the mechanism for synthesizing a variety of nucleoproteins,
about which little is known. Certainly they do not contain in quantity
any free and soluble proteins that resemble tobacco mosaic or tomato
bushy stunt virus, but such proteins could be present at levels compara-
ble to those reached by some other viruses. Without a test as sensitive
as infectivity, however, they would be undetectable. There is, indeed,
no knowledge as to how closely a virus may resemble a normal host
protein, and infection could be the greatly exaggerated production of
what may be a variant of a normal protein. A slight modification may
free a protein from its customary trammels in a dynamic cycle, so that
it is protected from wear and can accumulate sufficiently to be detectable.

THEORIES OF PROTEIN SYNTHESIS

Whatever the protein being synthesized, there are two questions to con-
sider. How are peptide bonds made? How are they made in the correct
sequence? Emphasis is often laid on the endergonic character of the
process: amino acids—protein. This emphasis on energy gives the prob-
lem an attractive simplicity and generality, but what is gained in gener-
ality is lost in specificity. That is to say half the problem is discarded.
Furthermore, although there is much evidence that when the supply of
sources of energy to a tissue fails, protein synthesis fails, there is no
reason to think that it fails because energy is lacking at the site of syn-
thesis. Synthesis requires a steady supply of parts to be built into the
structure, whatever may be the mechanism of building, and in tissues
where poisoning or some other cause stops protein synthesis, a failure
in the supply of components may be more important than a failure in
the supply of energy. This preoccupation with energy leads to a misuse
of the concept of ‘high energy phosphates’ and to a disregard for the
fact that substances have specific properties in addition to the readiness
with which they undergo hydrolysis and to the amount of energy released
on hydrolysis.
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The most obvious mechanism of protein synthesis is reversal of en-
zymic hydrolysis and the implications of such a mechanism have been
examined by many people. If this process takes place directly, the equili-
brium is far over on the hydrolytic side and a source of energy is needed
to drive it. The amount of energy is indeterminate because in nature
the system is not in equilibrium. When synthesis goes on in solution, its
products may be removed by absorption on to surfaces or may be
sequestrated from back reactions by the formation of complexes; when
synthesis goes on at a surface, equilibrium calculations lose their mean-
ing if the products diffuse away. The net result is that improbable reac-
tions can be driven by exergonic reactions not chemically linked with
them and these may even be distant processes maintaining osmotic pres-
sure or streaming. Furthermore, even in a closed system the amount of
energy needed is not at present determinate for, as Linderstrem-Lang
(1949) has pointed out, the larger the molecule the more likely becomes
the addition of another link to it. We may say therefore that, although
there is no evidence that synthesis does proceed by a reversal of hydro-
lysis, many of the arguments that have been advanced to show that it
does not are irrelevant.

If protein synthesis starts from amino acids, then it is an improbable
process and requires an energy source somewhere to drive it. Some in-
genuity has been expended in devising energy sources linked to the syn-
thesis, but in recent years there has been a tendency to move the problem
one stage further back and to postulate a source of amino acid deriva-
tives of higher energy content and of such nature that their linking
together is an exergonic, and therefore more probable, process. Only
the linking together would, on this view, go on at the actual site of syn-
thesis. Among the suggested derivatives we may mention: peptides
(Linderstrem-Lang, 1949), amino-aldehydes (Delbruck, 1941), acetylated
amino-acids (Rittenberg & Shemin, 1946), phosphorylated amino acids
(Chantrenne, 1950; Lipmann, 1941). This is not the place to discuss the
relative probabilities of these substances being the actual pieces from
which proteins are built, but we may accept the picture that at the site
of synthesis the process may be exergonic, and, with some of the
mechanisms proposed, it could even be non-enzymic.

In considerations of the specificity of protein synthesis, and recently
of virus synthesis, the old idea of a precursor or ‘ogen’ has an amazing
vitality. It is established that trypsinogen, for example, is turned by
trypsin into trypsin, and the principle has been extended to the sug-
gestion that an inactive precursor is turned into virus by an incoming
virus inoculum. The evocative idea is clearly irrelevant to virus multi-
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plication; the characteristic feature of the observations with proteolytic
enzymes is that the specificity of the final product is controlled by the
‘ogen’ and not by the stimulus that turns it into enzyme. Thus pig pep-
sinogen is turned into pig pepsin by pepsin from the chicken (Northrop,
Kunitz & Herriott, 1948). With viruses the position is quite different
and the infecting agent is the influence that controls the end product.
Furthermore the idea explains nothing but an end stage. Suppose an
organism is endowed with a battery of ‘ogens’, each waiting to be con-
verted into a virus by each of the hundred or so viruses to which it may
be susceptible, now the synthesis of ‘ogens’ instead of the synthesis of
viruses has to be discussed. Recognizing this the same ‘ogen’ can be
suggested as a precursor for several viruses and as a normal intermediate
in the synthesis of some other protein or proteins. By the time this
emendation has been made, the idea has lost most of its charm; the
specificity of the ‘ogen’ has disappeared, along with the idea of con-
version by a simple transformation. The statement now being made is
that all nucleoproteins have similar components and that virus produc-
tion involves a derangement of protein synthesis or a sequestration of
protein intermediates: this is our thesis.

VARIATIONS IN END-PRODUCTS

Protein specificity is an undoubted fact, but in discussing how specificity
is attained it is important that it should not be over-rated and mechan-
isms devised able to achieve greater precision than there is any need to
postulate. Thus with no virus is it known how close to identity the amino
acid sequence in two particles must be for both to be infective; even if
there is a necessary unique sequence, it is unknown what proportion of
the particles in any preparation has it. Furthermore, even if all the final
particles are identical, this need not be the result of a synthetic mechan-
ism working with absolute precision; a group of related structures may
be synthesized in a region that retains only the correct ones and allows
the others to be destroyed or to diffuse away; or an immense range of
proteins or protein fragments may be made at one site and specific syn-
thesis may consist of the selection from this group of the correct struc-
tures. Precision in the final product, whether this is recognized by the
apparent homogeneity of certain proteins such as insulin or by the
apparent uniformity of genes (cf. Haldane, 1948), may only mean that
there is an efficient scavenging mechanism.

Many selection mechanisms have been postulated that could act
either to remove specific proteins from a mixture or to select amino
acid derivatives as a prelude to arranging them in a defined sequence.
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Absorption has already been mentioned as a possible mechanism, acting
as an actual rather than hypothetical Maxwell Demon, for driving a
reaction by removing a product from an equilibrium system. Specific
absorptions are well known and they, by removing only one product out
of a mixture, would leave the others to go on round the cycle and so
promote specific synthesis. Delbruck (1941) has suggested that a pep-
tide chain would, because of resonance between amino-acid side chains
in it and amino-acid derivatives in the ambient solution, build a row
of amino-acid derivatives along side of it and in the same sequence. This
suggestion resembles Fabergé’s (1942) suggestion that chromosome pair-
ing may be due to Guyot-Bjerknes forces. Systems with the same vibra-
tion frequency, whether electronic or mechanical, come together because
the energy content of a congruent pair is lower than that of any other
pair, or than of the separated components, so that if the components
approach ,because of some random process such as thermal agitation,
they will tend to stay together. If the formation of peptide bonds is a
locally exergonic process, the energy evolved can presumably facilitate
the release of the copy from juxtaposition with the model. Such an
action is therefore autocatalytic; the virus or other model engineers its
own synthesis. Some mechanism in the cell may have to hold it still,
or straight, or something, and a supply of the connecting pieces has to
be maintained, but no other mechanism is needed.

Such a picture offers a ready explanation of the apparent absence of
enzymes from the smaller viruses. But this absence should not be taken
too seriously. Viruses are certainly free from the types of enzyme that
have been sought, but it is unknown as yet how to test for a protein-
synthesizing enzyme, supposing there is such a thing. It is not known
cither what substrate it would work on, or the type of environment in
which synthesis might proceed. Until a protein-synthesizing enzyme
can be tested for, the apparent absence of enzymes from viruses is without
significance, for this is the only type that there is any need to postulate.

It may be argued that vital multiplication, and so virus multiplication,
if the idea that viruses are all degenerate micro-organisms should prove
to be true, differs from molecular multiplication because the former,
although it may produce particles that are morphologically and taxo-
nomically identical, need not produce chemically identical particles.
This is true, but it is only relevant if the products of molecular multipli-
cation are known to be identical. The argument that they are not has
already been set out (Pirie 19506, 1952); such substances as pepsin and
hyaluronic acid are names for categories not identities. This distinction,
therefore, arises at the macro-molecular level of complexity and is not
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deferred till the taxonomic or species level. As soon as a system reaches
a certain level of complexity, not all its properties need rigid definition
for it to be able to bring about its characteristic activities. This is fully
recognized in everyday life; thus although first violins are obviously
different, a musical score can be written on the assumption that they
are more or less interchangeable; also, lawyers find it useful to draw up
schedules of things that may be deemed fungible.

Active though the selective mechanisms may be in determining the
character of end products of protein synthesis, it is clear that the indivi-
dual particles of many proteins are not chemically identical, so that to
speak of them as molecules, in the chemists’ restrictive sense of the term,
may be misleading. This is also true of the products of virus multipli-
cation. There is now much evidence that virus-infected plants do not
contain one anomalous protein identical in every respect with the initi-
ally infecting particle, but a group of related substances that may differ
from one another in various ways. This fact tends to be obscured in
the literature, because the main preoccupation of many workers has been
to establish the identity of their purified preparations as the viruses them-
selves, and they have tended to over-emphasize the importance of the
apparent homogeneity of some of their carefully fractionated products.
Even when, as with some of the virus preparations that can be crystal-
lized, the purified products show no signs of heterogeneity when sub-
jected to customary physico-chemical tests, there is still no reason to
assume complete homogeneity. Differences of 19} in particle weight,
for example, would not show in sedimentation measurements, and 19,
of a tomato bushy stunt virus particle is equivalent to a ‘molecular
weight’ of about 100,000. Such tests, too, can fail to distinguish between
infective and non-infective particles, and there is, as yet, no test to tell
what proportion of any preparation is infective; all that can be done is
to measure the relative infectivity of different preparations, and there is
a wide gap between the end-point reached by the most infective prepara-
tions and the theoretical end-points of preparations ideally infective.
Most of the particles in even the best preparations may be non-infective.

The occurrence of mutants clinically distinct from the strain used as
inoculum is, of course, itself evidence that virus multiplication does not
lead solely to a precise replication of the initial stimulus, but the hetero-
geneity of end products is far greater than this. This fact is readily
demonstrated with tobacco mosaic virus. In the work published to sup-
port the view that the particles are all of one kind, the small particles,
which amount to about 309 of total anomalous material in the sap, are
ignored, discarded or aggregated. If extracts from infected plants are
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kept in conditions that minimize aggregation while they are subjected to
a series of differential ultracentrifugations, the anomalous nucleoprotein
can be separated into a series of fractions with particles of different
infectivities, different average length, different physical properties and
different serological behaviour, though with the same serological specifi-
city (Bawden & Pirie, 1945; Crook & Sheffield, 1946). The infectivity
per unit weight of the different fractions increases with increase in the
mean particle length and is maximal with preparations containing pre-
dominantly particles about 280 m, long. There is, however, no reason
to assume that all particles of this length are identical or infective. On
the contrary, it is very probable that they are not. Many treatments,
including heating, exposure to phosphate, or simply to the conditions
obtaining in expressed sap, make the small particles aggregate linearly,
so that they come to resemble the longer ones in size and physical
and serological behaviour; such treatments, however, do not increase
infectivity. Similarity of length, therefore, is no guarantee of similar
biological activity, nor is it evidence of similar antecedents. The non-
infective materials produced during this and other virus infections deserve
more attention than they have yet received, for only by a knowledge of
the differences between them and infective particles are the phenomena
responsible for self-replication likely to become understood. These
differences may well be slight, for viruses lose infectivity with many
treatments that cause no gross changes in morphology or serological
specificity. Although incapable of multiplying,such non-infective material
is not devoid of all activity in host cells; for example, after inactivation
by ultraviolet irradiation, bacteriophage (Luria & Delbruck, 1942) in-
fluenza virus (Henle & Henle, 1943; Henle & Rosenberg, 1949) and
tobacco mosaic virus (Bawden & Kleczkowski, 1952b) still affect their
hosts and interfere with the multiplication of infective virus.

The significance of the short particles that have the serological speci-
ficity of tobacco mosaic virus but either lack infectivity or are weakly
infective, still remains to be determined. Williams & Steere (1951) have
suggested that they are artefacts produced during the making of speci-
mens for electron microscopy, but this cannot explain the serological
evidence that they occur in solutions that have never been dried (Bawden
& Pirie, 1945). There is no evidence that they occur in infected cells, but
they occur in freshly-made extracts, and treatments used for extraction
do not appear to disrupt large particles (Bawden & Pirie, 1945; Takahashi
& Rawlins, 1948). The fact that crystalline inclusion bodies contain
particles 280 mu long (Wilkins et al., 1950) does not prove that these are
the only ones in infected cells; the crystals contain only a small propor-



32 F. C. BAWDEN AND N. W. PIRIE

tion of the total virus in the cells and crystallization itself may be the
factor selecting those of a uniform size. There is no evidence that the
small particles are immature fore-runners of infective particles, as has
been suggested for the serologically active material that precedes the
appearance of infective particles in eggs infected with influenza virus
(Hoyle, 1948). As infection with tobacco mosaic virus proceeds, non-
infective and infective particles both increase. It may well be that the
small particles carrying some of the properties of the virus are artefacts
derived by the breaking of a fundamental virus particle, but they are
found in the least roughly handled preparations and all the extra treat-
ments that have been used bring about aggregation. It is equally possible
that they are sub-units for the synthesis of virus particles, partial struc-
tures that never become completed, either because they were faulty or
perhaps because there were too many of that particular type of part.
That they can be assembled into larger particles, morphologigally indis-
tinguishable from infective particles, can readily be demonstrated in
vitro, and their failure to become infective when they are assembled in
this manner perhaps indicates that selective mechanisms operate in in-
fected cells to ensure that the correct parts are brought together in the
right sequence. There are fascinating possibilities here that will well
repay both study and discussion, but before either can profitably pro-
ceed, agreement is needed on the basic fact that infective sap contains
components which aggregate and change properties readily, and that
most of the treatments so far used for virus purification increase the
rate of change.

Other rod-shaped or filamentous viruses have been less studied than
tobacco mosaic, but there is abundant evidence that all these occur in
a wide range of particle lengths and that the particles can aggregate
end-to-end (Bawden & Crook, 1947, Kleczkowski & Nixon, 1950;
Bawden & Nixon, 1951). There are two obvious mechanisms for the
production of rods or filaments, analogies for which are supplied by a
factory assembly line and a sausage- or cigarette-making machine. In
the first, small parts would come together and the structure would be
assembled by the accretion of many individual units; in the second a
finished product would be extruded from somewhere, e.g. the cell wall,
microsomes or plastids, and the individual particles would be lengths
cut off at intervals during the process.

Discussions about the origins of the rod-shaped viruses often centre
on the constancy of their length; such constancy, it is claimed, could
occur only if they are produced as definite and completed structures and
not by a more or less random aggregation. We have suggested that the
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constancy of length has been exaggerated, but, even if it is a fact, its
cogency is difficult to assess. The factors that produce particles with a
uniform size in certain polystyrene preparations that have been used as
standards in electron micrography, for example, are unknown; also, in
the visible range, little is known of the factors that control crystal size.
It is to be expected that the probability of a flaw will increase with in-
creasing size, and, if the total of crystallizable material is constant, the
surfaces at which crystallization can proceed diminish with increasing
size of crystals. Thus, an approximate balance must be struck between
opposing tendencies. The length of rod-shaped virus particles may reflect
comparable conflicts, the tendency to aggregate being countered by the
probability of a flaw and by increasing fragility, so that the final particles
represent the best compromise.

Variations in end-products of infection are not restricted to variation
in length of rod-shaped particles, but also occur with spherical viruses.
Plants infected with the Rothamsted culture of tobacco necrosis virus
invariably contain anomalous particles of two kinds, one approximately
twice the diameter of the other (Bawden & Pirie, 1950). Both these seem
to be nucleoproteins, but their relationships to one another are undeter-
mined. Most of the small particles seem to lack infectivity, because the
crystalline preparations consist mainly of these and are much less in-
fective than preparations containing both sizes of particle. So, too,
plants infected with turnip yellow mosaic virus contain at least two
different kinds of anomalous particle, both of the same size and sero-
logically similar, but chemically different. One is a nucleoprotein, and
infectivity is possessed only by this type; the other seems to be the pro-
tein moiety minus the nucleic acid (Markham & Smith, 1949). As with
tobacco mosaic virus, there is no evidence to show whether the non-
infective material is degraded virus or represents different stages in the
assembly of particles, but it is clear that virus multiplication does not
lead to a uniform end-product identical with the initial inoculum.

The only plant virus that has been intensively studied without there
being published evidence of any variability in end products is tomato
bushy stunt. Even with this virus, however, the position is not alto-
gether simple. We have unsystematized evidence that, at certain stages
of infection, part of the anomalous nucleoprotein is serologically related
to the rest but differs from the bulk of the preparation by being precipi-
table at pH 4, and part by being precipitable along with solanin at pH 8.
Each retains this characteristic precipitability after repeated ultracentri-
fugation. Our conclusion, therefore, is that with no plant virus infection

NVM 3
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is there satisfactory evidence that only one anomalous macro-molecule
is being made.

DISPENSABLE PROTEINS

The ability to multiply, or to stimulate their own synthesis, at first sight
seems to separate viruses sharply from other proteins, but the distinction
may be less sharp than it seems. An invisible agent that is transmissible
and causes a disease is automatically listed as a virus; these defining
characters have no taxonomic value and it is important that they should
not be given more weight than they deserve. The transmissibility of
viruses is normally only demonstrable because symptoms occur, a fact
amply illustrated by the many known examples of carriers, in which virus
multiplication proceeds unnoticed until transmission is made to some in-
tolerant species. But it may well be that other proteins are as transmissible
as viruses, and multiply as readily, once they are introduced into a suit-
able host. This state of affairs would pass unrecognized unléss obvious
symptoms are caused; whether transmissible or not, the occurrence of
an anomalous protein would remain undetected unless its synthesis
accounts for a large part of the protein metabolism of the host, as
with Bence-Jones protein. There is nothing approximating to a protein
balance sheet for any tissue, and there is no means of knowing whether
a proportion of the normal protein of the cell is dispensable. For all that
is known to the contrary, some of the so-called normal proteins may be
as anomalous as viruses; they may stimulate synthesis in a comparable
way and may be produced by the cell either as complements or copies of
originally extraneous stimuli. Viruses are seldom deliberately sought,
but recognized only when symptoms are so obtrusive that their existence
can no longer be neglected. Attention therefore gets focused on extreme
manifestations. A rich vein of trivial and transmissible changes is prob-
ably awaiting exploration.

There is now much evidence showing the dependence of virus multi-
plication on the physiological condition of the host and suggesting an
intimate merging of the infecting particles with the general metabolism
of the host cells. The appearance of components from infecting bacterio-
phage particles among the materials with small molecular weight in the
infected bacteria (Kozloff & Putnam, 1950; Lesley, French, Graham &
van Rooyen, 1951), and the failure to recover the initial particles by
disrupting the bacteria (Doermann, 1948), suggest that the particles
undergo some change while they are simultaneously so affecting the
host metabolism that the nucleic acid synthesized changes from being
predominantly of one type to another (Cohen, 1949). Similarly, less
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tobacco mosaic virus can be recovered from inoculated leaves 24 hours
after inoculation than immediately after, and if the infecting particles
contain P? some of this later occurs in material that is not related to the
virus (Bawden & Nixon, 1952). During the latent period, then, there
seems to be at least partial degradation of the virus accompanied by a
change in the synthetic mechanisms of the cell to forms that produce
material with the characters of the inoculum in addition to, or instead
of, some of the materials that were produced before. This period is fol-
lowed by the appearance of new virus particles. If these particles are
formed instead of indispensable proteins, then there is a ready explana-
tion for the development of disease symptoms. It is clear, however, that
symptoms do not result simply from the total sequestration of amino
acids and nucleotides, for tobacco mosaic virus achieves a higher con-
centration than other plant virus and does not cause by any means the
most severe disease. Also, the fact that different strains may multiply
to similar extents, but cause diseases of widely different severities, shows
that there are specific effects responsible for symptoms. These effects
may be secondary to multiplication and indicate that strains of one virus
differ in their ability to interfere with host metabolism, or it may mean
that different strains are built from different types of sub-unit, and that
the host can more readily provide those of one type than another.

If the infecting particles do not produce their initial effects rapidly, it
seems that the host cell has some type of scavenging mechanism by
which the particles are removed or rendered inactive. For instance, if
bean plants are exposed to high concentrations of carbon dioxide (Kal-
mus & Kassanis, 1944) or to ultraviolet irradiation (Bawden & Klecz-
kowski, 1952a), their condition is altered temporarily so that they resist
infection with tobacco necrosis viruses. After a few hours, they regain
their original susceptibility when inoculated with fresh virus, but virus
particles introduced during the refractory period cause no lesions.
Stable viruses such as tobacco mosaic and tobacco necrosis increase
rapidly after the latent period and accumulate in large quantities, sug-
gesting that they are largely separated from the general metabolic activi-
ties of the host cells. Direct evidence for the view that the formation of
tobacco mosaic virus is largely an irreversible process has also been pro-
vided by work with N*® (Meneghini & Delwicke, 1951), but there is no
reason to assume that this is generally true. Most of the less stable
viruses reach a low maximum and then either remain constant or de-
crease, suggesting that they are continually being destroyed and are
kept in dynamic equilibrium with other proteins by a repeated synthesis.

So far as we can see, virus synthesis shows no characteristic that is not

3-2
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shown by one at least of the other forms of protein synthesis. The evi-
dence got by the use of isotopes shows that much of the material from
which a virus is made is derived from the medium by the host cell after
infection (Cohen, 1948). That is to say, the particular element studied is
not derived from a precursor already formed in the cell. A4 priori this
was to be expected, but it is well to remember that most of this evidence
has been got with radioactive phosphorus and the phosphate radicals
of a virus may be in more intimate equilibrium with the general phos-
phate cycles of the cell than are the other parts of the virus.

THE PRODUCTION OF SYMPTOMS

The two extreme concepts of virus multiplication that have been advo-
cated in the past have in common the fact that they demand no new
activity by the host as a sequel to infection. The first treats the host as a
culture medium in which the parasite multiplies by some sv<h process
as growth and fission, and demands only the sort of metabolities on
which the quasi-organism is presumed to grow. There is no evidence
for this concept and arguments against it have been presented elsewhere
(Luria, 1950; Bawden, 1950, 1951; Bawden & Pirie, 1952). The second
treats the virus simply as an activator of a precursor or ‘ogen’, which is
a normal component of the host and is converted directly into virus by a
slight change. We have already indicated the inadequacy of this concept
and need not consider it further. All the intermediate possibilities assign
a more active role to the host; the host-cell enzymes are used wholly or
in part to engineer the synthesis and the virus acts in a manner covered,
or hinted at, by such words as stimulant, starter, model, jig and tem-
plate. Essentially this concept involves the idea that the introduced
virus attaches itself to a mechanism concerned with protein synthesis
in the host cell and affects it in such a way that thereafter one of the pro-
ducts synthesized is virus.

In considering the relationships between viruses and normal protein
synthesis two facts stand out clearly. The small, stable viruses that occur
in high concentration consist for the most part of pentose-containing
nucleoprotein, and there is a growing body of evidence that the sites of
protein synthesis in the cell are also rich in this nucleic acid (Brachet &
Chantrenne, 1951). From this some possible generalizations emerge. If
a protein without any nucleic acid prosthetic group is being made at a
nucleoprotein surface, there must come a time when it parts company
with the surface. Normally the protein comes away free, but the protein
moiety of a virus may be that type of protein that retains the nucleic
acid more strongly than does the stroma protein. After synthesis, there-
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fore, part of the machinery comes away instead of only the product.
Compatible with this idea, though hardly to an extent that would justify
calling it evidence, is the fact that in many viruses the union between
the protein and nucleic acid is exceptionally strong. Thus nucleic acid,
which is presumed to be initially present as nucleoprotein, can be ex-
tracted from normal tissues and from isolated microsomes or micro-
some fragments (Pirie, 1950a) by treatments with salt or acid that do not
separate it from such viruses as tobacco mosaic, bushy stunt or tobacco
necrosis. Such a mechanism gives another possible interpretation of the
lack of correlation between the severity of an infection and the amount
of anomalous nucleoprotein present in the infected tissue. The specificity
of protein synthesis is as likely to result from specific nucleotide arrange-
ments as from any other type of specific structure. Different anomalous
proteins would, therefore, take from the host different types of nucleic
acid, and éf these are of unequal importance in normal cell metabolism,
or can be replaced with unequal readiness, the observed differences be-
come explicable.

This picture presupposes that the protein moiety of a virus differs
from the normal protein that is being made. We think this probable,
although we have already suggested that, for all that is known to the
contrary, a virus infection would be an exaggerated synthesis of a normal
component. If such a substance, let us say a nucleoprotein, is normally
part of an insoluble structure where it is needed and where it remains,
its direct effect can operate only in its immediate neighbourhood. It
may be that a related substance introduced into the cell could set the
anchored substance free. This would be an effect analogous to the pairing
of chromosomes during cell division. There, like cleaves unto like, and
this is all that is being postulated. The diversion of attractions (polar,
hydrogen bond, etc.), which necessarily follows an attraction between
free and anchored substances, could suffice to loosen the bonds holding
the anchored. If, having been released, more of the substance were re-
formed at the original site, there would be continuous production of the
free material able to stimulate release elsewhere. When production fails,
the normal function will no longer be maintained, and this could cause
symptoms. Such a picture has something in common with the ‘ogen’
pictures, for it postulates normal cell components approximating to the
viruses, but it differs from their standard forms in that it is unlikely that
an extract could be made which, like trypsinogen, could be activated
in vitro on a detectable scale.

There is obviously no evidence in favour of either of these pictures,
but they are compatible with the facts and illustrate how normal mechan-
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isms could be diverted to virus production. The idea that virus multi-
plication is a derangement of normal nucleoprotein behaviour leads to
the postulation of three types of error relevant to this discussion. The
aberrant protein may be set free and circulate, but may then be destroyed
by other cell systems or be unable to stimulate the protein synthesizing
machinery itself. It may carry nucleic acid with it, but be so thoroughly
masked by it or other material as to be unable to act as a further stimu-
lant. The nucleoprotein may be both stable and stimulating to further
synthesis. It is only this last type of aberration that holds possibilities
of being immediately classed as a virus infection. The second possibility
however, has an interest, because it may be the state of affairs in bacteria
carrying a lysogenic strain of virus, for which either another strain of
bacterium, or the intervention of an experimenter, is needed to make
material with the generally accepted properties of a virus.

Pictures such as these help to resolve the disagreement tha¢ there has
been about the nature and development of bacterial viruses. The early
disputes centred around the meaningless question of whether or not
they were ‘particulate’, which is still sympathetically considered in some
modern texts (e.g. Topley & Wilson, 1946). A more significant question
was their endogenous or exogenous origin. The exogenous view has pre-
vailed, with Felix (1947) one of the few remaining dissenters, but it has
done so to some extent by neglecting the evidence that has been obtained
for the presence in some bacterial and other viruses of components speci-
fic to the host in which the viruses multiply (Knight, 1946; Pirie, 1949).
Such differences in composition, and variations of the kind we have de-
scribed in end products from infections with some plant viruses, could
not occur were virus particles as homogeneous as is suggested by the
statements of chemists who examine virus preparations predominantly
by physico-chemical techniques. It is largely because some biologists
believe these extreme claims that they argue unnecessarily in terms of
the distinction between rigidly definable chemical substances and the
presumably more plastic quasi-organisms. For this reason, it is impor-
tant to emphasize the irrelevance of most chemical and physical measure-
ments in discussions of the biological activity of large particles. In our
opinion, viruses are probably as uniform as most other biologically pro-
duced particles of comparable sizes, and in their hosts they are probably
produced by the same synthetic mechanisms that produce other nucleo-
proteins: to this extent, therefore, they can be regarded as endogenous.
We see no incompatibility between such properties and the fact that the
synthesis of viruses can be promoted by exogenous stimuli.

In this review we have related our argument to protein synthesis, and
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we conclude that, at least with the smaller viruses, nothing has so far
been discovered that necessarily separates virus multiplication from the
synthesis of other proteins. This argument, however, accounts for only
part of the virus particle. With as much, or as little, justification, we
could also have argued that nothing is known that sharply distinguishes
virus multiplication from the synthesis of nucleic acid. We chose protein
synthesis, because, although ideas about it are still nebulous, they have
attained more form than ideas about nucleic acid synthesis. Only
recently has it been generally recognized that variations in nucleotide
sequence permit extensive isomerism of nucleic acids: not perhaps the
gratuitous isomerism that protein structure theoretically permits, but
still amply sufficient to cover the amount of specificity for which there is
evidence. We might, indeed, with more aptness, have considered the
whole problem in terms of the synthesis of nucleic acid, because trans-
missible nucleic acids are known. This approach would have led to much
the same conclusions. Cells synthesize many different types of substance,
and each synthesis has its peculiarities. When balance is upset by virus
synthesis, some peculiarities obtrude themselves more than others, but
there is no evidence that any new type of mechanism must be invoked.
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DISCUSSION

C. H. ANDREWES, as Chairman of the Session: Dr Bawden is one of
those queer people who are not sure that viruses are organisms. How-
ever, his saving grace is that he is sure they are not molecules. In fact,
he and Pirie are sitting very nicely on the fence, having built up there
a strongly entrenched position. All the same I am sure many people
will like to attack them, and I invite them to ‘have a go’.

F. C. BAWDEN: I cannot imagine how a strongly entrenched position
can be built up while sitting on a fence, so 1 don’t know whether
this describes our position or not. 1 doubt it, because I am by no
means sure that there is anything equivalent to a fence on which to sit,
for this would mean that a sharp division can be made separating one
biological type from another. There are obviously some factors linking
all those pathogens that we chose to call viruses, for otherwise we would
not give them the same name. There is, however, no reason to assume
that the whole group is uniform in origin, structure, or method of
multiplication. Should there be sufficient uniformity to justify our
current grouping, there is still no reason to assume that words such as
‘organisms’ and ‘molecules’, which are borrowed from other scientific
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disciplines, can be applied to viruses without introducing misleading
concepts.

R. C. BACKUS: Dr Bawden’s claims of advantage for those engaged in
plant virus studies should be qualified by one great disadvantage. This
is the disadvantage of a very low ratio of infectivity to quantity of
inoculum when attempting to conduct quantitative evaluations.

F. C. BAWDEN: For the health of plants it is fortunate that all uninjured
plants appear to be immune from viruses, but I agree that it is a great
disadvantage for experimental work. The need to make wounds as a
prelude to infection complicates interpretations of infectivity tests and
of work on factors affecting resistance to infection. The local-lesion
technique is very valuable for measuring the relative infectivitics of
different virus preparations, but we have no method of finding the
absolute infectivity of any one preparation. The low ratio of number
of lesions to number of particles found in work with plant viruses can
be interpreted differently. It may be that most of the particles, even in
the most highly infective preparations, are non-infective, but it is also
possible that most are wasted on the surfaces of leaves during inocula-
tion, and never meet the essential entry points.

G. s. STENT: It should, in principle, be possible to test by means of
radio-active tracers whether any type of particle appearing within in-
fected cells can qualify as a precursor of mature virus. If for a short time
during the course of infection the normal substrate of the host is replaced
by one containing suitably labelled compounds, then radio-activity
should appear in precursor substances before it appears in virus particles.
At later stages of virus production, the radio-activity should disappear
again from the presumed precursor fraction as this achieves maturation
as infective units and as new precursors are again formed from non-
labelled substrates.

F. C. BAWDEN: I agree that, in principle, radio-active isotopes ought
to be used in differentiating between successive stages in the synthesis
of virus particles. We thought they might show the origin of and rela-
tionship between the various products obtained in extracts from plants
infected with tobacco mosaic virus, and we made some experiments in
which infected plants were given P32 at different times after infection.
We then separated the material with the serological specificity of the
virus, from both sap and extracts from the fibrous residues of leaves,
into small and large particles. We got no conclusive results, for in
different experiments there were no constant differences between the
proportions of radio-activity in the different fractions. There was no
evidence that the small particles were ‘precursors’ of the large ones or
that they were produced as fragments from them.

M. H. SALAMAN: Dr Bawden has said that viruses can be distinguished
from other nucleo-protein particles produced in the cell only by the
property of infectivity. It seems to be that this property must be the
expression of a metabolism fundamentally different from that of other
products of the cell. Many viruses continue to multiply until irreparable
damage is done to the cell. The increase of all other cellular con-
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stituents is related to the health, growth, and reproduction of the cell.
I agree with Dr Markham that the fact of infectivity indicates an
abnormality, if not in the mechanism of synthesis, certainly in its control
in relation to other cellular processes.

F. C. BAWDEN: I hope I did not say that infectivity was the only pro-
perty that separates viruses from other nucleo-proteins, for it is not.
Indeed, pathogenicity is the prime difference, for without this infectivity
would not usually be demonstrable. Work with paracrinkle virus,
which occurs in all King Edward potatoes without causing a disease,
provides a good illustration of this principle. It can readily be trans-
mitted to tomato plants, but this for long remained unrecognized as
these also show no symptoms; their infection can be detected only by
further transmissions to some intolerant plant or by using électron
microscopy to demonstrate the virus particles in extracts from them.
Many other particles may also be infective, but this becomes obvious
only when they are transmitted to a host in which they cause some
abnormality: we then call the particle a virus. There is no fundamental
need for a%orrelation between infectivity (or transmissibility) and patho-
genicity; there is an apparent need set by the practical difficulties of
recognizing one without the other.

There are undoubtedly mechanisms that control the extent to which
many viruses multiply, and there is no reason to assume they differ from
mechanisms that control other nucleoprotein production. They must
operate with all viruses that do not cause lethal diseases, and only a
minority do so. A virus has a strictly limited future in cells without
mechanisms that restrict its multiplication to levels below those at which
the cells die. It is perhaps misleading that so large a proportion of the
work on virus multiplication has been done with bacteriophages and
other virus-host combinations that result in the death of the host.

J. D. WATSON: Both the work of Drs Luria and Hershey with bacterial
viruses and that of Dr Markham with turnip yellow mosaic virus
suggests that the nucleic acid of some virus particles is located in the
interior of the particle and is surrounded on the outside by the protein
component. I wonder whether we might explain the limitation of in-
fectivity in tobacco mosaic virus preparations to those particles of
2800 A length by postulating a similar structural plan for this virus. It
has always seemed strange that infectivity should be limited to the
particles of 2800 A length if the infective particle consisted of a length-
wise repetition of a number of equivalent sub-units. We should remem-
ber that the nucleic acid component amounts to only 6% of the total
particle mass and so will probably have only a slight influence on the
X-ray diffraction pattern. It is thus possible that only the protein com-
ponent repeats its pattern every 68 A and that the nucleic acid com-
ponent consists of unbroken polynucleotide chains 2800 A in length, a
distance too long to be detected by X-Ray diffraction techniques. That
is, the frequent occurrence of particles 2800 A long may be the conse-
quence of the aggregation of the virus protein around nucleic acid chains
of this length.
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Since, as first pointed out by Bernal & Fankuchen (J. Gen. Physiol.,
1941, 25, 111), each TMV particle behaves to X-rays like a miniature
crystal, it may be profitable to regard the final aggregation of the virus
protein as a crystallization process. The formation of a virus particle
may therefore follow the same rules which apply to the formation of
crystals from smaller monomeric units and the conclusions of Burton,
Cabreara, and Frank (Phil. Trans. Roy. Soc. A, 1951, 243, 299) on the
mechanism of crystal growth should be considered. These authors con-
clude from theoretical calculations on the rates of crystal growth, that
crystals will grow at a much faster rate if they do not form a perfect
lattice structure but instead contain screw dislocations. The presence
of screw dislocations increases the rate of crystal growth by permitting
the perpetuation of corners into which the monomeric units can fit and
thus allows crystal growth to occur at a constant rate, uninterrupted by
the formation of closed surfaces. Thus, if TMV rods are built up by a
crystallization of protein molecules around a nucleic acid core, there
will be a selective advantage for the protein molecules to be helically
arranged around the longitudinal axis.

N. w. PIRIE: The published evidence about the 1nfect1v1ty of TMV
particles of differing length shows that preparations are more infective
as the proportion of 300 my particles in them increases. There is no
evidence that it is only these particles that carry infectivity; we incline
to the view that shorter particles may also cause infection but less readily
than the long ones. The reason for suggesting that the nucleic acid is
inside a protein tube does not therefore seem to be very well founded.
It is, however, by no means excluded in spite of the evidence that
Butenandt et al. (J. Physiol. Chem. 1942, 274, 276) have presented for
the opposite arrangement. I am unwilling to take sides in the contro-
versy though I have pointed out (Pirie, Ann. Rev. Biochem. 1946, 15, 573)
that the arrangement of nucleic acid outside protein is in agreement with
some of the evidence of chromosome structure and could explain the
regularity with which spherical plant viruses have been found to have
higher nucleic acid contents than those that can aggregate into rods.
Probably each extreme view is an oversimplification and the two com-
ponents interweave in a manner that may well be different in different
viruses.

We have all used analogies from crystallization at various times in
interpreting aspects of virus multiplication but their limitations must be
emphasized. Typically, crystallization is reversible; if, for example, the
solution is warmed, material goes into solution and crystallizes again on
cooling. The energy changes are small and co-valent bonds are not
formed. There is no evidence that the pieces from which a virus particle
is made are held together in this loose way and in the particular example
of TMV I would point out that the unit that Watson refers to as a
monomer is very much smaller than the particles whose existence
Bawden and I have had so much difficulty in getting other workers to
accept.

T. H. THUNG: In discussing infectivity and virus multiplication the
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condition of the host cell as well as that if the virus particles should be
considered. The susceptibility of the host can be influenced by many
factors, and there is a close interaction between virus and host. The im-
portance of the host has not been stressed enough; whether or not a virus
preparation is found to be infective can often depend on the physio-
logical state of the host when inoculated.

F. C. BAWDEN: As Professor Thung knows, much of our recent work
at Rothamsted has dealt with the effects of environmental changes on the
susceptibility of plants to infection, and on the multiplication of viruses
in infected plants. Our results fully support his views of the great
importance of the physiological state of the host plant when inoculated:
it can determine whether or not infection is established and, if so, the
extent to which the virus multiplies, and the type of symptoms evoked.
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INTRODUCTION

The metabolism of an organism is usually a fruitful field for research,
but has been largely neglected until recently in the case of viruses on
account of the special difficulties of the subject and the discouraging re-
sults of earlier work. The study of virus metabolism is of special interest,
however, in that it affords evidence of the method by which viruses multi-
ply, a question which is still much in dispute. .

Before reviewing the historical aspects of the subject it should be
pointed out that rickettsiae and bacteriophage are excluded from con-
sideration; the status of the former is not settled beyond doubt, and
bacteriophage, although undoubtedly a virus, will be dealt with in other
contributions to this symposium; the present review is moreover con-
fined to a consideration of viruses affecting animals and man, and does
not include those responsible for insect and plant diseases. The subject
of chemotherapy as a whole is also excluded from consideration, since
although it has a direct bearing upon virus metabolism the results so far
obtained are not helpful to the problem under discussion.

Two periods may be distinguished in research on virus metabolism.
During the first period, from 1926 to 1942, viruses, by obvious analogy
with bacteria, were thought to have a metabolism of their own, and a
considerable amount of work was devoted to the detection of respiratory
and other metabolic activities in preparations of virus bodies. This work
was mostly carried out with vaccinia, the virus which at that time was
most easily obtained in a purified condition. The results were almost en-
tirely negative; the elementary bodies appeared to have no respiration
and scarcely any enzyme activity in vitro, and that enzyme activity which
was actually detected was suspected to be an artefact due to contam-
ination with enzymes present in the tissue from which the virus was de-
rived. The opinion thus arose that viruses, while being nevertheless organ-
isms and in no way inanimate bodies, had no metabolism of their own
and thus represented the ultimate stage of parasitism, in which all life
activities were borrowed from the host. This opinion still holds at the
present time, although there are now firm grounds for considering that
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a virus is in no way a parasite, at least in the ordinary sense of micro-
biological usage, and consequently the fact that all its life activities are
those of the host should no longer be taken as evidence of extreme de-
generation or specialization, but rather as evidence that the viruses are
of totally different nature and possibly derive their origin from some
constituent of the nucleus or cytoplasm which has developed autonomy.

At alater stage methods of purifying influenza virus became available,
using in allantoic fluid a starting material which is itself poor in enzymes
and which should thus give unequivocal results, but interest in the sub-
ject appears to have waned, since no detailed examination of the meta-
bolic activities of purified influenza virus has so far been reported. In
the second period of research, from 1942 until the present time, the
centre of interest shifted from the virus to the metabolism of the infected
tissue. The economic importance of viruses has caused a concentration
.of investigative effort on problems of isolation, diagnosis and epidemi-
ology, and the study of the metabolism of infected tissues began slowly
and is only now gathering momentum, but it has so far been prolific of
results of a type which are of particular relevance to a discussion of the
method of multiplication of viruses and also of their fundamental nature.
During the same period information has been accumulating in an inde-
pendent field which nevertheless has a direct bearing upon the present
problem, namely the effect of age and nutritional state upon the rate of
growth of virus in the experimental animal. It has been found that virus
growth is greatly influenced by these factors, and it appears that cell
metabolism must be functionally intact for maximal multiplication of
virus to take place.

In the following pages these various aspects of the subject of virus
metabolism will be reviewed at length, and their bearing upon the prob-
lem of virus multiplication will be examined in the concluding section.

ENZYMIC ACTIVITY OF VIRUSES

Work in this field has necessarily been limited at all stages by the degree
of development of methods of virus purification on the one hand and the
extent of biochemical knowledge on the other. The early work of Bron-
fenbrenner & Reichert (1926) is crude by present standards and does not
contribute any reliable information. These authors attempted to detect
respiratory exchanges in brain tissue infected with the viruses of herpes
and rabies. The tissue had been kept in glycerine for several months pre-
viously in order to eliminate the respiration of the tissue itself. The in-
fected tissues showed no difference in oxygen uptake and carbon dioxide
output from normal brain tissue which had been treated similarly, and
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thus no respiration attributable to the virus could be detected. The con-
cept of titre was probably not fully understood at this time, and the pre-
parations which were used probably contained only small amounts of
active virus; no respiratory supplements were added and the negative
findings, although not conflicting with subsequent work, can thus have
no significance.

In 1935 attention was diverted to vaccinia virus by Breinl and Glow-
azky. Fresh suspensions of elementary bodies were prepared from in-
fected rabbit testicle by low and high-speed centrifugation. They con-
tained virus to a titre of 10° when tested on rabbit skin; this figure is low
and the conditions of the experiment were therefore not favourable for
detecting enzyme activity in the virus particles. The suspensions were
placed in the Warburg apparatus with Ringer containing 0-2 % glucose.
A considerable uptake of oxygen and liberation of carbon dioxide under
aerobic and anaerobic conditions was observed, but this was complete
within the first 10 minutes of observation. The authors concluded from
this that the elementary bodies carried out metabolic activities and were
therefore living organisms. Events occurring within the first few minutes
of a respiration experiment are of little significance, however, and the
gaseous exchanges observed were probably due to purely chemical pro-
cesses taking place in oxidizable impurities derived from the tissue of
origin.

Methods of purification of vaccinia were now developed further and
highly purified suspensions of elementary bodies became available for
investigation; vaccinia proved such a suitable test object that work for
the next five years was entirely devoted to it. Parker & Smythe (1937)
were the first to take up the subject seriously. The suspensions of elemen-
tary bodies which they used had been washed repeatedly and contained
virus up to a titre of 10°. A quantity of virus equivalent to a dry weight
of 24 mg. showed only a very slight uptake of oxygen in the Warburg
apparatus in one hour; the addition of glucose, glucose monophosphate
or methylene blue did not increase the consumption of oxygen. The up-
take was in any case very much less than that of resting bacteria and
ceased after one hour, whereas the virus was still infective at the end of
the experiment. A small amount of carbon dioxide was given off by the
elementary body suspension, again mostly within the first hour, and the
amount was not increased by adding glucose, glucose phosphate or a
‘respiratory supplement’ in the form of fresh rabbit kidney. The authors
also considered the possibility that the virus might contain co-enzymes
instead of complete enzyme systems, but addition of virus to suspensions
of rabbit erythrocytes did not increase the oxygen uptake of the latter.
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1t was concluded that no evidence of metabolic activity had been ob-
taired. The experiments were carried out with fresh virus in adequate
amodunts, and afford valid evidence of the absence of respiration.
MacFarlane & Salaman (1938) extended the field of investigation to
certain specific enzyme activities. They found that the elementary bodies
of vaccinia lacked dehydrogenase activity towards glucose, hexose mono-
phosphate, «-glycerophosphate, succinate, lactate, malate and certain
other substrates when tested by the Thunberg technique with methylene
blue or 2:6-dichlorophenol-indophenol. Phosphatase was apparently
present, however, since a considerable liberation of phosphate took
place when elementary bodies were incubated with g-glycerophosphate
for one hour at 37° in the presence of magnesium ions at pH 9. Cata-
lase activity could also be easily detected. The tissue of origin (rabbit
skin) of the elementary bodies contained phosphatase and catalase, and
the authorg considered that ‘the possibility that these enzymes are ad-
sorbed on the virus particles cannot be dismissed’, although they inclined
to the view that the enzymes were an integral part of the virus. The skin
also contained dehydrogenases, which were absent from the elementary
body suspensions, and this was considered to be additional evidence
that phosphatase and catalase were contained in the virus. In a more
careful search for dehydrogenase activity MacFarlane & Dolby (1940)
added various co-factors (co-enzymes 1 and 2, Warburg’s yellow en-
zyme), but could still find no dehydrogenase activity towards triose-
phosphate, lactate and hexosemonophosphate in experiments in which
about 1-6 mg. of virus were used. Negative results were also obtained
with tobacco mosaic and bushy stunt viruses. No zymohexase or eno-
lase activity could be detected in 2-2 mg. of virus, whereas the enzymes
were present in the tissues from which the virus had been extracted.
There was no evidence of carbohydrase activity, as no sugar was liber-
ated from «-methylglucoside, maltose, cellobiose, lactose, sucrose or
adenosine on incubation for 24 hours at 37°, and there was no appa-
rent peptidase action with dl-leucylglycine as substrate. Phosphodies-
terase was apparently present, however; 2 mg. of virus liberated 0-036
mgm. of phenol from potassium diphenylphosphate in a total volume of
3-75 ml. in 24 hours, and 0:095 mg. in 70 hours. These times of incuba-
tion are very long, and no control was done with killed virus. Special
precautions were taken to avoid the growth of bacteria and chloroform
was added to the suspensions before they were incubated, but the enzyme
activities found must still be regarded with suspicion as they may have
been derived from the tissue of origin or from bacterial contamination
during the purification of the elementary body suspensions. Ribonucleic
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acid was hydrolysed by 2 mg. of virus, but only after incubation a
37° for from 22 to 99 hours; this was probably due to residual enzymu
since ordinary tissue extracts or bacterial suspensions will product
measurable hydrolysis after an hour or so. Thymus nucleic acid wa:
broken down to a slight extent; the substrate used would presumabl;
have been an impure mixture of oligonucleotides and other breakdow:
products which might be split non-specifically by phosphatases, and no
the highly polymerized acid which is the specific substrate for deoxyribo
nuclease. A considerable degree of phosphomonoesterase activity wa:
present; adenosine-5-phosphate and B-glycerophosphate were split to ¢
considerable extent when incubated with elementary bodies for twc
hours at 37°. Adenosine-3-phosphate was split to a lesser extent. The
authors considered that phosphatases must be an integral part of the
virus body, and suggested that the action on adenosine-S-phosphatt
might provide the virus with a means of regulating carbohydrate meta
bolism.

Doubt was cast upon the reliability of this assumption by the work o
Hoagland and his collaborators (1940, 1941, 1942), who carried out ¢
detailed examination of the biochemical activities of purified suspen:
sions of vaccinia elementary bodies. These authors confirmed the absence
of dehydrogenases, and the presence of phosphatases, but went on tc
show that elementary bodies of known phosphatase activity would ad-
sorb further quantities of the enzyme when they were suspended in ¢
dilute solution of pancreatic phosphatase and then removed by centri-
fugation. The catalase activity of elementary body suspensions was alsc
confirmed, but it was similarly shown that they would adsorb amounts of
catalase from solution which were much too large to measure. All of five
suspensions which were tested hydrolysed tributyrin under anaerobic
conditions and thus contained lipase, but it was again found that added
enzyme was adsorbed from solution by the elementary bodies. These
results show conclusively that vaccinia virus has a high affinity for
enzymes and thus presumably adsorbs them from the tissue of origin
during the process of purification. It cannot therefore be concluded that
the enzyme activity of a virus suspension resides in the virus particles
themselves, and the positive results reported hitherto must therefore
be entirely discounted. Hoagland and his collaborators also found that
purified vaccinia virus contained biotin, a flavine and copper. The pos-
sible significance of these observations will be discussed later.

The centre of investigation might have shifted at this stage to influenza
virus, for which the superior method of purification by red cell adsorp-
tion and elution was soon to be developed. The possibility of the repeti-
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tion of the negative or at best inconclusive findings with vaccinia may
have seemed unattractive to most workers, for no planned investigation
of the enzyme activities of influenza virus has so far been reported. The
subject has a direct bearing upon the theoretical considerations de-
veloped later in this review, and should be worth investigating, especially
in view of the simplicity of the experimental methods involved. A few
personal observations in this field are now described, which are repre-
sentative of the results obtained in work so far unpublished. The enzyme
activity of influenza virus can be tested very simply by observing the
enzyme activity of allantoic fluid containing the virus. This is present in
high titre (10°) and comparatively large amounts (10 mg. of virus in
100 ml. of allantoic fluid; Stanley, 1945) and if the infected allantoic
fluid lacks a given enzyme activity this is probably missing from the virus
particles themselves. If on the other hand a particular enzyme activity
is presentein the fluid the virus can be specifically removed by red cell
adsorption and the presence or absence of the enzyme on the virus can
be inferred from a redetermination of the enzyme activity of the fluid
after adsorption. All experiments were carried out with the PR8 strain
of influenza virus. Four samples of fluid with a titre of 8,000 by the
Salk test were examined for xanthine oxidase activity: 2 ml. of fluid, 0-5
ml. of pH 9 borate buffer, 0-25 mg. of xanthine and 0-25 ml. of 1/20,000
methylene blue were placed in a Thunberg tube which was then ex-
hausted and incubated at 37°. No difference in time of decolorization
was seen in comparison with blank tubes from which xanthine was omit-
ted: there was thus no evidence that the virus possessed xanthine oxidase
activity. The methylene blue was nevertheless decolorized over a period
which ranged from 25 to 71 minutes, and the possibility still remained
that this was an enzyme action involving some other substrate. To test
this possibility an allantoic fluid with a haemagglutinin titre of 8,000
was divided into two parts: the decolorization time of the first part was
determined without further treatment; the second part was adsorbed
with red cells which were then removed by centrifugation. The haem-
agglutinin titre was now reduced to 40, showing that 99-59 of the virus
had been removed; the decolorization time was now determined. A
value of 110 minutes was found for the fluid both before and after adsorp-
tion of virus; whether the decolorization was enzymatic or not the virus
particles were obviously not concerned in the reaction.

Virus was also tested for deoxyribonuclease activity. Allantoic fluid
was placed in a viscometer with a solution of highly polymerized sodium
deoxyribonucleate and veronal buffer of pH 7, and the viscosity of the
mixture was observed over a period of 30 minutes. Four samples of

4-2
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allantoic fluid with haemagglutinin titres of 2,000 to 8,000 were tested in
this way and no evidence of deoxyribonuclease activity was found. In
another experiment which is illustrated in Fig. 1 the virus contained in
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Fig. 1. Lack of deoxyribonuclease activity of influenza virus. A; PR8 virus from 140 ml.
allantoic fluid concentrated by adsorption on red cells and elution into 25 ml. saline.
The viscometer also contained 1 ml. sodium deoxyribonucleate (0-5% w/v), 1 ml. pH ¢
veronal buffer, 1 ml. gelatine-magnesium diluent. The substrate is not depolymerized.
B; the effect of 0-05 mgm. purified deoxyribonuclease. The substrate is rapidly depoly-
merized and the action is complete within 20 minutes.

140 ml. of allantoic fluid was adsorbed on to red cells and then eluted
into 2-5 ml. of saline. No enzyme activity was found even with this con-
centrated preparation. The depolymerization produced by 50 ng.of crys-
talline deoxyribonuclease is illustrated in comparison.

Succinic dehydrogenase activity was tested by the methylene blue de-
colorization method; 1 ml. allantoic fluid, 0-5 ml. 1/20,000 methylene
blue and 0-5 ml. pH 7 phosphate buffer were placed in a Thunberg tube
with 0-5 ml. 0-05 M succinate in the side arm, and a control was set up
with water in place of substrate solution. The tubes were evacuated,
mixed and incubated at 37°, and the time of decolorization was
noted. Some typical results are shown in Table 1. The amount of virus
in the fluids was determined by the photoelectric method (Hirst & Pic-
kels, 1942). The first two fluids showed no enzyme activity; the third
showed a definite activity but this still persisted when most of the virus
had been adsorbed. The results thus indicate that PR8 virus has no suc-
cinic dehydrogenase activity.
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Table 1. Lack of succinic dehydrogenase activity in influenza virus. The
first two fluids did not decolorize methylene blue in the presence of suc-
cinate, and thus did not contain the enzyme. The third fluid showed de-
hydrogenase activity towards succinate, but this still persisted after the
virus had been removed by adsorption.

Decolorization Time
Fluid no. Ac::)l:xsnitnof (minutes) Enzyme
CCA units Activity
Test Blank
1 200 ) 0 Absent
2 200 ) ) Absent
3 320 60 ) Present
3 20 50 o Present
(adsorbed)

In furter experiments allantoic fluid containing the virus in high
titre had no adenosinetriphosphatase activity, no phosphatase activity
against glycerophosphate or adenosine-5-phosphate and no nucleosidase
activity against inosine.

As with vaccinia, the results obtained with influenza virus, although
of limited extent, afford no reason for supposing that the virus possesses
enzyme activity.

At this point some attention must be devoted to the mucinase activity
of influenza virus, which apparently affords an exception to the general
principle, which is in the process of development, that viruses are devoid
of intrinsic enzyme activity. An enzyme action has been postulated to
explain the facts of red cell agglutination and subsequent elution; it is
suggested that influenza virus becomes attached to a specific substrate
present on the surface of red cells and the cells consequently agglutinate
by the formation of virus bridges. The substrate is then destroyed, the
virus separates from the cells and so elutes, and the cells no longer agglu-
tinate. The cells moreover cannot be agglutinated again by repeated ex-
posure to virus of the same type, as the receptors are presumed to have
been-destroyed. A parallel is drawn between this sequence of events and
the action of receptor-destroying enzyme upon red cells. This is an en-
zyme of mucinase type present in filtrates of cultures of Vibrio cholerae.
When red cells are treated with this enzyme they can no longer be agglu-
tinated by influenza virus, since the substrate to which the virus becomes
attached is destroyed by the receptor-destroying enzyme. Treatment with
the enzyme also renders the cells of the chorioallantoic membrane and
the epithelium of the mouse lung unable to adsorb virus, and the enzyme
also destroys the mucoid inhibitors of influenza virus haemagglutination
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which are present in serum, egg-white and elsewhere. The action of re-
ceptor-destroying enzyme is clearly mucolytic, and is considered by the
proponents of the enzyme theory of influenza virus action to be directly
comparable with the action of the virus.

It cannot be said, however, that the enzymic action of influenza virus
action has been proved beyond doubt. Many of the experiments upon
which it is based have been conducted with a serological approach and
the matter has yet to be subjected to an examination with full enzymo-
logical rigour. One striking defect of the theory is that no alternative
explanations of the phenomena have been seriously considered. For
instance, the attachment of virus particles to the red cell membrane
might reasonably be supposed to affect its permeability and thus upset
the Donnan equilibrium, which controls the relative proportions of ions
on either side. This disturbance could cause a compensatory migration
of ions which would affect the total charge of the red cell and th:is weaken
the attractive forces between cell and virus. Elution of virus could then
occur and the electrophoretic mobility of the cell would be reduced in
conformity with the experimental findings. The red cell would moreover
remain inagglutinable until such time as the original ionic balance had
been restored. This possibility does not seem to have been tested experi-
mentally, and it is indeed tacitly assumed that the red cell remains in a
permanent state of inagglutinability. The concentration of ions in the
cnvironment is in fact known to be of prime importance in the haem-
agglutination produced by other viruses. The phenomena of aggluti-
nation and elution can be exactly reproduced with MM virus by appro-
priate alterations in the chloride concentration of the medium (Hallauer,
1951), and there is here no suggestion that an enzyme action is taking
place. Much of the behaviour of influenza virus could also be explained
by assuming that the virus consists of many layers of dissociable sub-
units (possibly soluble antigen) deposited upon a central core. These
sub-units would have an affinity for mucoids which would cause the
virus to adhere to red cells and thus agglutinate them. Thermal agitation
of the relatively massive red cell and virus would disrupt the union,
causing elution of the virus and disappearance of agglutination. The .
virus would still be coated with sufficient of the dissociable sub-units to
be able to carry out further agglutination, whereas the mucoid receptors
of the red cell would be masked with a layer of virus material which
would render them inagglutinable. The interaction between virus and
mucoid inhibitors could be of a similar nature, and it is reasonable to
suppose that heating the virus could alter it in such a way as to render
the superficial sub-units non-dissociable, so that the virus, while still
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:apable of causing haemagglutination, would not be able to elute, and
vould also lose ‘enzymic’ activity against mucoids and therefore be in
he so-called indicator state. It is not intended to imply that either
f the above two theories represents the true state of affairs; they are
nentioned with the sole purpose of showing that there are, besides the
nzyme theory, at least two and possibly numerous other ways of ex-
slaining many of the observed facts which have not yet been seriously
.onsidered. The part played by the enzyme activity of influenza virus in
iatural infection is in any case doubtful, since it can be shown that when
issue cells are treated with periodate they are no longer susceptible to
:nzyme action although they can still be infected in the ordinary way

lable 2. (Modified from Bauer, 1949). The occurrence of enzymes and
other metabolic factors in the elementary bodies of viruses

virus " i Absent | Present Comments
Vaccinia ! Zymohexase !
| Enolase ’
i Phosphoglucomutase |
" Adenosine nucleo- |
: sidase i
i Peptidase ;
| Triosephosphate de- |
! hydrogenase ;
'3 1 Phosphomonesterase | Probably absorbed
i Phosphodiesterase on to virus from
; Ribonuclease tissuc of origin
: Deoxyribonuclease
. Cytochrome oxidase I
i Cytochrome ¢ i
| Riboflavine Probably an in-
; Copper tegral part of
Biotin the virus body
Influenza : Mucinase Legitimate doubt
as to whether
this is an enzyme
action
Deoxyribonuclease
Phosphatase
Xanthine oxidase
Adenosine triphos-
phatase
Succinic dehydro-
genase
Other Viruses Not yet investigated




56 D.J. BAUER

(Fazekas de St. Groth, 1948). It would be out of place in the present
review to criticize the mucinase theory further, or to propose at this
stage any theory to take its place; it is sufficient to note that there are
solid reasons for doubting that the haemagglutinating and related activi-
ties of influenza virus are enzymatic in nature, and that the existence of
these activities does not therefore constitute a serious objection to the
thesis that viruses are devoid of enzyme activity.

The present state of knowledge concerning the biochemical properties
of viruses is summarized in Table 2. Apart from the questionable in-
stance of mucinase the investigations made so far suggest that viruses
have no independent metabolic activities. This conclusion is based upon
an incomplete examination of two viruses only: in the absence of proof
to the contrary it is commonly extended to apply to all viruses and this
may well be true, but it should be borne in mind that the doubt exists
and will not be resolved until such time as adequate purification methods
have been worked out for all viruses and utilized in exhaustive studies of
metabolism. Nevertheless, with the above reservation, it will be con-
sidered in the following sections that absence of enzyme action is a fun-
damental property of viruses, and is a factor of prime importance in the
consideration of the method by which they multiply.

THE METABOLISM OF TISSUES INFECTED
WITH VIRUSES

The negative results of the investigation of the metabolism of viruses ir
vitro caused attention to be shifted to a study of the metabolism of viruses
in their intracellular environment. This aspect of the subject has been
limited by the extent of biochemical knowledge and has advanced hand
in hand with it, and may be expected to yield results of prime importance
in future work.

As with studies on isolated viruses, work with infected tissues was at
first limited to the observation of respiratory activity. The Q,, of the
brain and spinal cord of rhesus monkeys infected with an unnamed
strain of poliomyelitis virus was studied by Brodie & Wortis (1934).
Minced tissue was placed in Warburg vessels in Ringer alone or with
glucose; Q,, values of 0-65 and 0-68 were found for infected tissue, com-
pared with 0-82 for normal tissue. These values are very low and it is
doubtful if the oxygen uptake observed was the maximum attainable.
The subject was not pursued further until 1942, when Racker and Kabat
determined the oxygen uptake and anaerobic glycolysis of a suspension
of mouse brain infected with Lansing virus. The oxygen consumption of
infected tissue showed no significant difference from normal, but the



METABOLIC ASPECTS OF VIRUS MULTIPLICATION 57

anaerobic glycolysis, expressed as output of carbon dioxide per 100 mg.
tissue per hour, was significantly reduced below normal values. Victor
& Huang (1944) investigated the effect of infection with western equine
encephalomyelitis virus upon the anaerobic glycolysis of tissue cultures
of minced chick embryo; their object was to develop a shortened titration
procedure, but their results are directly concerned with the metabolism
of the infected tissue. The values obtained for the rate of anaerobic
glycolysis of uninfected control tissues showed great variation, but the
figures for infected tissue were always lower than normal values. The
results suggest that anaerobic glycolysis is inhibited during the course of
the virus infection, although it is possible that co-factors might have be-
come depleted during the course of incubation of the cultures, in which
case the glycolysis measured might not represent the maximum detect-
able. Nickle & Kabat (1944) confirmed the previous observations of
Racker & Kabat in an investigation of the respiration of mouse brain
infected with Lansing and western equine encephalomyelitis viruses. A
wide variation was found in the rates of oxygen uptake and anaerobic
glycolysis, but the anaerobic glycolysis of the infected brains was appar-
ently significantly less than normal in the presence of a high concen-
tration of glucose, but was reduced only in the case of western equine
encephalomyelitis virus when a low concentration of glucose was
present. The authors concluded that a difference in metabolism had been
observed. This work and the previous work of Racker and Kabat was
repeated by Wood, Rusoff & Reiner (1945), who could find no significant
difference between the values for normal and infected brain, and later
(Utter, Reiner & Wood, 1945) pointed out that the amount of anaerobic
glycolysis measured was far below the maximum value on account of
random deficiencies in co-factors; this objection applies also to all the
work done up to this time. Maximal production of carbon dioxide was
only obtained when the brain suspension was fortified with hexose di-
phosphate, adenosine-triphosphate, diphosphopyridine nucleotide, nico-
tinamide and magnesium ions. Their objections may have been too
sweeping, however, since in the light of present knowledge it is possible
that infection with a virus might influence an enzyme action by depleting
the store of co-factors, and the study of simple unfortified extracts could
be made to afford information as to the actual level of metabolism dur-
ing the course of virus infection as opposed to the potential maximum.

Pearson & Winzler (1949) investigated the metabolism of fragments
of mouse brain infected with GDVII virus and incubated in Warburg
vessels for up to 70 hours. The oxygen consumption fell off very rapidly
and had reached very low values at the end of the experimental period;
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there was no significant difference from the values observed with unin-
fected tissue, nor was there any difference in the rate of glycolysis. The
authors stress the fact that the observations were made at a time when
the rate of virus growth was maximal and therefore show that respira-
tion is unaffected by the growth of virus in the tissue. Whereas the rate
of multiplication of the virus is admittedly high, the total amount of
virus present in the first part of the experimental period is very low, and
since the virus multiplies in a logarithmic manner may actually be con-
sidered as negligible from the point of view of any effect that it could
have upon metabolism. Observable changes in metabolism can only be
expected when the amount of virus present, in other words its titre, has
reached a maximum, and by the time this had occurred in the experi-
ments of Pearson & Winzler the respiration of the tissue had already
fallen to very low levels on account of the inevitable deterioration of the
preparation. .

Attempts have been made to observe metabolic changes in fertile eggs
infected with viruses. Parodi et al. (1948) incubated eggs at 37° in
vacuum desiccators filled with air, and followed the respiratory ex-
changes by gas analysis. Eggs which had been inoculated with a strain
of influenza A virus isolated in the Argentine showed an increase in
oxygen uptake after 24 hours, but after 48 hours the average oxygen up-
take and carbon dioxide output of infected eggs were lower than those
of normal fertile eggs of the same age and duration of incubation. When
the same results were expressed per gram of embryo, however, no signi-
ficant difference from normal values was found. Pinkerton et al. (1950),
using a similar technique, determined the virus content and oxygen con-
sumption of eggs inoculated with PR8 virus at intervals up to 96 hours
after infection. The rate of oxygen consumption rose during the course
of incubation, but fell off after 24 hours at a time when the titre of virus
was attaining a maximum; further examples of parallelism between res-
piration and titre were noted in experiments carried out at different
temperatures of incubation. The authors suggest that the transient de-
pression of respiration is due to a toxic effect of newly liberated virus.
In further work (Greiff, Blumenthal & Pinkerton, 1950) the oxygen con-
sumption of eggs was determined 90 minutes after the intra-allantoic
injection of allantoic fluid containing PR8 virus. The oxygen uptake was
increased above normal values when up to 2 ml. of fluid were injected,
but in eggs injected with 3 ml. the uptake of oxygen was depressed.
These’ effects were abolished when the allantoic fluid was previously
heated at 56° for 30 minutes, and were considered to be due to the action
of a toxin.
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McLimans, Siem & Scholljegerdes (1950) and McLimans et al. (1950)
carried out similar observations with Newcastle disease virus, using a
technique in which single eggs were incubated in a specially designed
Warburg chamber. The oxygen uptake per egg showed no departure
from normal until two days after infection with the virus; it then fell
rapidly to zero during the terminal stages of the infection when death of
the embryo occurred. Similar results were obtained in experiments with
western equine encephalomyelitis virus (Siem, Smith & McLimans
1950); eggs inoculated with the virus showed a normal rate of oxygen
consumption for 17 hours, when the rate rapidly fell to zero as death of
the embryo occurred.

The work on entire eggs carried out so far has yielded no information
of any value. Multiplication of the viruses which have been used is con-
fined to the embryo or the chorioallantoic membrane; any changes which
occur in the respiration of these tissues will probably be obscured by the
respiration of the remainder of the egg, and the method is thus not likely
to yield results of any significance. Much more could be achieved by a
study of the metabolism of isolated pieces of membrane, which could be
infected in vitro, or by previous inoculation of the egg at a predeter-
mined time. In personal observations, so far unpublished, it was found
that influenza virus increased the oxygen uptake of allantoic membrane.
Pieces about 10 mm. square were cut from the same membrane and
placed in Warburg flasks containing serum Tyrode and infected or nor-
mal allantoic fluid. The flasks were incubated at 37° and the oxygen up-
take was observed and expressed as cubic mm. consumed per mg. dry
weight of tissue per hour (Q,,). Values of 10-0 and 6-25 were found for
membrane alone and 10-5 and 8-3 with the addition of 1 ml. of normal
allantoic fluid, whereas values of 54-1 and 28-3 were found for membrane
in the presence of 1 ml. of allantoic fluid containing PR8 virus to a titre
of 8000 by the Salk test. The results of a similar experiment are recorded
in Table 3, which shows the effects of a fluid before and after adsorption
of virus, and also of the adsorbed virus after elution into Tyrode solution.
In these experiments an interval of 20 minutes elapsed before adding
virus to the membrane and taking readings, and the Q,, values are based
on observations over a period of two hours. The results thus show that a
marked rise in Q,, occurs within two hours of adding infected allantoic
fluid to the membrane. In the experiments of Table 3 the rise was less
marked when part of the virus had been removed by adsorption, but on
the other hand the eluted virus produced a still lesser effect. The stimu-
lation of the oxygen consumption of the membrane observed here is in
conformity with the findings of Greiff et al. (1950). Their suggestion that
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Table 3. The effect of PR8 virus upon the Q., of chorioallantoic membrane
The Q., is increased by the addition of chorioallantoic fluid containin,
the virus, the increase is less marked when the virus is partially remove.
by adsorption.

Titre of
Addition virus Qo, Comment
added
Unadsorbed PR8 fluid 4000 436, 41-5 Qo . increased
Partially adsorbed fluid 2000 30-5, 27-5 Increase less marked
Eluted virus 8000 13-1, 22-2 Increased X3
None — 4-4, 7-0 Normal level of mem-
brane respiration

the effect is due to a toxic action of the virus may of course he true, bu
in any case it depends upon the interpretation of toxicity. When viru
is added to the membrane it is rapidly adsorbed, and any changes i
metabolism which are observed and which may be ascribed to toxicit
are more likely to represent a specific effect of the virus upon cell meta
bolism and a necessary stage in the cycle of virus development. Th
isolated membrane infected in vitro is a very convenient model for study
ing virus metabolism. Enough pieces can be cut from the same mem
brane to afford an adequate number of replicates, and various enzym
reactions can be studied by adding the appropriate substrates. It is o
course essential to add an excess of virus so as to infect all the availabl
cells and thus achieve the maximum observable effect upon metabolism
In the case of influenza virus the experimental results can be very easil
controlled by comparison with the effects of allantoic fluid from whicl
the virus has been specifically adsorbed. Once a satisfactory techniqu
has been established an extensive application of the method should yiel(
results of value, as all the metabolic events occurring in a single cycle o
virus reproduction could be recorded and correlated with the appearanc
of soluble antigen and infectious virus in the membrane.

In conclusion the work of Kun & Smith (1950) may be mentioned
Determinations were made of the Q,, of membranes which had been in
fected with myxoma virus by inoculating the egg 48 hours previously
No difference from normal values was found. Significant difference
were found, however, in certain specific enzyme activities, and these re
sults will be considered later in the appropriate context.

The results of respiration studies have so far yielded little informatio:
of value, but much more progress has been made in studies of individua
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enzyme reactions in tissues infected with viruses. Racker & Kabat
(1942) in their work on the respiration of mouse brain infected with
Lansing virus also investigated dehydrogenase and phosphatase activity.
In experiments with the Thunberg technique suspensions of infected
brain decolorized methylene blue more rapidly than suspensions of
normal brain, but no difference was observed when various substrates
such as glucose, lactate and succinate were added. There was no differ-
ence in phosphatase activity, but adenosinetriphosphatase activity was
increased in infected brains. Experimental details are not given, and
these results must be regarded with some reserve; in order to obtain a
true measure of phosphatase activity in extracts the determination should
be made in the presence and absence of magnesium ions, and determina-
tions of adenosinetriphosphatase activity should similarly be made in
the presence and absence of calcium ions, and the enzyme activity de-
rived in either case from the difference between the two sets of readings.
Unless these precautions are observed it is difficult to know precisely
what activity is being measured.

Racker & Krimsky (1946) studied the phosphorylation of glucose in
mouse brain infected with Lansing & Theiler viruses. Brain homo-
genates were incubated for one hour with glucose, adenosinetriphos-
phate and diphosphopyridine nucleotide, together with nicotinamide
as an inhibitor of the enzyme system which destroys the latter substance,
and the amount of glucose utilized at the end of the period of incuba-
tion was determined by titration. In both virus infections the utilization
of glucose was below normal values; brain infected with Lansing virus
showed a reduction of glycolysis ranging from O to 50 %, with an average
of 159, and brains infected with Theiler’s virus showed a reduction of
0 to 809, with an average of 31%,. Reduction in glycolysis was also
seen when glucose-6-phosphate and fructose-6-phosphate were used as
substrates instead of glucose, but not when hexose diphosphate was used.
A similar inhibition of glycolysis was obtained when partially purified
preparations of Lansing and Theiler FA viruses were added to a homo-
genate of normal mouse brain acting upon substrate in the presence of
the same co-factors. Purified preparations of PR8 virus and tobacco
mosaic virus also inhibited the glycolysis of normal mouse brain. In
further work (Racker & Krimsky, 1947) the inhibition of normal mouse
brain glycolysis by purified preparations of FA virus was investigated
in greater detail. The same degree of inhibition was obtained with virus
preparations which had been boiled or incinerated, and the inhibitory
effect was found to reside in the iron contained in the preparation. The
authors concluded that FA virus inhibited glycolysis by the mediation
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of ferrous ion, which is either part of the virus body or else is liber-
ated during the course of infection. It is not possible to assess these
results without much further work. The observations may be of funda-
mental importance or they may be quite irrelevant, according as to
whether iron is an integral part of the virus bodies or a contaminant
derived from the tissue of origin. With the example of the copper content
of vaccinia virus in mind it is quite conceivable that iron could be an
integral part of the virus. If this were the case infected brain should
have a higher iron content than normal brain, a point which might be
worth investigation.

Bauer (1947a) investigated the xanthine oxidase activity of mouse
brain during the course of infection with the 17D strain of yellow fever
virus, The activity of the enzyme increased steadily during the incuba-
tion period and reached a maximum on the seventh day after infection,
when symptoms of encephalitis appeared. A similar increase i xanthine
oxidase activity was also seen in brains infected with the neurotropic
and Asibi strains of yellow fever, and with lymphocytic choriomenin-
gitis. The increase in xanthine oxidase activity was not peculiar to mouse
brain, but was also seen in chick embryos infected with the 17D strain
of yellow fever virus (Bauer, 1948). The xanthine oxidase content of the
normal embryo is very low, and it is possible that the considerable in-
crease seen during the virus infection represents a formation of new
enzyme. Further studies were made of the dehydrogenases of mouse
brain (Bauer, 1947b). A marked increase in xanthine oxidase and pyruvic
dehydrogenase activities occurred during infection with neurotropic yel-
low fever, lymphocytic choriomeningitis and lymphogranuloma inguin-
ale. A lesser rise in dehydrogenase activity was also seen when succinate,
lactate and malate were used as substrates. The results thus indicate that
there is an increase in the activity of the cyclophorase system during
virus infection. Studies were also made of the activity of some of the
enzymes concerned in nucleic acid metabolism during the course of in-
fection with the viruses of neurotropic yellow fever, lymphocytic chorio-
meningitis, neurovaccinia and dengue (Bauer, 1951a). The enzymes
studied included deaminases, nucleosidases and nucleotidases; the activi- -
ties of some enzymes showed no difference from the average values for
normal mouse brain, but the activities of other enzymes were found to be
increased or decreased. The results obtained are shown in Table 4. The
pattern of alteration of enzyme activity is such as to suggest that certain
metabolic pathways leading from purines and pyrimidines to nucleic
acids are quantitatively insufficient and are specifically expanded during
the virus infection. Thus in the case of yellow fever the activities of
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adenosine deaminase, xanthine oxidase and the nucleosidases for inosine
and xanthine are all increased; there is thus increased metabolic activity
in the pathways leading from xanthine to adenosine and xanthosine re-
spectively. It is probable that a more thorough study of enzyme activi-
ties would give some indication of the reactions which are involved in
the synthesis of virus material, but in the present context it is sufficient
to note the fact that enzyme activity is affected during virus multipli-
cation.

Kun & Smith (1950), in an extension of their work on the respiration
of the allantoic membrane infected with myxoma virus which has al-
ready been reviewed, also observed that zymohexase activity was in-
creased and lactic acid production was correspondingly increased above
normal values; the average Q value for lactic acid production of in-
fected membrane was 40-6, compared with an average value of 160 for
uninfectecs membrane. The authors suggest that zymohexase is specifi-
cally activated by the virus, and their results are thus a further example
of the increase of enzyme activities seen in virus infections of mouse
brain which have already been described.

Little & Lawson (1951) investigated the cholinesterase activity of
mouse brain infected with Theiler FA and Lansing viruses. Homo-
genates of infected brains, and the supernatant and sediment obtained
from them by centrifugation, were incubated in Warburg flasks with
acetylcholine at pH 7-4 with 959 nitrogen and 5% carbon dioxide in
the gas phase, and the hydrolysis of acetylcholine was followed from the
rate of liberation of carbon dioxide. The results indicated that the choli-
nesterase activity of homogenates and sediments of brain infected with
FA virus was significantly reduced, whereas no change was seen in the
case of brains infected with Lansing virus. It is concluded that the de-
crease in enzyme activity was not sufficient to affect conduction and
therefore account for the symptoms of encephalitis. The results must be
viewed with some suspicion, however, since it is by no means certain
that the carbon dioxide evolved had been liberated by the breakdown
of acetylcholine. Under the conditions of the experiment brain extracts
will carry out a certain amount of glycolysis with the formation of lactic
acid and consequent liberation of carbon dioxide; acetylcholine salts
give an acid solution which would itself liberate carbon dioxide from
bicarbonate buffer, and it is not stated whether the solutions were neu-
tralized before use. In any case the amount of carbon dioxide evolved
seems very large; the results indicate that 10 mg. of acetylcholine were
hydrolysed per hour, whereas Bauer (19516) found that a suspension of
mouse brain which was five times more concentrated hydrolysed only
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075 mg. of acetylcholine per hour at the more favourable pH of 8-5.
In this work the hydrolysis of acetylcholine was followed by titrating
the amount of acetic acid liberated; the pH was maintained at the opti-
mal value of 8-5 by borate buffer and incubation was carried out at 37°
for two hours. The non-enzymatic decomposition of acetylcholine which
occurs in alkaline solutions was determined by titration of duplicates to
which sufficient eserine had been added to inhibit cholinesterase activity,
and the activity of the enzyme was obtained from the difference between
the two titration figures. In brains infected with neurotropic yellow
fever, neurovaccinia and MM viruses cholinesterase activity was signifi-
cantly lower than normal values, whereas there was no difference from
normal in infections with lymphocytic choriomeningitis and Lansing
viruses. In brains infected with the neuro-WS strain of influenza virus
cholinesterase activity was increased above normal values. The depres-
sion of cholinesterase activity bears some relation to the coursg of multi-
plication of the virus, since in infections with neurotropic yellow fever
virus the enzyme activity falls gradually during the incubation period
and reaches a minimum value at the time when symptoms of encephalitis
appear (see Fig. 2). These observations open up a subsidiary line of in-
vestigation of some interest. The choice of mouse brain as a test object,
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Fig. 2. Cholinesterase activity of mouse brain during infection with neurotropic yellow
fever virus. Mice were inoculated with 1000 LD;, on day 0 and determinations of
cholinesterase activity were made on the brains of mice sacrificed at intervals. Symptoms
of encephalitis appeared on the 4th day. The line passes through the average values.
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while permitting the investigation of a large number of viruses, also
affords the possibility of examining a number of metabolic factors which,
while they may be of fundamental or only of incidental importance for
virus multiplication, are intimately connected with maintenance of ner-
vous function, and any deficiency of which may cause the appearance of
specific symptoms. For instance, encephalitis in the mouse tends to
appear in one of three forms; a generalized flaccid paralysis, as with
dengue, Lansing virus and the 17D strain of yellow fever virus; cerebral
irritation, as with neurotropic yellow fever, MM and neuro-WS viruses;
and excitation with convulsions, as with lymphocytic choriomeningitis
and neurovaccinia. It is possible that some differences might be found
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Fig. 3. The effect of virus encephalitis upon the magnesium content of mouse brain. Lower
values are found in infections with neurotropic yellow fever and MM viruses.

associated with these different types in those factors, such as cholin-
esterase, choline acetylase, acetylcholine content, and content of magne-
sium, thiamine and glucose, which are responsible for the maintenance
of a normal level of nervous activity. Bauer (19515) found that the
magnesium content of mouse brain was depressed below normal values
in infections with neurotropic yellow fever and MM viruses (see Fig. 3),
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and this deficiency of magnesium might be the cause of the nervous
hyperactivity which is characteristic of this type of encephalitis. Whether
the shift of magnesium is essential for the metabolic processes involved
in virus multiplication or whether it is an incidental consequence of cell
damage awaits further elucidation. Information of this sort is, however,
of practical importance and might even have some place in the sympto-
matic treatment of virus encephalitis. )

The changes in enzyme activity and other factors of metabolic impor-
tance which have so far been shown to occur in tissues infected with
viruses are summarized in Table 4. A further point which emerges from
the study of the table is that the pattern of activation or inhibition is not
the same for all viruses. There is, for instance, an increase in the activities
of adenosinetriphosphatase and the nucleotidase for adenosine-5-phos-
phoric acid in infection with vaccinia virus which does not occur in in-
fections with the other viruses so far studied, and other instgnces of the
same phenomenon may be noted as well. Viruses thus appear to show a
certain diversity in what may be termed their biochemical properties,
which may be an expression of specific differences in the synthetic pro-
cesses utilized in the production of viruses of different types.

NUTRITIONAL FACTORS IN VIRUS INFECTIONS

From the work described in the preceding section it appears that the
occurrence of virus multiplication is associated with the appearance of
certain changes in the metabolic activity of the host cell, and it follows
from this that any factors which influence the activity of the host cell as
a whole may also affect the growth of virus within it. Here must be con-
sidered factors which affect the nutrition of the cell, such as vitamin
deficiencies and dietary restrictions, and factors which affect its overall
activity, such as hormones and the age of the host tissues, and a further
fact which needs to be taken into consideration is the relative or absolute
insusceptibility of some tissues and animal species towards infection with
a particular virus.

The effect of thiamine in controlling virus growth was investigated by
Rasmussen et al. (1943). Mice were placed on diets containing adequate
and insufficient amounts of thiamine respectively, and a comparison was
made of the mortalities in the two groups after infection with Theiler
FA virus. Little difference was found, but in a similar experiment with
Lansing virus all of 35 mice receiving a thiamine-deficient diet escaped
paralysis, compared with 10 of 35 in the control group. Similar experi-
ments were also carried out on the effect of riboflavine deficiency
on infection with Theiler virus, but no significant difference was
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observed. The effect of thiamine deficiency upon infection with
Lansing virus was also investigated by Foster et al. (1944). They found
that only 99, of 77 mice on the deficient diet were paralysed on the

Table 4. The effect of virus infections upon the enzyme activities and other
metabolic factors of the host tissues. Abbreviations: NYF, neuro-
tropic yellow fever; LCM, lymphocytic choriomeningitis; NV, neuro-
vaccinia; LGI, lymphogranuloma inguinale; D, dengue; I, influenza.

Virus Enzyme or Other Metabolic Factor

f Dehydrogenases
; Xanthine Succinate | Lactate | Pyruvate | Malate | Glycerophosphate t
! oxidase ’ .
i NYF o i +- -+ + -
. LCM - i + R +
- NV -1 :
I LGI -+ -+ + - + - :
Deaminases Nucleotidases '
. N . ‘ . Adenosine-5- —. . '
(Guanosine | Adenosine | Guanase phosphoric acid Guanylic acid
| NYF 0 i 0 — ~ '
LCM 0 -+ 0 0 0
NV - |- 0 + 0
D - - 0 0 0
Nucleosidases !
: Inosine Uridine | Guanosine Xanthosine Adenosine
" NYF 1+ e 0 +- 0
© LCM -+ - 0 0 0
NV 0 - 0 0 0 :
D + t + + + i
J
Adenosine- Lactic
. Cholin- | Magnesium . Oxygen | Zymo- Acid
triphos- Virus ; !
esterase content uptake | hexase | Forma-.
phatase .
tion
| NYF 0 - — | Myxoma| o + + !
| LCM 0 0
NV + - 1 +
! D 0 0
| MM 0 - i
i N

-+ Increase in activity of enzyme or concentration of factor.
— Decrease in activity of enzyme or concentration of factor.
0 No change in activity of enzyme or concentration of factor.
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twenty-first day after infection, whereas 759 of 79 mice receiving an
adequate diet had become paralysed by this time. There was no difference
in the eventual mortalities in the two groups, however. In further experi-
ments with groups of from 22 to 166 mice a reduced mortality was noted
at 21 and 46 days in the mice receiving the deficient diet, but by 59 days
the mortalities in the test and control groups showed no significant
difference. The authors concluded that a deficiency of thiamine delayed
the action of the virus but was unable to prevent its multiplication. Ani-
mals deficient in thiamine suffer from anorexia, and it was found that a
restriction of 40 % in the total amount of food taken had the same effect
upon the course of the infection. It is thus not clear from this work
whether the effect of thiamine is specific or not.

The effect of temperature upon virus infection was investigated by
Holtman (1946a). Mice were acclimatized to temperatures of 13°, 22°
and 32°, and were then inoculated with an unnamed strain of polio-
myelitis virus. The incubation period depended in a very marked degree
upon the temperature of acclimatization, and ranged from 5 days in the
animals kept at 32° to 13 days in those kept at 13°. In further work
(Holtman, 1946b) the possibility was considered that this was mediated
through the effect of environmental temperature upon the activity of the
thyroid. Mice were infected with poliomyelitis virus and treated with
thiouracil, thyroid extract and iodinated casein. The incubation period
was reduced in mice treated with thiouracil, but was increased by treat-
ment with thyroid extract and iodinated casein. It thus appears that
poliomyelitis virus may require a certain restricted range of metabolic
rates for optimal multiplication. In the case of MM virus, however,
Gollan (1948) found that treatment with thyroxin had no effect upon the
course of the infection.

The rate of growth of the experimental animal might also be expected
to influence the course of virus development. Kalter (1949b) placed
young mice on diets which allowed rapid, moderate and no growth to
occur, and then carried out a titration of a preparation of PRS virus in
all three groups. No difference was found in the titres observed. The
effect of the age of the mice was also investigated (Kalter, 1949q2). A
preparation of PR8 virus was titrated in mice of ages ranging from 3 to
25 weeks. A titre of 10¢ was observed in the youngest mice, and the
titre fell off evenly with increasing age to reach a value of 102 in mice
25 weeks old. Similar results were obtained with the Lee and Swine-15
strains. The final amount of virus in the lungs was nevertheless the same
in mice aged 3 and 30 weeks, as determined by egg inoculation, and it
was concluded that the older mice must be less susceptible, since they
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survived a concentration of virus which was lethal for younger animals.
It is quite possible, however, that the lungs of the younger mice con-
tained non-infective virus of a further cycle of multiplication, and that
this additional virus brought about the death of the animals before devel-
oping to maturity and thus becoming detectable by infectivity titration.
If this is the case the results of Kalter suggest that the virus multiplies
to a lesser extent in older mice. Kalter, Stuart & Tepperman (1950)
attempted to influence the rate of virus multiplication by controlling pro-
tein anabolism with hormones, thus simulating the effect of age upon
the host tissues. Mice were treated with pituitary growth hormone or
testosterone and were then inoculated intranasally with PR8 virus; the
rate of growth of virus was determined by inoculation of eggs with lungs
of mice sacrificed at intervals. A greater amount of virus, amounting to
1 to 2 log. units, was found in treated animals as compared with con-
trols. x

The fact that age of the host influences the growth of viruses is also
common knowledge among virus workers, quite apart from researches
specifically concerned with this point. The Coxsackie viruses, for example,
will produce a fatal infection in infant mice, whereas older mice appear
to be insusceptible. A preparation of dengue virus will show a titre of
107 in infant mice, but only 10% or 10* in mice of 4 weeks of age. The mice
which are usually used in virus work are only a few weeks old, and it is
well known that elderly mice show a reduced susceptibility to infection
with viruses to which they can have no natural immunity.

Cortisone also appears to have a profound effect upon the course of
virus infections. Schwartzman (1950) found that treatment with corti-
sone would shorten the incubation period of the MEF1 strain of polio-
myelitis virus in mice, and hamsters, which are otherwise almost insus-
ceptible to the virus, succumbed to a prompt and violent infection after
treatment with cortisone. Kalter et al. (1951), however, found that
treatment with cortisone reduced the amount of PR8 virus in the lungs
of mice, and ascribed this effect to a decrease in protein anabolism
brought about by the hormone. Cortisone is evidently an important
factor in controlling virus growth, but it remains to be seen whether its
effect is specific, or whether it merely depends upon an overall control
of cell metabolism, or even on a facilitation of the spread of the virus
from one cell to another.

As a final example of the way in which virus growth is dependent
upon the host cell mention may be made of tropisms and tissue and
species specificity. The tropisms of viruses were among the first of their
properties to attract notice; less attention is perhaps paid to tropisms
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nowadays when practically all viruses can be adapted to growth in mouse
brain, but it is nevertheless obvious that viruses tend to favour specific
tissues as sites of multiplication, presumably because they require, at
least in their unadapted forms, a metabolic climate which is not gener-
ally available. Another striking feature is the relative or complete in-
ability of certain tissues to support virus multiplication, which may in
fact be considered as a negative tropism. This insusceptibility may apply
only to certain viruses, for example dengue and yellow fever viruses will
not multiply in mouse liver, although Rift Valley fever and lymphocytic
choriomeningitis viruses will do so, or it may apply to certain tissues,
which are refractory to all viruses. For instance, virus infections of the
skin, brain, lungs and liver are common, and the cells of these tissues
presumably afford a metabolic environment which is generally suitable
for viruses, whereas virus infections of the thyroid, adrenals, pituitary
and possibly the kidneys do not seem to occur. It can only be concluded
that the cells of these tissues by virtue of their specialized nature possess
a metabolic environment in which the virus cannot survive.

CONCLUSION

In the preceding sections the information available up to the present
time upon the metabolic events which are concerned in the growth of
viruses has been set forth, and the bearing of this information upon
theories of virus multiplication will now be examined. It may be as-
sumed, so far as is known at present, that viruses do not possess any
independent enzyme activities of their own. It necessarily follows from
this that the substances which are required for the formation of new
virus material must be supplied by the activity of the host metabolism.
It is not likely that these substances are already present in the cell in
adequate amounts, since the formation of nucleoprotein, an important
constituent of the virus body, is not a normal activity of the resting cyto-
plasm, and it is thus not surprising to find that disturbances of meta-
bolism can be detected in cells infected with viruses. The general pattern
of the disturbance will only become apparent when many more enzyme
activities have been investigated, but it has already been established that
the activities of enzymes may be stimulated or inhibited, that the dis-
turbance affects certain enzymes only and leaves others unaltered, and
that the actual identity of the enzymes affected varies from one infection
to another and is possibly a specific property of the viruses concerned.
The disturbance of metabolism is thus apparently selective, and its
occurrence implies that virus multiplication is brought about by the as-
sumption of an overriding control of cytoplasmic activity by a foreign



METABOLIC ASPECTS OF VIRUS MULTIPLICATION 7

agency. Before discussing the nature of this agency, and considering
whether it is in fact so foreign as it seems, we must first consider the
methods by which a control of enzyme activities might be achieved. An
increase in activity might be due to synthesis of new enzyme, and an in-
stance has already been quoted (Bauer, 1948) in which this is a possible
explanation. The level of enzyme activity in the intact cell depends not
only upon the concentration of substrates, but also upon the concentra-
tions of specific co-enzymes and ions, and control of activity might be
achieved by a mechanism which could donate or withdraw the necessary
activators or inhibitors. The concept thus emerges of the virus as an
enzyme inactivator and inhibitor, but at what may be termed a ‘higher
than co-factor’ level. The demonstrable presence of copper, biotin and
flavine in vaccinia virus lends some support to this concept, and the loss
of magnesium in infections with neurotropic yellow fever and MM viru-
ses shows that ionic shifts are a feature of virus infections, although there
is as yet no evidence as to whether they are incidental occurrences or not.
The fact that some enzymes are inhibited at the same time as others are
activated suggests that there is a redistribution of co-factors from a pool
which is not inexhaustible, so that the gain of one enzyme must be offset
by the loss to another.

Any explanation of the means by which enzymes are activated and
inhibited by the virus must take into consideration the fact that the
enzymes are scattered throughout the whole of the cytoplasm and are
mostly located in discrete bodies, the mitochondria and microsomes.
Methods for the isolation of these cytoplasmic constituents have been
developed, and it would be of interest to separate cells infected with a
virus into nuclear, mitochondrial, microsome and residual fractions in
order to see precisely at what site the enzyme changes are occurring.
The direction of enzyme activity seen in a virus infection must thus be
widely distributed throughout the cytoplasm, and could be exerted
directly upon the enzyme-containing structures themselves, or indirectly
through an effect upon the nucleus. If the views of Caspersson (1950)
are correct it is possible that both mechanisms may be involved. He
considers that the nucleolus forms histones which pass to the inner sur-
face of the nuclear membrane, whereupon ribose nucleic acid and cyto-
plasmic protein are caused to be synthesized upon the outer surface.
If the virus makes use of this normal cellular apparatus for protein and
ribonucleic acid synthesis it must act via the nucleus. The nucleus is un-
doubtedly involved in virus infections, since intranuclear inclusions may
occur. It has been pointed out (Bauer, 1949) that a consideration of the
cycle yield of influenza virus suggests that the nucleus is affected. In one
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cycle 40 to 60 infective particles are liberated. From the relative sizes
of the virus and the cells of the chorio-allantoic membrane it can be esti-
mated that the virus which is formed represents 1-5 x 107 of the total
volume of the cell. Even allowing for an error of 10 or 100-fold in the
estimate of the number of particles formed, it is evident that the virus
constitutes only a small fraction of the total volume of the cell, yet it is
sufficient to cause its death. The inference is that virus multiplication
involves a vital structure, for instance the nucleus. The nucleus might
of course be damaged by a toxic action of the virus or of associated
products of its multiplication, but these would need to possess an im-
probably high toxicity in view of the small mass of virus material actually
present.

Whether control of metabolism is exerted through the nucleus or
directly upon the cytoplasm the spatial separation of the synthesizing
units which are involved makes necessary the supposition that the virus
dissociates into a number of sub-units after it enters the cell, each of
which could influence a single synthesizing centre and direct the forma-
tion of new virus material. This concept, based upon biochemical and
cytological considerations, agrees well with the soluble phase theory
suggested by Hoyle (1948) which has been developed from immuno-
logical evidence. He finds that influenza virus loses its identity as an
infective unit after entering the cell, and cannot be detected as such until
the end of the cycle of infection. During this time, however, soluble
antigen appears in the cell and increases in amount, and probably repre-
sents an incomplete form of virus. It may be supposed that the soluble
phase represents the organization of new virus material which follows
the widespread penetration of sub-units derived from the original parti-
cles at the time when it loses its infectivity. The biochemical evidence
upon which the present theory of virus multiplication rests has of course
been derived from a study of other viruses than influenza, and Bauer
(1949) was therefore led to suggest that the soluble phase might be a
feature of viruses in general, putting forward in support the fact that a
latent period in which the virus is either non-infective or else invisible
has been observed in the case of a number of viruses, and that the
production of soluble antigens appears to be a common and perhaps a
general feature of virus infections.

It may be as well to summarize the conclusions arrived at so far by a
concise statement of the theory of virus multiplication which has been
derived from a study of the biochemical evidence. It is postulated that
the virus particle, after entering the cell, breaks up into a large number
of sub-units which diffuse through the cell and influence the synthesizing



METABOLIC ASPECTS OF VIRUS MULTIPLICATION 73

centres, either the mitochondria and microsomes, or the nucleus, or per-
haps both. New virus material is laid down around the centres under
the controlling influence of the sub-unit, exerted possibly by co-factor
redistribution. The new virus material, together with the organizing
sub-units, represents the soluble phase of Hoyle, and represents also the
inclusions which can be seen in the cytoplasm in the case of certain
viruses. The formation of particles out of the new virus material must
now be considered. It is by no means certain that all viruses exist in a
truly particulate phase. This may seem an astounding statement to make,
in view of the fact that the particulate phase of the virus is the one with
which we are most familiar, but considerable doubt has been cast upon
its reality by recent work of Hoyle (1950). He has observed the out-
growth of filaments from the surface of cells infected with influenza
virus; the filaments tend to become segmented into spheres, and both
filaments and spheres have the dimensions regarded as characteristic of
influenza virus particles and the filaments often seen in association with
them. The same phenomenon was also observed with normal unin-
fected cells when they were placed in an unfavourable environment. It
therefore seems probable that the particles of influenza virus are merely
droplets of diseased cytoplasm which assume that shape from purely
incidental reasons. A similar appearance has been observed in electron
micrographs by Wyckoft (1951), who was also unable to find any parti-
cles resembling virus in an intracellular position. He also observed that
discrete virus particles were formed only by well-adapted laboratory
strains, and that cells infected with recently isolated strains of influenza
virus underwent rapid necrosis and particles resembling virus bodies
could be found only with difficulty. The larger viruses, such as those of
the psittacosis and vaccinia groups, seem to form elementary bodies in
intracellular colonies, but it is not impossible that the smallest viruses
do not form discrete particles, for many of them have not been seen in
electron micrographs, and although this may be due to difficulties of
purification, and in the attainment of sufficiently high concentrations,
together with the limit of resolution of the electron microscope, it is also
possible that these viruses exist in the soluble phase only. Influenza virus
may represent an intermediate condition, in which the virus exists as
particles of soluble phase which are formed fortuitously from extra-
cellular processes; it is possible that particle formation is not an essential
stage in the life cycle of this virus, since recently isolated strains of influ-
enza virus apparently cause necrosis of cells and liberation of the abnor-
mal cytoplasm without the formation of filaments or particles, and yet
these viruses still retain their infectivity. It is probable that further work
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will disclose other examples of what may be called spurious elementary
body formation. In the case of influenza the formation of particles needs
no further explanation than that given by Hoyle, and in the case of the
viruses of the psittacosis and vaccinia type it has been suggested (Bauer,
1949) that each virus particle results from the condensation of virus
material around an individual synthesizing centre.

The theory of virus multiplication outlined above bears no relation
to exponential replication of bacterial type, and if this theory is accepted
it carries with it the implication that viruses do not represent degener-
ated or highly specialized forms of bacteria, but are in fact totally un-
related to them. It may be useful at this point to tabulate some of the
more striking differences between viruses and bacteria which have be-
come evident in recent years (Table 5). The suggestion that viruses utilize

Table 5. Comparison of viruses with bacteria and cell constituents in a
broad sense on the basis of certain of their properties

P - e B =
! Property l Viruses Bacteria Cell constituents
i Subject to overriding control § yes ! no yes
¢ of host protein anabolism !
| '
l Influenced by host age and yes no yes
; nutrition
i Marked restriction of tissue common not common specific to the
| and host range tissue and host
% Control activity of host cell yes no yes
| enzymes
i . | K .
| Produce interference : yes | yes, but not inapplicable
i . ! ofsametype |
e; ! .
E Non-particulate phase yes i no yes, i.e. organ-
i ! izers, transmit-
i : ters of gene
; ‘\ influence

Size range smaller than ‘ larger than same range as
' bacteria | cell constitu- viruses

! ( ents

the host metabolism is supported by the fact that virus growth can be
controlled by factors such as host age, hormones and vitamin defici-
encies, which affect protein synthesis in the host cells. These factors ap-
parently take prior effect and set the metabolism at a certain level of
activity which cannot be altered by the action of the virus. Bacteria, of
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course, are in no way affected by factors of this kind, and multiply with-
out regard to the condition of the host metabolism. Instances are cer-
tainly known where the tissue and host range of a bacterium are limited,
but this limitation is unusual among bacteria and is not nearly such a
prominent feature as with viruses. Bacteria will interfere with the growth
of other bacteria, but only by the production of antibiotic substances
or by exhausting nutrients, and not at all in the manner characteristic
of the interference phenomenon of viruses. Other differences between
viruses and bacteria listed in Table 5 need no comment, and the signifi-
cance of the fourth column will be discussed below.

The theory of virus multiplication by means of a soluble phase which
directs cell metabolism can explain several important manifestations
which are peculiar to virus infections. Subjection to the overall control
of the host protein anabolic rate has already been described: intracellu-
lar virus directs the metabolic mechanism in the state in which it finds it,
and cannot alter its level of operation which is preset by external influ-
ences. If protein anabolism is depressed, the growth cycle of the virus,
and therefore the incubation period of the disease, must necessarily be
prolonged. The interference by one virus of the growth of another, often
completely unrelated, virus, can be explained in those instances where it
occurs intracellularly by assuming that synthesizing centres of the host
which are already under the control of one virus are rendered insus-
ceptible to subsequent control by another. Recombination can be ex-
plained by assuming that the soluble phases of the two viruses become
mixed inside the cell and show a greater or lesser degree of synergism
in their action upon the synthesizing centres. The contrast between the
crystalline and soluble nature of the plant viruses and the particulate
and insoluble nature of the animal viruses has long been an enigma, but
the distinction disappears with the postulation of a soluble phase as a
general property of animal viruses, and with the recognition of the per-
functory nature of the particulate phase of influenza virus. The possi-
bility that all neoplasms are caused by viruses might well be reconsidered
in the light of present views on the nature of viruses and virus multi-
plication; the fact that a virus cannot be detected in a neoplasm by
infectivity tests does not mean that it is not there, since it might exist
permanently in the soluble phase without ever needing to assume a par-
ticulate and therefore infective form in order to pass from one cell to
another. It can be argued from this that the essential difference between
a virus infection and a neoplasm is a difference in phase, and that if the
factors responsible for controlling the development of the phases could
be elucidated and suitably manipulated it would be possible to trans-



76 D.J. BAUER

form either type of disease into the other. Examples of viruses which
produce benign proliferative lesions, and of neoplasms caused by vir-
uses, are too well known to need further mention, and their existence
emphasizes the fact that there is no sharp dividing line between the two
types of disease. The formation of new protein in the cytoplasm which is
characteristic of virus growth bears some resemblance to the events
which precede mitosis in the normal cell, and suggests that there is some-
thing in common between virus multiplication on the one hand and cell
division and neoplasia on the other. It has often been suggested that
viruses resemble genes in their action, but it would be premature to
support such a view until further evidence is available as to the means
by which genes influence the activities of the cytoplasm. It is more help-
ful at the present time to compare viruses, not with genes alone, but with
normal cell constituents in the widest sense, including also microsomes,
plasmagenes, organizers and the unknown substances which probably
pass out from the nucleus to control the activities of the cytoplasm. This
comparison is made in the fourth column of Table 5, which needs little
comment if the definition of cell constituent is borne in mind. It will be
seen that the properties of viruses resemble those of cell constituents
much more closely than those of bacteria, and it may be inferred from
this that viruses are naturally related to normal cell constituents and may
have originated from them. It would be unwise to be more dogmatic
than this in the present state of knowledge, and virus workers would do
well to frame their future work in accordance with this inference and
thereby subject it to experimental proof.
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DISCUSSION

N. w. PIRIE: This discussion, as discussions on viruses so often do, seems
to have got bogged down in metaphysics. First: what is an enzyme? An
enzyme is a substance that combines with its substrate in such a way
that it catalyses an action and is then released in such a state that at
least a proportion of it can go through the cycle again. Thus if it has only
been shown to carry out the action once it is not an enzyme but it is not
necessary for it to have been shown to carry it out hundreds of thousands
of times as Dr Bauer suggests. Some enzymes do but not all of them
need. Secondly: what is a particle? The ideas of Democritus, systema-
tized by more recent authorities, made it likely that all substances were
built up of atoms and so were particulate. The distinction that Bauer,
Hoyle and some others in this Symposium make between particulate
and non-particulate fractions is meaningless. The only significant ques-
tion is ‘How big are the particles’. This can be answered well enough if
speakers explain what sort of centrifuge they use and I would like to
urge Chairmen to ask everyone who gets involved in this particular
piece of metaphysics to let us have this necessary information.

H. J. F. CAIRNS (and A. 1SAACS): The influenza virus mucinase consti-
tutes the most serious objection to Dr Bauer’s hypothesis that viruses
do not possess intrinsic enzymes and he has made Procrustean efforts
to fit the experimental facts into his theory. There is a fundamental
difference between agglutination by MM and influenza viruses, the
former being a completely reversible reaction whereas the latter is not.
Following elution from red cells the liberated influenza virus is able to
agglutinate fresh red cells while the cells are no longer agglutinable by
fresh virus. It was this ability of influenza virus to destroy red cells
receptors repeatedly which first suggested to Hirst that the action was
enzymic in nature.

Since then an overwhelming weight of evidence in favour of the
enzymic nature of the influenza virus action has accumulated. Perhaps
the most important part of this evidence is the work of Gottschalk and
co-workers who have shown that following the interaction of purified
influenza virus and electrophoretically pure urinary mucoprotein in-
hibitor, a dialysable split product can be separated from the reaction
mixture (Gottschalk, Nature, 1951, 167, 845). The split product is not
formed when virus or mucoprotein are incubated alone, and there is no
evidence of mucinase activity in uninfected tissues.

The alternative hypotheses which Dr Bauer has put forward would
not explain satisfactorily why heated virus does not elute from normal
red cells or unheated virus from periodate-treated red cells, or the action
of virus on soluble inhibitors, which do not show Donnan equilibria.
Evidence of the similar nature of the virus action on red cells and soluble
inhibitors comes from the work of Bovarnick and de Burgh (Science,
1947, 105, 550) and others who prepared soluble extracts from red cells
which inhibit influenza virus agglutination, are inactivated on incubation
with the virus, and which presumably contain the substrate of the
enzyme action.
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Finally, Gottschalk and Perry (Brit. J. Exp. Path., 1951, 32, 408) have
shown that the enzymic activity of an infected allantoic fluid is inti-
mately bound to its virus content since the ratio between the enzymic
and agglutinating titres of a virus preparation remained constant when
three different methods of purification of the virus were used. If it is
true, as Dr Bauer has said, that alternatives to the enzymic theory have
not been seriously considered this must be attributed to the weight of
experimental evidence which renders alternative theories unnecessary.

D. J. BAUER: There is of course an important difference between the
haemagglutination of influenza virus and that of the neurotropic viruses
in that the red cell surface is altered in one case and not in the other, but
this alteration is not in itself sufficient proof that an enzyme action has
taken place. If the MM haemagglutination had been discovered first
and the influenza haemagglutination some seven or eight years later I
think we should be more inclined to attempt to explain the latter effect
in terms of physical chemistry and would require more convincing proof
than has yet been offered before accepting the enzyme theory. The work
of Gottschalk and Perry quoted assumes the truth of the enzyme theory
from the outset and merely shows that the property of haemagglutina-
tion is associated with the virus particle, a fact which nobody has ever
disputed. The alternative hypotheses which 1 have put forward do not
explain all the facts, but nor does the enzyme theory in my opinion. Facile
assumptions based upon it may be fallacious, since the interpretation of
the Francis effect as an enzyme action has now been shown to be incorrect
by the work of Wilson Smith. The hypothesis of sub-unit dissociation
easily explains the action of virus on soluble inhibitors, the prosthetic
groups of which could be blocked by a relatively inexhaustible supply of
sub-units, and it can be extended to explain the non-elution of heated
virus without unduly stretching our credulity, since heating might well
cause a structural alteration which prevents dissociation from occurring.
However, I thought I had made it clear in my paper that I did not regard
either of the hypotheses as the final answer, and I think that the com-
plete explanation of the enzyme-like properties of influenza virus will
eventually lie in something which we have not yet thought of.

The isolation of a product from the virus-substrate reaction could be
convincing evidence of the enzyme nature of the reaction if the evidence
were watertight. Gottschalk and Lind originally made their claim
(Nature, 1949, 164, 232) on the basis of experiments with ovomucin.
This is not a pure substance, however, but contains an enzyme, lysozyme,
which is known to liberate a substance which is nearly identical with the
reaction product which they claim to have been liberated by the virus.
In the absence of published details it is difficult to know if this objection
has been adequately met by controls. The work was later repeated by
Gottschalk (Nature, 1951, 167, 845) with an electrophoretically homo-
geneous mucoprotein. More evidence may have been obtained than
has actually been published, of course, but the results as far as they are
disclosed in the latter paper admit of at least two other interpretations,
Firstly, the virus might be the substrate and the mucoprotein the enzyme;
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[ am not suggesting that this is a likely explanation, but there is nothing
in the paper which disagrees with it. Secondly, the reaction might be
purely chemical and not enzymic. To prove the latter it would be neces-
sary to show that the inhibitor is destroyed and the virus is not, and to
equate the product formed with the amount of inhibitor disappearing.
There would of course be practical difficulties in doing this, since the
virus would break down to a certain extent when incubated, which
would have to be allowed for, but the objection will have to be met
before a rigid proof of enzyme activity can be offered. It would also be
desirable to have a full treatment of the reaction in relation to the
Michaelis-Menten equation. There is thus still much to be done in the
way of proof, and in spite of the brisk and able rejoinder of Dr Cairns
and Dr Isaacs I still feel that, in the words of Tabvle 2, there is ‘legitimate
doubt as to whether this is an enzyme action’.

MARJORIE G. MACFARLANE: Dr Bauer has referred to the work on the
enzymic activity of vaccinia virus carried out by Dr Salaman, Dr Dolby
and myself, and by Dr Rivers and his colleagues at the Rockefeller
Institute. 1 should like to contemplate this work, from a distance of
twelve years or so, in a way which may be more constructive for an
experimental approach than Dr Bauer’s.

Firstly, the absence of oxidizing enzymes does not preclude the pre-
sence of protein-synthesizing enzymes in a virus; but the virus could
probably only exercise its synthetic ability by stealing energy from the
host. We pointed out at the time that a virus protein lying within a cell
might be in as good a position to absorb this energy as protein-synthesiz-
ing enzymes of the cell. It is now possible to obtain suspensions of
mitochondria, say from liver, which in a suitable medium will respire
for hours and show the phenomenon of oxidative phosphorylation, i.e.
adenylic acid added to the medium is phosphorylated to the high energy
compound adenosinetriphosphate, which remains in solution in the
medium; if yeast hexokinase, a foreign protein, is added together with
its substrate glucose, the hexokinase utilizes the ATP for the synthesis
of hexosemonophosphate. Taking this as a prototype for the stealing of
energy it appears technically possible to construct a suitable system
in vitro in which washed mitochondria are producing ATP, and to add
to the medium firstly building blocks for protein synthesis and secondly
other kinds of particles which have a presumptive claim to be able to
synthesize proteins. One might begin with microsomes from a tissue
which produces a characteristic protein recognizable by its activity,
such as the thyroid or pancreas. Then it could be tested whether particu-
lar virus particles added to the medium with mitochondria alone could
synthesize their characteristic protein—these would be the parasite-like
group, resembling bacteria; or whether the synthesis of a particular virus
required also the presence of microsomes which were ‘infected’ and
changed their pattern of protein synthesis—this would be the ‘control-
ling-influence’ or gene-like group. There are of course other sub-cellular
particles and combinations of cell constituents besides microsomes whose
protein-synthesizing capacity could be tested. There is no point in

NVM 6
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elaborating this idea; I merely wish to point out that while even five
years ago it was hardly possible to get a cell-free but respiring system
suitable for testing the theories so long put forward, to-day it seems
feasible, thanks primarily to the work of Bensley and of Claud and
latterly of many other workers.

Considering the only positive result we obtained, 1 wish first to men-
tion an additional experiment on the phosphatase activity of vaccinia
virus. Dr A. S. McFarlane, of the National Institute for Medical
Research, some years ago obtained some remarkably homogeneous pre-
parations of vaccinia for electron microscope studies, by treating
suspensions of elementary bodies with M Na Cl. Through his kindness |
was able to test samples before and after this treatment. The purified
virus showed phosphatase activity of the same level as the usual
preparation:

Preparation ug. phenol/hr./mg.
liberated from phenylphosphate
at 37°
V41  Before treatment 55
After treatment 45
V46  After treatment 86
Dermal pulp residues 60-120
A purified bone phosphatase 1100

Rivers and his colleagues thought it likely, though by no means
proven, that all the phosphatase present was adsorbed,i.e. was of host
origin. This may be so; there is no evidence on this, and in a sense the
origin is irrelevant. The interesting thing is that phosphatase is adsorbed
rather specifically and held rather firmly. -Dr Bauer has to face the
experimental fact that vaccinia virus of high purity has not been obtained
free from phosphatase. There is no a priori reason that adsorption should
take place only during the preparation; as the virus has demonstrably
the capacity to adsorb this enzyme it must be assumed that it can do
this in vivo.

It is typical of a parasite to get what it needs by hook or by crook
with the least expenditure of energy. The virus can get a phosphatase by
hook; can it use it for some crooked end? We pointed out previously
that the presence of an enzyme capable of hydrolysing adenylic acid
may be a primary cause of degeneration in an infected cell, a necessary
accessory in providing an environment in which the act of reproduction
can occur. It seems a pity to discount completely properties, even stolen
properties, which may give a slender clue to the mechanism of synthesis.

D. J. BAUER: It would be interesting to see if new virus protein could
appear in association with a suspension of mitochondria, but the scheme
proposed differs little from the unavailing attempts which have often
been made to propagate viruses in tissue homogenates in the absence of
intact cells. The difficulty would also arise that an enzyme could still
carry out its ordinary activities whether it was adsorbed on to a virus
or on a completely inert particle, as for example dead virus, and one
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could not therefore safely infer that activities observed in vitro were any
sort of counterpart of what takes place inside the cell.

The unfortunate fact that vaccinia virus adsorbs phosphatase from
solution makes it impossible to determine whether this activity is an
intrinsic property of the virus or not. T have incidentally observed that
the alkaline phosphatase activity of mouse brain is reduced in infection
with a mouse-adapted strain of vaccinia, but this has little bearing on
the present problem. 1 have already suggested (Nature, 1949, 164, 767)
that a virus which presumably has to establish contact with the enzymes
of the host cell might be expected to have an affinity for these enzymes,
and the adsorption of phosphatase might merely be a somewhat irre-
levant expression of this property. The phosphatase could even repre-
sent a host component which has become caught up in the virus body
without representing an essential part of its structure.

L. HOYLE: [ had always regarded the influenza haemagglutinin as an
enzyme especially in view of the extensive work on the subject by the
Melbourne School. One of the problems a virus has to solve is that of
entering and leaving cells, and an extremely efficient way of achieving
this is the manufacture of an enzyme attacking some constituent of the
cell wall.

D. J. BAUER: | have never been satisfied that a virus needs to leave an
infected cell. If it represents a perverted cell constituent it would not
need to enter another cell in order to complete a life cycle or even to
maintain itself. The points made by Bawden and Pirie in their paper in
this Symposium are also applicable to animal viruses, and it may be that
an animal virus represents, out of many abnormal nucleoproteins, the
one which possesses the chance property of infectivity. Dr Hoyle him-
self has in any case clearly shown that a normal cell of the chorioal-
lantoic membrane will cast off protoplasmic processes when placed in an
unfavourable environment, and this seems a sufficiently adequate ex-
planation for the liberation of influenza virus, or indeed of any virus
whether haemagglutinating or not, without postulating the possession
of an enzyme activity.

A. KLECZKOWSKI: The fact that viruses do not show any of the few
enzymic activities for which they were tested, seems quite insufficient
for a conclusion that they are devoid of any enzymic activity. It is quite
possible that virus particles can catalyse some reactions intimately con-
nected with virus synthesis, and such reactions may not be any of the
well-known reactions which were not found to be catalyzed by viruses.

It cannot be assumed that the mechanism of virus multiplication relies
entirely on enzymes of the host cell, for in the absence of the virus these
enzymes do not produce the virus. The virus must be there to cause these
enzymes to do something they cannot do by themselves. Whether or not
the process of modification or reorganization of enzymes or of their
activities is to be considered an enzymatic or a ‘ co-enzymatic * process,
would simply depend on the definition of the words.

D. J. BAUER: It is of course easy to postulate that viruses possess
enzyme activities that have not yet been invented, but | have only been
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concerned with assessing the evidence available at the present time. The
statement that the virus cannot rely entirely on the host enzymes since
these enzymes do not make virus in an uninfected cell is an obvious
non sequitur. The following statement that ‘the virus must be there to
cause these enzymes to do something they cannot do by themselves’ is
merely a re-statement of my own views in practically the same words.
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INTRODUCTION

Although viruses were first recognized as such in the latter half of the last
century very little was known about their real nature until 1933, when
M. Schlesinger managed, by a method of combined ultrafiltration and
high-speed centrifuging, to isolate one of the large bacteriophages (WLL)
affecting Escherichia coli. In the next year (Schlesinger, 1934) he showed
that his preparations contained protein and phosphorus, and gave re-
actions for carbohydrate, and he suggested that his bacteriophage might
be a nucleoprotein. Finally, in 1936, he demonstrated that both this
‘phage’ and a staphylococcal phage gave a Feulgen reaction, i.e. contained
deoxyribonucleic acid.

At about this time Bawden, Pirie, Bernal & Fankuchen (1936) reported
that the virus of tobacco mosaic, which had been isolated in the previous
year by Stanley (1935) was in fact a nucleoprotein of the ribose type and
in the following years Bawden and Pirie (1937, 1938) demonstrated that
a number of plant viruses were ribonucleoprotein in nature. Their obser-
vations were at first challenged, but soon were widely accepted with the
result that for some years all viruses regardless of size and complexity
were referred to as nucleoproteins.

Amongst the animal viruses several have been reported to contain de-
oxyribonucleic acid only, for example, vaccinia virus (Hoagland, Lavin,
Smadel & Rivers, 1940), while others have been reported to contain ribo-
nucleic acid only, for example, equine encephalomyelitis (Sharp, Taylor,
Beard, Finkelstein & Beard, 1940) and ‘poliomyelitis’ virus (Gard, 1943),
and yet others like influenza have been reported to have both (Knight,
19474). It seems probable that some of these results will have to be revised
in the light of later work, but there is now substantial unanimity among
workers in the field that all viruses contain both protein and nucleic acid.
This is of some interest in view of the importance which cytologists and
others attach to nucleic acid, both from a genetic point of view and from
the point of view of protein synthesis. Both these properties are, of course,
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intimately associated with viruses, as, however much they may be para-
sitic upon the host cell’s synthesizing systems, they must themselves carry
some mechanism for directing the latter into the correct paths, and they
must also have a structure or structures controlling the ‘genetic’ composi-
tion of the particles formed. In the case of several plant viruses the
particles are known to be very uniform in their structure, as uniform in
fact as many purified proteins (and more uniform than most proteins) and
they only contain protein and nucleic acid, so it seems fairly certain that a
study of the composition and relationship of these two constituents will
throw light upon the mechanism of the reproduction of plant viruses.

THE PLANT VIRUS NUCLEOPROTEINS

The plant viruses which have been purified show considerable variations
in their general properties. Some, like potato virus X and tobacco mosaic
virus, consist of greatly elongated particles, which probably have some
repeat structure in their length, while others are approximately spherical.
The latter, in general, contain more nucleic acid than do the rod-shaped
forms. A table of the general composition of some of the plant viruses
which have been purified and, in the case of the spherical ones, crystallized
is given in Table 1.

Table 1. The nucleic acid content of some plant viruses.

Virus % ritonucleic acid

Tobacco mosaic and strains! 6

Tomato bushy stunt? 16

Tobacco necrosis® 17

Southern bean mosaic* 21

Potato X® 6

Turnip yellow mosaic® 35

References

! Bawden & Pirie (1937). 2 Bawden & Pirie (19384).
3 Pirie et al. (1938). 4 Miller & Price (1946).
5 Bawden & Pirie (1938b). 6 Markham (1951).

Until very recently all ribonucleic acids, with the exception of that from
pancreas (which in any case is an artefact of preparation) were regarded
as having very much the same composition, largely because there were no
really suitable methods available for the analysis of these substances,
although it is of interest to note here that Bawden & Pirie (1937) com-
mented upon an apparent physical difference between the nucleic acid
which they isolated from strains of tobacco mosaic virus and the material
available commercially as ‘yeast nucleic acid’. Consequently much more
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work has been done on the composition of the protein components of
plant viruses, as although the methods available were in many cases not
more than semi-quantitative by modern standards, this approach was
possible.

Some very interesting results have come out of the analyses of the pro-
teins of plant viruses. Perhaps the most striking one is the fact that highly
basic proteins of the protamine or histone type, which are associated with
nucleic acids in such cells as animal spermatozoa, are not to be found in
the plant viruses. The protein components of the plant viruses are in fact
rather acidic. The way in which the nucleic acid is joined to such proteins
is unknown, but it seems that the old idea of a salt linkage between
strongly basic protein and nucleic acid is by no means certain, though of
course a number of basic amino acids are to be found in any protein.

1t has also been found (Knight, 19475b) that there can be a considerable
variation in the general composition of the protein components of related
plant viruses. Those that have been studied most have been the strains of
the tobacco mosaic virus group. All of these viruses are similar morpho-
logically and in their gross chemical composition, but may be differen-
tiated by the use of serological techniques into a number of strains. A
certain amount of differentiation may also be made by the study of the
host symptomatology, but this may be very misleading, because viruses
giving identical symptoms on plant may sometimes be readily distin-
guished by serological methods, while two viruses which cannot be differ-
entiated from each other by serological or by chemical techniques, may
differ to such an extent in their virulence that one kills its host outright
while the other produces only mild symptoms.

The most striking chemical differences in the proteins of the tobacco
mosaic group are the presence or absence of individual amino acids in
strains. Thus histidine which is not found in the ‘type’ strain is to be found
in the ‘rib-grass’ virus of Holmes (1941) to the extent of 0-72 % (Knight,
1947h), while the viruses known as Cucumber viruses 3 and 4 have no
sulphur-containing amino acids at all (Knight, 1949). These and lesser
differences in composition are apparently ‘hereditary’, that is to say they
are characteristic of individual strains, and are not influenced by such
factors as the species of host plant. For example the rib-grass virus and
the common tobacco mosaic virus maintain their individual amino acid
compositions when grown on such different hosts as Phlox and tobacco
(Gaw & Stanley, 1947). The report of a significant difference in composi-
tion in a strain of tobacco mosaic virus found after two successive muta-
tions (Knight, 1947b) must be interpreted with some caution, as, apart
from the difference being slight it is exceedingly difficult to control an
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experiment of this type adequately, and to ensure that the virus was not a
mixture either at the beginning of the experiment or at some intermediate

stage.
THE CASE OF THE TURNIP YELLOW MOSAIC VIRUS

The role of the protein constituent of plant viruses is undoubtedly very
important, but there is some evidence that the nucleic acid is in fact
the substance directly controlling virus multiplication. Some years ago
Kenneth Smith and I (Markham & K. M. Smith, 1949) isolated and
crystallized a new plant virus from turnip, which we have called the
turnip yellow mosaic virus, and this virus has turned out to have some
most unexpected properties.

When we first isolated turnip yellow mosaic virus it crystallized (Fig. 1)
as regular octahedral crystals having a fairly uniform composition, but
one which varied just so much more than our analytical technique could
detect, that we were in despair of getting accurate analyses. Eventually
we made a large batch of crystals and spent several weeks analysing them
and getting satisfactory replicate analyses. We also did several Tiselius
electrophoresis runs and found, as we expected, that the substance was

Fig. 2. Electrophoresis pattern of a 0-5% solution of turnip yellow mosaic virus. A,
descending, and B, ascending boundaries respectively. pH 5-38.
homogeneous (Fig. 2) at several pH values, the sharpness of the electro-
phoresis peaks, due to the low diffusion constant of the virus, being such
that we should have noticed the presence of quantities of a few per cent



Fig. 1. Crystals of the turnip yellow mosaic virus. x 100.
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of material having an electrophoretic mobility differing by more than
about 59. It was therefore with some surprise that we found that when
centrifuged on an ultracentrifuge (by Drs Cecil and Ogston), there were
two quite distinct components sedimenting at different rates (about 2:1)
(Fig. 3). This meant that, if in fact there was only one kind of substance

Fig. 3. A solution of turnip yellow mosaic virus protein in the ultracentrifuge
showing the two components. 24,000 r.p.m. pH 7-0.

present, about 20-309; of it would have had to have dissociated into
quarters. This was very surprising, and in our view unlikely as there was
no indication of any inhomogeneity in the electron micrographs which
we had obtained. Eventually by means of high speed centrifuging, we
managed to obtain a quantity of the slower sedimenting or ‘top’ com-
ponent for analysis, and found that when it was free of the other com-
ponent it contained neither phosphorus nor sugar: in fact it was not a
nucleoprotein at all. Extensive serological experiments carried out by us
and by our colleague Dr R. E. F. Matthews, however, failed to detect any
difference in the proteins of the ‘top’ or the ‘bottom’ component, while
the two substances crystallized identically, with the differences that one
could distinguish one type of crystal from the other in shortwave ultra-
violet light because of the absence of nucleic acid in the ‘top’ component
crystals, and, because of the lower density of the latter, we could separate
an artificial mixture of the crystals by centrifuging then in a sodium thio-
sulphate solution having the correct density. As the particles themselves
form mixed crystals quite readily, it is unfortunately impossible to use
this simple technique for separating the mixture.

We have made a number of measurements of the size of these two sets
of particles by different methods, and other workers have also made
similar measurements (e.g. Bernal & Carlisle, 1948, 1951, by X-ray dif-
fraction techniques) and they all confirm that the particles are either
identical in size and shape, or the nucleoprotein, or ‘bottom’, component
particles are in fact slightly smaller, for some reason concerned with the
unusually large amount of nucleic acid in the particles.
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A very interesting thing arising from this piece of work is that the ‘top’
component particles, besides being rather poor antigens, as far as the
stimulation of antibody formation in rabbits is concerned, are non-in-
fectious. Now the failure of viruses to infect after they have been treated
in various ways is well known, but no obvious chemical change has been
shown in these cases (for example tomato bushy stunt virus heated to
temperatures of 20°-50°, for periods of weeks at the lower temperatures,
and of minutes at the higher ones), but in this case it is possible by purely
physical methods to isolate non-infectious particles from infectious ones.
At first we were uncertain as to whether the top component might not
be an artefact produced in our isolation procedure, which, incidentally,
uses a concentration of alcohol (229%) not far below that at which the
virus itself is denatured and the nucleic acid liberated, i.e. 33 % by volume.
We managed to show that the ‘top’ component was not an artefact, by
the simple procedure of putting a quantity of pure ‘bottom’ component
into minced leaf tissue from healthy plants and treating it just as we
would treat diseased plant material. The virus was isolated with ease and
when ultracentrifuged was found to consist only of ‘bottom’ component
(Fig. 4). This experiment shows that none of the steps in the purifica-
tion procedure leads to the loss of nucleic acid from the nucleoprotein,

Fig. 4. Pure ‘bottom’ component of turnip yellow mosaic virus on the
ultracentrifuge. 24,000 r.p.m., pH 9-0.

and, incidentally, we have tried to liberate the nucleic acid from the latter
by various methods, so far without success.

Over the last few years we have made a large number of preparations
of turnip yellow mosaic virus. Over the period of twelve months we made
fourteen large scale preparations, amounting to a total of over thirty
grams dry weight of crystalline material, and each preparation has been
subjected to analysis, while several have been examined on the ultracentri-
fuge as well. From the ratio of P/N in our material it is a simple matter
to calculate the percentage of the two components, as the P content of
the pure nucleoprotein has been found to be 3-43 9/, while the nucleic acid
itself has a P content of 9-79 9 (calculated from its known composition,
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Markham & Smith, 1951a) giving a nucleic acid content of the virus
nucleoprotein of 35%;. This value is considerably higher than the earlier
values which we published, which were estimated from the average P con-
tent of several preparations and the amount of the two components as-
sessed from the ultracentrifuge diagram. It was not in fact for several
years that we were able to isolate the ‘bottom’ component in a pure state.
Oddly enough the method which we employ is essentially that which is
used in the routine purification of viruses in many laboratories, expecially
inthe U.S.A., i.e. differential centrifugation. If this process is carried out
in rather dilute solutions in an air-driven vacuum centrifuge, or in stronger
solution (2 9 or more total weight) in high-speed angle centrifuges (about
10-15,000 r.p.m.), we have found that the recovery of the lighter com-
ponent is much smaller than one would expect from simple scdimentation
theory. This can be explained quite easily using a more complex theory of
sedimentation (Markham, 1951) which may have uses in other prob-
lems, but the nett effect is that after a small number of centrifugation-
cycles all the ‘top’ component is lost in the supernatant fluids. This fact is
of considerable interest as it shows that we might never have noticed the
presence of more than one substance in plants diseased with this virus if
we had used the methods which are now conventional, rather than the
salt precipitation methods which are more convenient in the case of this
and several other viruses. It is therefore quite likely that such a pheno-
menon will be overlooked if it occurs in other viruses, and I see no reason
why one should think this case exceptional.

The results of our analyses show that in all cases infection with the
nucleoprotein is inevitably followed by the production of some ‘top’ com-
ponent, usually between 20 and 359/ by weight of the total protein
material, consisting of the latter or, in terms of numbers of particles,
about 40 9 of the ones produced are not capable of further multiplication.
The reason for the production of this large number of sterile particles is
obscure at the moment. It would be nice to think that they were a stage in
the multiplication process of the virus, but this does not seem very likely,
as there is little correlation between the proportion of the two components
and the length of infection. Similarly, they do not seem to be breakdown
products of the virus, while in either case the mechanical difficulty of in-
serting very asymmetrical material like nucleic acid into these particles or
removing it would appear to present great difficulties, because we have
shown that it is unlikely that the nucleic acid is on the surface of the
particles (Markham, 1951), merely from the fact that there is no room
for it there, as well as for other good reasons, such as the quantity of
antibody bound by the two kinds of particles. A plausible explanation,
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but one for which we have no proof, is that the host cells’ mechanism for
nucleic acid synthesis is unable to keep pace with its virus protein syn-
thesizing ability. This argument is not obvious until one realizes that
during the production of this virus the host plant has to provide enough
material to make up to 400 ng. of nucleic acid for each ml. of sap volume,
a quantity which is not approached by any other known plant virus,
although the protein produced is rather less than in a tobacco mosaic
virus infection. (These figures are for the virus liberated in the sap on
mincing, and do not include virus bound by insoluble cell constituents.)

Whatever the explanation for the presence of the ‘top’ component, it
seems certain that the nucleic acid plays some very important part in the
multiplication process, and it is largely for this reason that we have con-
centrated so much on trying to elucidate the structure of nucleic acids,
particularly those of viruses.

THE NUCLEIC ACIDS OF SOME PLANT VIRUSES

Until the last few years there have been practically no good methods for
the analysis of nucleic acids, but recently the paper chromatographic
technique has been applied successfully to this problem (Hotchkiss, 1948,
Vischer & Chargaff, 1948; Smith & Markham, 1950), and by means of
the more refined techniques (Wyatt, 1950; Markham & Smith, 1951a) it
is possible to make accurate analysis of any nucleic acid, and to obtain its
general nucleotide composition.

For many years all nucleic acids were thought to consist of two types,
those containing ribose, or the ribonucleic acids (I do not intend to use
the term pentose nucleic acids, as there is now good evidence that the
sugar must be ribose), and those containing deoxyribose, and that, with
the possible exception of the ribonucleic acid of pancreas, all ribonucleic
acids were identical, and all deoxyribonucleic acids were identical. As
soon as adequate analysis was made, this tacit assumption was shown to
be untrue, and it was evident that there were great variations in the possible
structure, and even (Wyatt, 1950) that there were constituents that had
not been detected previously. The pyrimidine, 5-methyl cytosine, which
Wyatt discovered in our laboratory to be a constituent of many deoxyribo-
nucleic acids, is present in some of the latter in such small amounts that
it seems unlikely that it could be a constituent of more than a small pro-
portion of the molecules, and this suggested to us that the nucleic acids
are in fact mixtures of similar but not identical substances. This being so,
one might well expect that the viruses would exhibit very large variations
in their nucleic acids, as the tendency to average out the general composi-
tion of the nucleic acids will obviously be a function of the quantity of the
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latter per cell or per particle. In general this has proved to be true, and
we have so far been able to analyse fourteen plant virus nucleic acids, five
from tobacco mosaic virus strains, seven from strains of potato virus X,
the tomato busy stunt virus nucleic acid, and that from the turnip yellow
mosaic virus. These analyses have shown two main things: first that re-
lated viruses have very similar nucleic acids, and secondly that the differ-
ence between unrelated viruses is reflected in the composition of their
nucleic acids, to such an extent that one could almost use analyses of the
nucleic acids as a diagnostic character. Although the ribonucleic acids
of the host plants have not yet been analysed, the experiments so far made
provide their own internal control. In Fig. 5 the composition of seven
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Fig. 5. The nucleotide composition of the ribonucleic acids of (1) Potato virus B, (2) Potato
virus XL, (3) tomato mosaic virus, (4) cucumber virus 4, (5) tobacco mosaic virus, (6)
tomato bushy stunt virus, (7) turnip yellow mosaic virus, and (8) a typical yeast nucleic
acid. The sectors, which are proportional in area to the molar ratios of nucleotides,
are from 12 o’clock clockwise guanylic acid (black), adenylic acid (white), cytidylic acid
(black) and uridylic acid (white).

plant virus nucleic acids is plotted, the areas of the sectors being propor-

tional to the nucleotide compositions of the individual substances. Read-

ing from 12 o’clock clockwise the sectors are: guanylic acid (black),
adenylic acid (white), cytidylic acid (black), and uridylic acid (white).

The nucleic acids are from: (1) and (2), two distantly related strains of

potato virus X (B and XL) (Rende-Kristensen & Markham, unpublished),

(3), (4) and (5), three strains of tobacco mosaic virus (tomato mosaic,

cucumber 4, and type tobacco mosaic) (Markham & Smith, 1950), (6)

tomato bushy stunt virus, (7) turnip yellow mosaic virus (Markham &

Smith, 1951a) and (8) a typical yeast nucleic acid for comparison (Smith

& Markham, 1950). The host plants used were (1) and (2) tobacco, (3)

tomato, (4) cucumber, (5) tobacco, (6) Datura and (7) Chinese cabbage.

We have also carried out analyses of a different type on some ribo-
nucleic acids (Markham & Smith, 19516 and unpublished), by digesting



94 ROY MARKHAM

the nucleic acids with enzymes and isolating the fragments. These experi-
ments have shown that the ribonucleic acids are all built up in a similar
way, and the large variety of the constituents, combined with the presence
of what are evidently terminal groups of the molecules, has confirmed our
earlier suspicion that these nucleic acids are mixtures. When one con-
siders that the amount of nucleic acid in a virus such as that of turnip
yellow mosaic is equivalent to a molecular weight of two million, it is
evident that there is considerable scope for variation among the nucleic
acids. In this virus one can estimate approximately from the data at our
disposal (which includes the probability that the virus particle is com-
posed of four identical subunits), that there may be as many as twenty to
thirty different kinds of nucleic acid chain in each molecule.

Summing up it seems that the fundamental differences between groups
of plant viruses are correlated with their nucleic acid composition, where-
as ‘strain’ differences are correlated with the amino acid composition
rather than with that of the nucleic acid. The nucleic acid also appears to
play a leading part in the ability of a virus to multiply, whereas the pattern
provided by the protein of a virus would appear to be inadequate in itself
to ensure its reproduction.
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DISCUSSION

F. C. BAWDEN: Would Dr Markham say a little more about his theory
f sedimentation to explain the separation of the ‘bottom’ and ‘top’
components? When Pirie and I were separating fractions of tobacco
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mosaic virus particles of different sizes and activities, we got unex-
pectedly large differences between material that was sedimented and
that which remained in the supernatant fluid. Dr Markham’s theory
may help to explain this sharp separation and also the fact that those
who have worked only with sedimented material describe preparations
that are more uniform in particle size than ours.

Has Dr Markham measured the ratio of ‘top’ and ‘bottom’ com-
ponents at different intervals after infection? If his suggestion is true
that the ‘top’ component lacks nucleic acid because the host cell is unable
to produce enough nucleic acid, then the proportion of ‘top’ component
would be expected to increase as the total production of anomalous
protein increases. If the experiments have not yet been done, I am pre-
pared to postulate the answer and suggest that this will not happen, but
that the two components will be found in more or less constant propor-
tions regardless of the total quantity of anomalous protein extracted.

R. MARKHAM: The theory of sedimentation of particles in preparative
centrifuges is rather complex, and it is probably impossible to formulate
a complete mathematical treatment of such centrifugation. It is, how-
ever, possible to take some simple cases and deduce what should happen.
It is usually assumed that the rate of sedimentation of particles in centri-
fuges can be calculated from the Svedberg expression: s = dx/dt/w?x,
where s is the sedimentation constant, x is the radius, ¢ the time and w -
the angular velocity. From this, it will be seen that the rate of deposition
of particles from solution is approximately linear (the value of x being
large compared with the distance from the meniscus of the tube to the
bottom). This expression, however, assumes that all the particles sedi-
ment in a regular, even manner and are not disturbed in their motion by
currents in the bulk of the liquid due to mechanical vibrations and ther-
mal convection, and consequently that a boundary is formed at the
meniscus and travels towards the bottom of the tube. This boundary,
however, is only stable if the density gradient which it represents is
sufficiently great to prevent movement in the liquid from disrupting it.
If the solution is very weak, or if the thermal and mechanical disturb-
ances are large, a boundary is no longer able to form. In this case the rate
of sedimentation is given by the expression: Ct/Co = e"®4!}, where Ct
is the concentration of solute at time # and Co the original concentration, r
1s the radius at the bottom of the tube, A the area onto which sedi-
mentation is taking place and V the total liquid volume. K = w?.
Now it happens that with the ordinary dimensions of centrifuges, the
sedimentation in the second case is much slower than in the first case. It
also happens that at certain concentrations of two or more different sub-
stances, both types of sedimentation can proceed simultaneously, and in
the case of turnip yellow mosaic virus solution, this is achieved at a con-
centration of about 1-4 per cent. total protein per ml. in electrically driven
angle centrifuges running at 12,000to 16,000 r.p.m., and in vacuum ultra-
centrifuges at a much lower concentration. Consequently by choosing
the correct concentration it is possible to effect separations which at first
sight would appear to be impossible. If sedimentation is repeated the
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concentration used is, of course, less critical. It is also possible by the
addition of an extra substance having a suitable value of s, to take ad-
vantage of this phenomenon and use the added substance as a liquid
‘ultrafilter’ membrane. Reference may be made to Bechhold & Schlesinger
( Bioche)m. Z., 1931, 236, 386) and to me (Faraday Soc. Discussion, 1951,
11, 221).

In reply to Mr Bawden’s second question, there is apparently no
correlation between the ratio of ‘top’ component to ‘bottom’ component
with time of infection, or for that matter with any other factor. (The
ratio does of course vary a little from preparation to preparation.)
Although I am now inclined to agree that the production of ‘top’ com-
ponent may not be due to lack of synthetic ability in the plant, it seems
to me that the evidence does not enable one to decide definitely one way
or the other, as we cannot follow the virus multiplication in individual
cells, but only in whole leaves.

N. W. PIRIE; The assumption that a grouping that is found inside a virus
is not attached to the main virus structure, even supposing that the
evidence for this disposition is unequivocal, does not seem to be neces-
sary. For example my stomach seems to me to be more firmly attached
to me than my jacket. It seems also that Markham should have used
the plural when speaking of ‘The way in which the nucleic acid is joined
to such proteins’. Urea splits nucleic acid off tobacco mosaic virus and
potato virus X but, although it inactivates and denatures the viruses, it
does not split nucleic acid off tomato bushy stunt and tobacco necrosis
virus (Bawden & Pirie, Biochem. J., 1940, 34, 1258). Furthermore
strontium nitrate splits the nucleic acid from tobacco mosaic virus but
not from bushy stunt or tobacco necrosis viruses.

R. MARKHAM: | should imagine that Pirie’s stomach not only seems, but
actually is, more firmly attached to him than his jacket, although I have
heard of people having some trouble with zip fasteners. What I wished
to imply in my paper was that there is no good reason for invoking
linkages of the covalent type to explain the nucleic acid-protein rela-
tionship in many plant viruses, as in most cases one could explain the
observed phenomena by means of the steric arrangement of the two
components. Naturally, as Kossel (Archiv Anat. Physiol., 1893, p. 157)
observed, if proteins and nucleic acids occur together it would be sur-
prising if they were not combined in some way, but this way (or ways)
probably involves rather unstable bonds.

J. s. K. BoyD: Dr Markham has stated that the ‘top’ component of
turnip yellow mosaic virus is non-infectious whereas the ‘bottom’ com-
ponent is. Is it possible to expose susceptible plants first to ‘top’ com-
ponent and subsequently to ‘bottom’ component, and if so does the
former block the action of the latter?

R. MARKHAM: We have done experiments of the type suggested and we
are under the impression that the ‘top’ component is slightly inhibitory.
Unfortunately the experimental difficulties are such that we have spent
little time on this problem. One of the major factors is that there is some
uncertainty that any batch of plants will produce local lesions adequate
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for assay, while the production of ‘pure’ ‘top’ component is a matter of
great difficulty. (The production of ‘pure’ ‘bottom’ component on the
other hand is simple.)

R. C. BACKUS: Another possible method of differentiating two particles
of similar size but of different masses is suggested by an observation
made some time ago by Robley Williams on influenza virus. On com-
paring electron micrographs of a field prior to shadow-casting with the
same field after shadow-casting it was found that a number of particles
appeared only on the shadowed one. This anomaly could best be ex-
plained on the assumption that the particles which did not appear on
the unshadowed specimens were less dense than those that were visible.

R. MARKHAM: We have, of course, attempted experiments of this type
some years ago, but without much success, probably because the size of
the particles is rather small compared with that of the influenza virus.
We intend to investigate the matter again, now that our microscope is
equipped for high contrast observation. It is of interest to note that the
shadow lengths of the virus particles are identical with those of the pro-
tein component showing that the latter has no tendency to collapse on

drying.



AN ANALYSIS OF BACTERIOPHAGE
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THE PROBLEM OF BACTERIOPHAGE MULTIPLICATION

The multiplication of bacteriophage, as well as that of all viruses, takes
place inside the host cell. The new bacteriophage is not visible by electron
microscopy on the bacterial surface nor is it accessible to antiphage
serum action. The initial virus itself is sheltered from the neutralizing
action of specific antiserum within seconds after its adsorption. Direct
observation of phage-infected bacteria by either dark-field or electron
microscopy yields results of little value. Indirect methods must be em-
ployed to analyze phage multiplication, and the interpretation of the
data obtained by such indirect procedures is not only handicapped by
factual uncertainties, but also beset with conceptual difficulties and
semantic¢ bias.

For example, such terms as virus ‘synthesis’ or virus ‘reproduction’
are often employed without qualification and, although perfectly legiti-
mate in specific instances, are allowed to suggest unjustified and spurious
analogies with the enzymatic synthesis of known metabolites, for in-
stance, or with the reproduction of cells. It may be of value to state in
operational terms some of the problems that face us in the study of virus
multiplication, using as a model the multiplication of a phage accom-
panied by bacterial lysis, which will be the main subject of this paper.

Phage, like all viruses, consists of materials that differ chemically and
genetically from that of the host cells. The chemical differences are not
yet expressible in specific chemical terms, since they occur at the level
of protein and nucleoprotein structure; but they can be traced opera-
tionally by the refined tool of immuno-chemistry. Specific antisera can

1 Most of the original work by the author and his co-workers has been supported by
grants from the American Cancer Society (upon recommendation of the Committee on
Growth, National Research Council, U.S.A.) and from the University Research Board of
the University of Illinois. Much credit for the current research described in this paper goes
to Dr G. Bertani, Mr R. 1. DeMars, Mrs M. L. Human, Dr F. Lanni, Dr Y. Théry Lanni,
Miss S. J. Nice, and Miss M. R. Sheek, and to Dr C. Levinthal of the University of Michigan,
who has collaborated with us in recent months. Many of the ideas presented here have
originated or become crystallized in discussions with these workers, with other members of

the author’s laboratory and with bacteriophage workers in other laboratories, although the
responsibility for all statements rests with the author alone.
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discriminate between virus materials and host materials that cannot be
separated from one another by the crude fractionation methods of
present-day protein chemistry. )

A phage particle combines with a bacterial cell and several minutes
later several hundred particles emerge. The problem of the origin of the
new particles is a genetic and chemical one. What is the relation of the
initial particle to the final ones? Does the former appear as such among
the latter? Or does it contribute materials to the composition of one or
more of them? If so, are these materials specific?

How does the initial particle preside over the formation and specificity
of the new ones? Does it cause a transformation of a ready-made specific
precursor into virus, or does it guide the synthesis of virus protoplasm
from non-specific building blocks? If so, are these blocks supplied by
the bacterial cell, by the external medium, or by both? Are they syn-
thesized and assembled by mechanisms provided by the bacterium, or
by the virus, or by both? What types of mechanisms are operative—
enzymatic, autocatalytic, pattern-like, or other, less familiar ones? And
how is the necessary energy obtained?

At what point in the formation of virus does the chemical specificity
of the virus appear? Does a virus particle ‘grow’, that is, does it take in
unspecific materials and produce more virus protoplasm within its own
borders, then split into two or more particles? Or are there intermediate
levels of organization, in which the building blocks, still free in the cell,
are made more and more virus-like through a series of stages of in-
creasing structural complexity and specificity? And, if such intermediate
specific elements exist, what is their relation to the final virus particles?
Are they assembled into virus particles, to which they contribute indi-
vidual localized specificities, or does each of them represent a germ that
grows into a full particle?

These questions concern the functional organization of the virus-
infected cell. Cell organization, particularly at the level of the synthesis
of specific cellular elements—genes, chromosomes, mitochondria and
other cytoplasmic organelles—remains a field where even speculation
has hardly dared venture. A virus, once inside its host cell, behaves as
a component of an integrated functional cell system; yet, it retains its
genetic and biochemical individuality. It is indeed the unique feature
of viruses that they are chemically, serologically and genetically labelled
cell components, which can be introduced into a cell from the outside
under controlled conditions and can be followed by their labels in the
labyrinth of cell transformations. Viruses in a sense are to cell physiology
what isotopic tracers are to biochemistry. Viruses and especially bacterio-
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phages appear therefore as a choice material for the analysis of cellular
integration and of reproduction at the subcellular level.

The Iytic relation between phage and bacterium, which will be my
main topic, is not the only possible relation nor the most common. The
lysogenic relation, characterized by the persistence of symbiotic phage-
bacterium association over many cell generations, will be discussed by
other participants in this Symposium. Even among the features of the
lytic interaction, there are many important aspects, such as the process
of phage adsorption by bacteria, that I shall not discuss insofar as they
are not directly relevant to our theme, that of the mechanisms of virus
multiplication. I shall confine myself to the events that intervene be-
tween the engulfment of a phage into its host, defined operationally by
its becoming refractory to the neutralizing effect of phage antibodies in
the medium, and the appearance of new phage in vastly increased
amount. I shall discuss, together with the essentials of previous know-
ledge, some recent contributions to the kinetics, serology, and morpho-
logy of phage production.

THE RELATION OF PHAGE MULTIPLICATION
TO THE ECLIPSE PERIOD

The most striking event following phage adsorption is the ‘eclipse’ of
the phage as an infectious unit. No phage activity, defined as a material
that can initiate phage production in new bacterial cells, can be extracted
from the infected bacteria until around the middle of the latent period
between infection and lysis (Doermann, 1951). This is true no matter
what method is used to induce premature lysis of the infected bacteria.
Later, phage activity begins to appear, at first as one or a few infectious
units in some bacteria, then in amounts that increase at an approxi-
mately linear rate; the full yield is only reached at the time of lysis. The
first active phage particles that can be extracted from bacteria after the
eclipse are not the infecting ones, revived or reactivated after a period
of dormancy. This extremely important conclusion rests mainly on the
results of genetic analysis on the coli-phages of the T-even group.

In mixed infection with related phages differing by two or more heredi-
tary characters there occurs a recombination of the characters of the
infecting particles among the progeny according to precise genetic rules.
The types of recombinants and their frequencies are characteristic for
each given cross or mixed infection and can be interpreted, at least for-
mally, in terms of a system of mutable determinants arranged linearly
in at least three ‘chromosomes’ or linkage groups (Hershey & Rotman,
1949). In studying the frequency of genetic recombinants among the
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phage extracted by premature lysis from bacteria after mixed infection,
Doermann (1951) found that the very first active phage extractable around
the middle of the latent period already contained an appreciable propor-
tion of recombinant particles and that this proportion was not much
lower than that present in the final yield of phage upon natural lysis. This
result indicates either that reproduction and recombination occur during
the eclipse and that the reappearing phage activity consists of new phage
particles, or that a large amount of recombination occurs before repro-
duction. The latter alternative would mean that the initial phage particles
undergo recombination, then reappear and proceed to multiply. Such a
sequence of events is made unlikely by the following line of evidence.

Spontaneous phage mutations occur during intracellular multiplica-
tion. A bacterium in which a mutation occurs liberates a mixture of
normal and mutant phage particles. The number of mutant particles in
the yield from such a bacterium must depend on the mode of phage multi-
plication, at least on the mode of multiplication of the portion of phage
genetic material responsible for the mutant character in question. If a
mutation has a constant probability of occurring every time a new replica
is produced, the number of mutants to which each mutation gives rise in
the final yield, and therefore also the frequency-distribution of mutants in
individual bacteria, will depend on the sequence of replication. We have
recently completed an analysis of the frequency distribution of all mutants
T2r (large plaque type) and T2w (medium size plaque) in individual
bacteria infected with phage T2 (Luria, 1951). The mutants occur in clones
and the distribution of clone sizes is very close to the one expected from
the assumption that reproduction occurs by a process formally analogous
to binary fission. No mechanism assuming direct intervention of the
initial phage in the production of each of the new phages fits the experi-
mental results. These results represent substantial evidence for an expo-
nential process of multiplication of genetic phage material, that is, for a
process in which newly-formed individuals act in turn as models for
replication.

Let us now return to genetic recombination. Ifinstead of the distribu-
tion of spontaneous phage mutants we examine the distribution of recom-
binants in the yield of individual mixed-infected bacteria, we find that the
recombinants are distributed more nearly at random than mutants would
be (Hershey & Rotman, 1949; Doermann & Dissosway, 1949). The dis-
tribution found experimentally is incompatible with the hypothesis that
an important amount of recombination occurs before reproduction.
Rather, it seems to agree with the hypothesis that recombination occurs
mostly in the later stages of replication.
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Thus, since recombinants are present in relatively high frequency
among the first active particles that reappear after the eclipse and yet
seem to be formed mainly towards the end of phage reproduction, we con-
clude that the first active phage particles that reappear are themselves late
products of reproduction. This amounts to suggesting that some repro-
duction of the genetic material of phage occurs during the eclipse period.
It is interesting to recall that the same conclusion has been reached for
phage T7 from an analysis of the evolution of radiation sensitivity of in-
tracellular phage, that is, by a method completely independent of genetic
analysis (Benzer, 1952).

GENETIC RECOMBINATION AND MULTIPLICITY
REACTIVATION

We may stop here a moment to clarify one point. The results on the fre-
quency distribution of spontaneous mutants concern individual phage
properties. They tell us that individual genetic determinants reproduce
exponentially; whether or not they do so all together, integrated into com-
plete particles, we do not know. A few years ago I proposed a theory of
phage multiplication according to which each genetic determinant or
group of determinants reproduced independently and severally, the new
determinants being then assembled into mature phage particles. This
theory was proposed for the specific purpose of accounting quantitatively
for a peculiar phenomenon of reactivation observed when a bacterium is
infected with several particles of certain phages inactivated by ultraviolet
light (Luria, 1947). It was postulated that inactivation was due exclusively
to damage localized in discrete, genetically individualized elements of the
phage, and that reactivation was due to the fact that genetic recombina-
tion could bring together full sets of undamaged genetic determinants to
form fully active particles.

In order to explain quantitatively on this basis the very high frequency
of reactivation, it was necessary to devise an extraordinarily effective
means of recombination; I suggested therefore that each genetic element
or unit reproduced independently and that the radiation-damaged units
did not reproduce at all. Such a mechanism could lead to production of
active phage whenever a full set of undamaged units was provided by the
infecting particles as a group. Recent experiments (Dulbecco, 1952) have
revealed new features of reactivation in multiple-infected bacteria, which
cannot be explained in terms of the theory of genetic damage and repair
by recombination. Especially, it appears that most reactivation results
from some sort of co-operation among many damaged phage particles in
carrying out some of the early stages of intracellular development. If
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genetic recombination is not the mechanism responsible for reactivation,
the main reason for postulating an independent reproduction of indi-
vidual genetic subunits disappears.

I think it is important to emphasize this point since the idea of indepen-
dent reproduction and subsequent reassembly of genetic subunits, pro-
posed as a working hypothesis for phage, has been seized upon eagerly by
workers in other fields of virology and considered as ‘proved’ for phage.
At present, phage experiments neither support nor exclude this working
hypothesis; they simply do not require it. It is particularly important to
realize this clearly when we state the hypothesis that phage reproduction
takes place during a period in which phage is not recognizable as active
particles. Reorganization resulting in eclipse of infectious particles and
in reproduction of virus material in a non-infectious state is not synonym-
ous with independent reproduction of genetic units.

CYTOCHEMISTRY OF PHAGE PRODUCTION

If reproduction can take place while infectious phage is not present, we
must use methods other than activity measurements to reconstruct the
reproductive process. One approach is a straight chemical one; although
chemistry is as yet unable to distinguish phage protein or phage DNA
from host protein or host DNA, it can trace the origin of the building
blocks used in the synthesis of materials that appear in phage and can tell
us about the role of various cell mechanisms in this synthesis. The results
of the beautiful chemical work on E. coli B infected with the T phages (see
review by Cohen, 1950 and 1951) can be summarized as follows:

The energy for phage synthesis is provided by the metabolic equipment
of the host cell as it existed at the moment of infection; the same is true of
most non-specific building blocks such as amino acids and nucleic acid
components. If a bacterium requires tryptophan for growth, phage pro-
duction in that bacterium will fail unless the amino acid is supplied. Part
of the building blocks is synthesized anew after infection, part is provided
by materials already present in the host cell at the moment of infection or
brought in by infecting phage. The relative proportions of a phage con-
stituent that are assimilated before and after infection depend on the
phage and on the nature of the constituent. For example, of the DNA
phosphorus of phages T2 and T6, about 259, comes from materials pre-
existing in the host, 75 % is assimilated after infection, while of the protein
nitrogen about 909 is assimilated after infection. In the synthesis of
phage T7 about 809 of the phosphorus comes from the host (Labaw,
1951).
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Even more important, most materials that are transferred to the new
phage from the host or even from the infecting phage appear to be first re-
duced to a non-specific level. Thus, about 309/ of the phosphorus of the
infecting phage appears in the phage progeny, and such a partial incor-
poration is repeated at successive transfers (Maalee & Watson, 1951).
This indicates that the parental contribution does not consist of the
passage from generation to generation of a chemically stable genetic core.

As far as the bacterial contributions are concerned, there is evidence
that the bacterial DNA is the major cell contributor to the phage building
blocks; yet, the phosphorus and the various aromatic bases from host
DNA are transmitted in different proportions to the phage DNA, which
suggests that these materials are broken down at or below the nucleotide
level before being utilized for phage synthesis (Kozloff, Putnam & Evans,
1950). It seems indeed likely that all contributions from various sources
of building blocks suitable for phage synthesis become pooled together
and that the mechanisms that assemble these non-specific building blocks
into specific phage pieces utilize indiscriminately what is available at
the moment. The bacterial contributions are actually exhausted fairly
early; the proportion of pyrimidines derived from the medium after infec-
tion is lower in T6 phage particles formed early than in those formed very
late (see Cohen, 1951).

All this concerns the origin and synthesis of the non-specific building
blocks for the phage; it tells us little about the mechanism of formation of
phage specific materials. In this formation the infecting phage must play
a role, the nature of which still escapes us. Yet, in some cases at least, the
phage producing mechanism is predominant in cells that are destined to
lysis. The phage-coli cell complex makes protein, and, after a certain
delay, DNA. These are virus components; RNA, which is an exclusive
bacterial component, fails to increase. The infected cell keeps and uses
pre-existent cell enzymes but apparently makes no new ones (Monod &
Wollman, 1947).

This shift in the pattern of syntheses, beyond the level of the non-specific
building blocks, to the formation of virus components with exclusion of
several host components is a remarkable feature of the virus-cell complex.
Its mechanism is obscure, although suggestive evidence has been afforded
to indicate that the phage may play a role even at the enzymatic level.
Thus, infection of E. coli B with phages of the T2 group induces a shift in
the balance between types of carbohydrate metabolism from one favour-
ing ribose formation to one that may favour desoxyribose synthesis
(Cohen, 1951). At the level of complex syntheses, it is significant to find
that infection with these phages can restore synthesis of DNA (and sup-
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press synthesis of RNA) in bacteria that had lost the ability to form DNA
as a result of treatment with nitrogen mustard (Herriott, 1951a). This sug-
gests a direct, although unspecified role of phage in the synthesis of its
nucleic acid from the non-specific blocks.

Some years ago we put forward the hypothesis that the shift in specific
syntheses produced by phage infection may result from a replacement of
the directive function of the bacterial nucleus with the directive function
of phage itself (Luria & Human, 1950). Indeed, an almost immediate
result of infection of E. coli B with a T phage is a disruption of the cyto-
logically recognizable nuclear apparatus of the bacterium, followed later
by the appearance of a granular chromatin, presumably representing the
new phage. According to this view, the genetic material of a bacterium,
collected in its nuclei, would normally be responsible for controlling the
synthesis of specific cell materials (enzymes, antigens) from non-specific
building blocks. The phage would eliminate the nuclear apparatus of the
host and substitute for it its own, with a resulting shift in the specificity of
the materials assembled thereafter.

Recent work on other organisms (B. megatherium, Lwoff et al., 1950,
Siminovitch & Rapkine, 1951; P. pyocyanea, Jacob, 1951) has shown in
these organisms a situation different from that in E. coli B. Enzyme
formation, enzymatic adaptation, RNA synthesis and increase in total
cell material continue up to the time of lysis, both in sensitive bacteria
infected from the outside and in lysogenic bacteria ‘induced’ by irradia-
tion to release mature phage. The common feature in these cases and in
E. coli Bis an interruption of DNA increase upon infection or induction,
followed by a new rise in DNA at a rate faster than the increase in total
cell material. It seems likely that the alterations of DNA metabolism are
the critical transformations connected with production of mature phage;
their relation to nuclear disruption is unclear. The other effects on cell
metabolism observed in E. coli B may reflect some peculiarity of this host,
of the phages that attack it, or of both. It is possible that the suppression
of cell growth and of enzyme formation upon phage infection is charac-
teristic of phage-host combinations incapable of establishing lysogenicity.
Comparative information on the cytochemistry and enzymatic activities
of a variety of phage-host combinations seems greatly desirable.

SEROLOGICAL AND MORPHOLOGICAL ANALYSIS
OF PHAGE PRODUCTION

We have seen that chemical studies can tell us about the nature and deriva-
tion of non-specific phage building blocks, but can reveal little about the
existence and nature of intermediate stages between the building block
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and the phage particle. We have turned lately to the more refined tool of
serology in an attempt to reveal materials with phage specificity before
phage activity appears. This approach, of course, is similar to the one
followed by a number of authors in the study of animal viruses, where the
appearance of ‘soluble antigens’ and of other virus-specific elements has
been studied in attempts to reconstruct the process of virus formation.

In our work we have used mainly a serum inhibition test, that is, a test
for materials that can block the phage-neutralizing power of serum. In
bacteria infected with some phages, for example T2 or T, it is possible
to demonstrate the presence of some phage-specific material during the
eclipse period. This material consists of elements smaller than phage
particles, since they pass through ultrafilters of 50 mu A.P.D., while all
phage activity is retained by ultrafilters of 75 mu A.P.D. The ultrafiltrable
material gives the same serological cross-reactions with heterologous
phages as the active phage itself. It begins to increase in amount at the
time of appearance of active phage or a little earlier, and it remains present
side by side with active phage. Upon lysis, appreciable amounts of this
ultrafiltrable material are liberated along with the phage and are found in
the lysates, a fact that had been observed many years ago (Burnet, 1933),
and that suggested to us the use of the serum blocking test in our work.

Complement-fixation tests give excellent and highly specific results with
all phages that we have tested, particularly with purified materials. The
ultrafiltrable material mentioned above has given no complement fixation
in amounts that can block as much serum as about 10° phage particles, an
amount of phage that fixes several units of complement.

Experiments on complement-fixing materials during bacteriophage
infection require careful attention to discriminate between phage and
bacterial antibodies, which are both present in sera prepared against
partially purified phage. A recent report by Rountree (1951) of comple-
ment-fixation experiments on bacteria infected with phage T5 suggests
a picture analogous to our findings with ultrafiltrate material, but claims
that complement-fixing antigens completely disappear during the eclipse
period. In Rountree’s work, however, the infected bacteria were ‘opened’
by cyanide treatment, which fails to cause lysis if applied during the
eclipse period (Doermann, 1951). Preliminary experimentsin our labora-
tory using properly disrupted T2-infected cells (Y. T. Lanni, unpublished)
reveal the presence of complement-fixing antigens throughout the eclipse
period and their rise in amount in close parallelism to the appearance
and rise of the mature phage.

These results and those with ultrafiltrable components indicate that
phage antigens, non-identical and at least in part smaller than phage, are
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present during the eclipse phase and later. These observations parallel
those made with other viruses (Hoyle, 1948; Henle & Henle, 1949). It is
my opinion that in all cases it is premature and methodologically unsound
to postulate that these antigens are virus precursors. For all we know,
they might be products of abortive virus synthesis or breakdown products
of surplus virus or of the real precursors.

Even less justified seem to be attempts to describe these virus antigens
as the reproductive forms in cases of animal viruses, on the sheer basis of
their presence and changes in amount. Only studies on the size, com-
position, mode of formation and disappearance of such virus-specific
materials, integrated with many other approaches to the process of viral
synthesis, will make it possible to determine the nature of these materials
and their relation to virus multiplication. We are at present attempting to
follow such a course in the case of bacteriophage and have recently suc-
ceeded by a lucky series of events in identifying one form of virus-related
material, whose relation to the phage particle may be easier to determine
with some certainty.

Several years ago Foster (1948) showed in our laboratory that pro-
flavine, an acridine dye, used in sub-bacteriostatic concentrations prevents
the production of active phages T2, T4, TS and T6 without preventing
lysis of the infected bacteria. In the presence of proflavine the cells lyse
at the normal time but liberate no phage activity. In examining proflavine
lysates for the presence of phage specific materials DeMars recently ob-
served, besides the ultrafiltrable material (which is present in about the
same amounts as in active lysates), a non-ultrafiltrable component, sedi-
mentable in one hour at 20,000 g and endowed with little inhibitory
power for phage-neutralizing antibody. Concentrates of this component
were studied in the electron microscope by Dr C. Levinthal of the Uni-
versity of Michigan and revealed a new type of particle, round, collaps-
able and similar in size to the head of the particles of the corresponding
phage (see Fig. 1).

Proflavine lysates often contain, besides a small number of tailed parti-
cles, almost as many tailless elements as there would be tailed particles in
control lysates. The tailless particles are not adsorbed by phage sensitive
bacteria. Although they have not yet been obtained completely free of
admixed tailed particles, they are known to give precipitation and com-
plement fixation with antiphage serum.

Electron micrographic counts of these particles were compared with
the optical density of their suspensions for ultraviolet light and the results
showed that the ultraviolet absorption coefficient per particle at 260 mu
is not more than one-tenth that of mature phage particles. This indicates



Fig. 1. A. Phage T2. A mixture of tailed phage particles and tailless particles produced in
presence of 3-5 micrograms per ml. of proflavine. Note the difference in length between the
shadows of the two types of particles. The large round particles are of polystyrene latex.
% 14,000.

B. T2 phage particles. X 25,000.

C. T2 tailless particles. x 31,000,

To fuace p. 108
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that their nucleic acid content, if any, is much lower than that of mature
phage particles.

There is evidence that these round tailless particles with low NA content
are not artefacts and are indeed closely related to the mature phage.
Electron microscopy on mechanically disrupted bacteria in the absence
of proflavine, which has been carried out by Levinthal independently of
our proflavine experiments, revealed a telling story. Using the decom-
pression method of cell disruption (Frazer, 1951), which neither destroys
nor inactivates active phage, Levinthal finds that bacteria disrupted
during most of the eclipse period liberate no recognizable formed ele-
ments different from those found in non-infected bacteria; none, indeed,
larger than 30 mu. Then, towards the end of the eclipse period, there
appear some round, tailless particles, identical with the proflavine parti-
cles described above, which in the next few minutes increase in number
and are rapidly replaced by the regular, tailed, angularly-shaped phage
particles. At the time of lysis only the latter particles remain visible.

These microscopic results, suggesting that the round particles are imme-
diate precursors of the new phage particles, are in full agreement with
what is known of the kinetics of proflavine action. The dye only blocks
a late reaction in phage formation. Itseffect can be completely suppressed
by removing it about two minutes before the bacteria are due to lyse.
Conversely, the dye is fully effective if added just before the time at which
intracellular active phage begins to appear. If added later, the dye
apparently limits phage production to the level of the active phage that
was present at the time of its addition (Foster, 1948).

The finding of a particle resembling a tailless phage head without infec-
tivity, and the evidence suggesting that this inactive particle is an imme-
diate precursor of the active particle, agree with the conclusion reached
from genetic experiments, which indicate that the replication of genetic-
ally specific phage material involves elements morphologically not recog-
nizable as phage. According to this view, at the end of the eclipse period
individual elements of this type would proceed to maturation through a
stage-wise process, which includes the stage of round, tailless, particle and
culminates into the formation of the mature, tailed particle. Once matura-
tion has started, there would be present in a bacterium two populations,
one consisting of immature phages and increasing by reproduction, the
other consisting of mature phages and increasing by maturation of
individual immature elements. Incidentally, the rate of the maturation
process would not be informative as to the rate of immature phage

reproduction.



110 S. E. LURIA

The reproductive element might be identical with the symbiotic form
of the phage in lysogenic bacteria, the ‘prophage’ of Lwoft’s terminology
(Lwoff & Guttman, 1950). The formation of active phage particles could
then be considered as a maturation of individual prophages, which re-
moves them one by one from participation in the complex series of reac-
tions where synthesis, reproduction and genetic recombinations take
place. Such an identity between the non-infectious reproductive forms
of phage in lysogenic and in lysed bacteria, however, is not based for the
time being on any factual evidence.

The maturation of individual particles may be visualized as the addition
in each phage of some sort of ‘cytoplasm’, while the reproductive form
would act as a nucleus. One might either consider the round, DNA-poor
particles as already containing the nucleus, to which a DNA-rich cyto-
plasm would then be added; or one might consider the round particles as
structural elements formed independently and to which at the very end of
maturation the DNA-rich nuclei become attached (or at least become so
firmly anchored as to be unremovable from them upon breakage of the
cell).

Recent experiments by Hershey and Chase (1952), which became
available after this paper was in press, partly clarify this picture. It had
been discovered (Anderson, 1949; Herriott, 1951b) that osmotic shock
separates from phages like T2 a phosphorus-free ‘ghost’, consisting of a
flattened, apparently empty head skin and a presumably normal tail.
The ghosts are still adsorbed by bacteria. Hershey and Chase, using
isotopically labelled phage, showed that the ghosts contain practically all
the phage sulphur and that upon attachment of a phage particle to a bac-
terium the ghost becomes separated from the phosphorus-containing por-
tion of the phage. The latter apparently penetrates the bacterium, while
the ghosts remain unchanged on the surface and take no part in repro-
duction; they can be removed from the surface of bacteria by violent
mechanical agitation without interrupting phage reproduction. They
contain the major antigenic components reactive with antiserum against
whole phage particles.

The relation between the phosphorus-free skins or ghosts and the
phosphorus-poor (or free) tailless immature elements is not yet clear.
They differ, not only in morphology, but also somewhat in serological
reactivity with phage antiserum. The round particles might be precursors
of the phage skins or they might represent another phage component.
The present estimates of the masses of the ghosts and of the tailless
particles are not accurate enough to exclude their coexistence in a phage
particle. Experiments in progress on tailless particles produced in media
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elled with S% will reveal whether these elements contain all the phage
phur as ghosts do.

“hus, the phage cytoplasm appears to include, in the skin, the organ of
1ge attachment to the bacteria. It may also be involved in other
1ses of phage-host interaction that the reproductive phage elements
mnot carry out alone. There is a suggestion of this in a comparison
ween the relative frequency of lysis and maturation among bacteria
t have just been infected with a phage and among those that become
»genic as a result of this infection. In the case of Shigella dysenteriae
| phage P2 (Bertani, 1951), about 80-909/ of the newly infected cells
: and liberate active phage, the other 10-209/ become lysogenic. In
progeny of the latter, maturation occurs in less than 1 out of 10,000
s per generation. The suggestion is that the cytoplasm of the infecting
ticle may start, in over half the cells, the series of reactions that lead
»hage maturation and lysis. If it fails to do so, reproduction is limited
‘he prophage stage, no new cytoplasm is formed and no maturation
urs if not by rare accident.

PHENOTYPIC ALTERATION OF THE REPRODUCTIVE
ABILITY OF PHAGE

ving summarized the evidence on the process of phage formation I
h to conclude with a brief description of a remarkable case of pheno-
ic, non-hereditary phage variation that is relevant to the preceding
:ussion (Luria & Human, 1952).

Vhen phages T2 or T6 infect bacteria of a certain group of mutants of
-oli strain B, they give rise to a yield of abnormal phage particles T*.
:se T* particles produce normal T2 or T6 on strains of S. dysenteriae
fail to produce any active phage if adsorbed by cell of E. coli B or of
» of its mutants. The coli cells are killed but fail to lyse. The variation
m the normal to the T* form is strictly phenotypic and transitory; one
wth cycle of T* in S. dysenteriae yields perfectly normal phage T2
T6), fully active on E. coli B.

\n interesting aspect of this phenomenon is its relation to bacterial
rsiology. The failure of T* to reproduce in E. coli cells is only com-
e if the latter are in the exponential growth phase; if the bacteria are
ing old cells infected in non-nutrient medium, about 5 to 109 of the
scting phage succeeds in reproducing. Incubation of starved cells with
led nutrients before infection, rapidly suppresses their ability to support
wth of T*.

“he importance of these observations for virus multiplication is two-
1. First, the dependence of T* reproduction on the physiology of the
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coli host suggests an inhibition on phage growth on the part of the syn-
thetic machinery of the host, an inhibition that is less complete in starved,
non-synthesizing cells. Second, the formation of T* instead of normal
phage in the mutant host shows a host-induced transformation of the
phenotype of a virus. Such a control by the host genotype over the pheno-
typic expression of a genetic potentiality of a virus is a novel situation in
virology. Formally at least, this finding supports the suggestion that a
phage consists of a genetic component or ‘nucleus’, which determines its
genetic potentialities, and of a physiologically active portion or ‘cyto-
plasm’, through which these potentialities become manifested in various
phases of virus-host interaction.
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DISCUSSION

J. D. WATSON: I should like to amplify the remarks of Dr Luria con-
cerning the recent experiments by Hershey and Chase which have been
communicated to me. Using phage isotopically labelled with S or P32
they have found that osmotic shock disrupts particles of phage T2 into
material containing all the phage sulphur in a form precipitable by
anti-phage serum, and capable of specific adsorption to bacteria. On the
other hand, the phage DNA as measured by P32 is released into solution
in a form not precipitable by antiserum and not adsorbable to bacteria.
From these experiments they conclude that the sulphur-containing pro-
tein of the phage particle functions as a membrane that protects phage
DNA from DNA-ase, comprises the sole or principal antigenic material
and is responsible for attachment of the virus to the bacteria. They have
further demonstrated that following infection of labelled phage, the
sulphur-containing virus protein can be largely removed from infected
cells by the shearing force of a Waring blendor while only a small
fraction of the phage phosphorus is removed. Despite the removal of
most of the sulphur-containing proteins, the infected bacteria remain
capable of yielding phage progeny. Hershey and Chase therefore con-
clude that following infection, most of the phage sulphur remains at
the cell surface while the phage DNA enters the cell. They further find

Y] 8
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that the phage progeny yielded by bacteria infected with S3? labellec
phage contain less than 19, of the parental S%. This is in sharp contras
to the results of experiments with P32 or C'%-adenine labelled phage
(Watson & Maalge, in the press) in which the progeny particles contair
40-50 9 of the parental phosphorus.

In their manuscript Hershey and Chase draw attention to the fact tha
their experiments refer only to the fraction of the virus protein whict
contains S% and suggest that different results might be obtained i
another isotope were used to detect the virus protein. To test this point
Dr O. Maalge and I last summer, at the State Serum Institute in Copen-
hagen, followed the fate of phage T4, labelled by growth in a mediunr
containing carboxyl tagged C'-glycine. In these experiments we used &
mutant of Escherichia coli strain B which was unable to synthesize any
purine bases, since previous biochemical work has shown that glycine
is a precursor of the purine ring. We thus believe that our phage was
labelled largely in its protein component, though it is possible that botk
the pyrimidine and the desoxyribose components were also labelled.
Unfortunately, due to the low specific activity of the phage, we did not
attempt to determine chemically the distribution of the C'4,

When this labelled phage was used to infect unlabelled bacteria, we
found that over 509 of the infecting isotope remained attached to the
bacterial membrane while only 10-159 appeared to be transferred tc
the progeny phage. We are not sure of the reliability of this apparent
low transfer to the progeny since the low specific activity prevented us
from highly purifying the progeny particles. Thus we can only conclude
that the transfer is not higher and may be much lower if the progeny
virus preparations were not pure. Our results thus show a close parallel
to those of Hershey and Chase with S% and strongly suggest that their
S3% conclusions will apply to all of the virus protein. It is tempting tc
conclude that the virus protein functions largely as a protective coat for
the DNA and that the perpetuation of genetic specificity is largely or
entirely a function of the DNA.

At the same time as we did the experiments with C**-glycine, D1
Maalee and I did a number of experiments on the transfer of nucleic acid
from parental to progeny phage. Our results can be summarized as
follows:

1. Infection of unlabelled host bacteria by P labelled phage T4
results in the transfer of approximately 40-509%, of the parental P32 to
the progeny phage. Five to ten per cent of the original P?? is associated
with bacterial debris while the remaining 40-509/ is present in TCA-
precipitable material too small to be sedimented by high speed centri-
fugation. The transmitted P32 is actually incorporated into the progeny
particles and not merely attached to the virus surface. This transfer
value of 40-509%; is extremely reproducible, generally varying less than
5%, from experiment to experiment. Virus preparations prepared at
different times and in different laboratories yield identical transfer
values, rendering unlikely the existence of a variable fraction of ‘dead’
particles which cannot transfer its P32,
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2. For P?? transfer to occur, the infecting particles must adsorb
almost simultaneously to the same bacterium. Particles adsorbing to a
bacterium to which a previous particle had adsorbed two or more
minutes previously do not transfer any of their P32, Instead only 509/ of
the P32 of these secondarily adsorbed particles remains attached to the
host bacteria; the remaining 509 is broken down into TCA-soluble
material and released within 2 or 3 minutes after infection into the sur-
rounding medium. In contrast over 959, of the P32 of those particles
which transfer P32 is retained within the infected bacteria until the time
of lysis. Under conditions of simultaneous adsorption, the transfer
value per infective particle is unchanged by varying the number of
adsorbed particles per bacterium from one to ten.

3. The transfer value of P32 labelled phages T2, T3 and T6 is also
between 40 and 50%;. As T3 is unrelated to the T2, T4 and T6 group of
related phages, it is possible that an incomplete P2* transfer of approxi-
mately one half is a general characteristic of phage reproduction.

4. The transfer of phage purines labelled with C14 is also 40-50%.
This suggests that the purine bases and P are not transferred indepen-
dently but as the constituents of mono-or poly-nucleotides.

5. The parental isotopes are not transferred in equal amounts to all
of the progeny particles; instead, over 509 of the parental isotope is
transmitted to the first 50 progeny particles which mature. An increase
in burst size from 150 to 350 due to lysis inhibition does not significantly
increase the transfer percentage. Thus the incomplete isotope transfer is
not due to isotope transfer to immature progeny particles which fail to
mature because of the onset of spontaneous lysis.

6. The isotope transfer from progeny particles labelled by infection
of unloaded bacteria by labelled phage is 40-50 9, that is identical to the
transfer from phage uniformly labelled by growth in labelled bacteria
(the second generation experiment). The progeny particles must there-
fore also be labelled uniformly.

7. Phage heavily damaged by X-rays or excluded from growth by the
simultaneous adsorption of an unrelated phage can still transfer part of
their nucleic acid. Isotope transfer is therefore not necessarily con-
nected with the transfer of genetic specificity.

I believe two main conclusions should be drawn from these results:
(1) While the transfer of nucleic acid is incomplete, it is always between
40 and 509;. This suggests that the nucleic acid of each infecting particle
is divided into two parts of which only one is transferred. (2) The
equivalence of nucleic acid transfer from parental and progeny particles
merely indicates a similarity of the isotope distribution, and does not
provide evidence as to the mechanism of transfer. A specific transfer of
genetic specificity can be reconciled with our data by assuming that the
genetic material is equally distributed in the transferred and non-
transferred regions of the phage. Our experiments therefore fail to
differentiate between a transfer in the form of large blocks of DNA
(genes, chromosomes?) or after complete break-down and reassimilation.

R.»
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Thus we cannot yet say whether a transfer of genetic specificity is accom-
panied by a transfer of intact parental genetic material.

D. KAY: You (J. D. Watson) have mentioned some work by Dr Hershey
in which phage was labelled with S3. During the multiplication of this
phage the radioactivity was not transferred to the progeny. Do you
consider this to be a fair test for the lack of transfer of the protein from
the infecting virus to its progeny as sulphur-containing amino acids
compose only a small fraction of the virus protein?

J. D. WATSON: Our meagre evidence on the composition of the phage
protein(s) does not allow us to draw any final conclusions on protein
transfer. The similarity of the results of Maalge and myself with C'4-
glycine to those of Hershey with S% suggests that much of the virus
protein behaves as the sulphur-containing fraction.We shall have to do
experiments with additional labelled amino acids before we can answer
your question.

L. F. HEWITT: Is it possible that in a phage particle the nucleic acid
and protein portions are counterparts linked together so that the nucleo-
tides in the nucleic acid molecule fit into complementary amino-acid
side chains in the protein? Thus when the phage particle is specifically
adsorbed by a susceptible bacterial cell the nucleic acid and protein
components hinge apart, the protein portion anchoring on to a section
of the bacterial surface of complementary structure while the nucleic
acid is liberated and enters the cell. This might account for the protein
‘ghosts’ left on the bacterial surface during phage multiplication. The
nucleic acid entering the cell may control the synthesis of specific protein
in virtue of its counterpart structure, and perhaps also the newly syn-
thesized protein influences the synthesis of complementary nucleic acid
molecules. Thus the chain of synthesis would continue until the new
protein and nucleic acid molecules begin to unite forming complete
phage particles which appear only at the end of the latent or ‘eclipse’
period.

J. D. WATSON: As a result of Hershey’s recent work, I think it more
probable that the nucleic acid is not specifically attached to the protein
component by salt-like linkages but that instead the relationship between
these two components is like that of a hat inside a hat box. The evidence
on this point is certainly far from conclusive (vide J. D. Watson on A.
Lwoff).

N. W. PIRIE: Although some bacterial viruses indubitably have tails
after being dried for electronmicrography, I remain sceptical about their
tails when in the wet and natural state. It seems possible that they have
a mucus coat that gets drawn out in this way on drying and I would like
to ask whether it has been demonstrated that the sulphur of the skin and
tail, which seems not to be absorbed by the bacterium when the latter
is infected, is really protein sulphur. If it turned out to be ester sulphate
it would be rather in favour of the alternative view.

J. D. WATSON: In Hershey’s letter to me he does not state his experi-
mental evidence for believing that the S? label is specifically located
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in the protein component. I suspect he has demonstrated this point by
chemical isolation of the sulphur-containing amino acids.

D. E. DOLBY: The ability of desoxyribonucleic acid to reverse proflavine
inhibition of T2 synthesis is not in itself evidence that proflavine inhibits
desoxyribonucleic acid synthesis, as Professor Luria implied, however
likely this might be on other grounds. In view of the ease with which
proflavine forms complexes with nucleic acids, it is apparent that any
external desoxyribonucleic acid added to the system would combine
with the proflavine to form a complex and thus remove it from the site
of its inhibitory action on the enzyme, whether this is concerned with
synthesis of desoxyribonucleic acid or not.

A further property of proflavine which does not appear so far to have
been pointed out is that it causes photo-inactivation of phages, or at
least of phage T2, in the isolated state but not when adsorbed on
bacteria. This might help to explain the very large variation in the con-
centration of proflavine reported by various workers to be required for
inactivation of different phages.
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J. E. HOTCHIN: Dr Luria has stated ‘Phage, like all viruses, consists of
materials that differ chemically and genetically from that of the host
cells. The chemical differences are not yet expressible in specific chemical
terms, since they occur at the level of protein and nucleoprotein struc-
ture; but they can be traced operationally by the refined tool of immuno-
chemistry.’

It is possible to add to the paragraph quoted, some information which
‘will indicate that chemical approaches to the problems of virus synthesis
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are already yielding information about the synthesis of virus material
chemically distinguishable from similar host constituents.

I have been applying recent techniques of chemical analysis to the
study of cells of B. coli infected with T2r+phage. The infected organisms
were centrifuged down from their broth culture after addition of formal-
dehyde to a concentration of 29, at 10 minute intervals after infection
with phage. The RNA of the pellet of organisms was first removed by
alkali and subsequently the DNA was extracted in acid. The DNA
extract was then hydrolysed and the constituent bases measured quanti-
tatively by paper chromatography and U.V. spectrophotometry. Applied
to the purified T2, results showed the phage to contain little or no
cytosine whereas in the B. coli DNA, cytosine and adenine contents
were almost the same.

This fact was used to follow the increase in intracellular phage DNA
during the latent period of infection. Fig. 2 shows the results of the
experiment described above in terms of the adenine and cytosine content
of the pellet of infected organisms. The dotted lines show corresponding
figures for the supernatant broth.

Fig. 3 shows the result of plotting the adenine content after sub-
tracting the cytosine equivalent of host DNA present in each extract.
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This value gives the amount of adenine which is present in excess of that
accountable as host DNA, and represents the adenine of the virus DNA,
which should be proportional to the total synthesized virus DNA.

Too few experimental points are present for a precise analysis of the
curve, but a straight line drawn through the existing points crosses the
time scale at a point six minutes after infection.

The dip in the curve at 40 minutes may be due to the initial lysis of a
proportion of the organisms, with subsequent continuation of DNA
synthesis by the remainder, due to lysis inhibition. Further experiments
are being made.



THE ROLE OF MUTATION IN THE
SURVIVAL AND MULTIPLICATION OF
BACTERIAL VIRUSES

J. S. K. BOYD
Wellcome Laboratories of Tropical Medicine, London

By general agreement many workers in the United States and elsewhere
who are engaged in the study of bacterial viruses (phages) have confined
their investigations to the ‘coliphages’, a group collected from different
sources which are all active against Escherichia coli B. As a result of this
co-ordinated action a store of information has been amassed about these
particular phages which, in its basic principles, can be applied to other
phages of similar types and also to certain plant and animal viruses. Few
subjects can have been more thoroughly or more carefully investigated.

Unfortunately, concentration on this somewhat narrow front has ten-
ded to divert attention from other equally important aspects of the ‘life
history’ of some, if not all, of these phages. The phenomenon of the lyso-
genic bacterium has long been recognized and at one time was widely
studied, but since the investigations of Burnet and his colleagues (Burnet,
1932; Burnet & McKie, 1929; Burnet & Lush, 1936) little has been done
to assess its significance, and until recently no serious attempts have
been made to correlate the ‘latent’ or ‘natural’ or, as they will be desig-
nated in this paper, the ‘symbiotic’ phages which cause lysogenicity with
the more spectacular ‘lytic’ types such as the coliphage group. Impor-
tant contributions to this subject have now been made by Lwoff and
others (Lwoff & Gutmann, 1950, Lwoff, Siminovitch & Kjeldgaard,
1950), who have investigated a lysogenic strain of Bacillus megatherium.
These workers consider that in this strain the phage particle within the
bacterium is arrested in its development at the stage which they term
‘probacteriophage’, and in this form divides and is passed on into each
daughter bacterium. From time to time some stimulus causes certain
changes to occur in the bacterium which allow the probacteriophage to
resume its interrupted development and pass through the different stages
which end in the destruction of the bacterium and liberation of free phage
particles. According to this theory, symbiotic and lytic phage represent
different levels in the development of one and the same type of phage
particle, the progress from symbiotic to lytic being primarily determined
by metabolic changes in the host bacterium, to which the response of the
phage particle is secondary.



120 J.S.K.BOYD

However this may be in the case of B. megatherium, investigations
carried out with lysogenic Salmonella typhi-murium in the last four years
suggest that the breakdown of the symbiotic balance between phage and
bacterium leading to the onset of destructive phage multiplication is not
primarily attributable to the bacterium but to a mutation which funda-
mentally changes the properties of the phage (Boyd, 1951a). Further, a
reversion from the lytic mutant to the symbiotic prototype has also been
observed in certain of these phages (Boyd, 1951b). This alternation of
phases provides a mechanism which plays an important part in ensuring
the survival of the phage.

This paper give some account of observations made on these broad
and general issues, and outlines a complex life history which must be
studied in its entirety if a full understanding of the mechanism of phage
reproduction is to be reached.

PHAGES AND INDICATOR STRAINS

In the investigations to be described, a series of strains of the Type ‘A’
phages found in association with S. typhi-murium (Boyd, 1950) has been
used. These were recovered either from samples of infected faeces or
from pure cultures of S. typhi-murium. Most of the experiments were
carried out with Type Al, for which the indicator strain, S. typhi-murium
1404, was used, but all observations were confirmed with Types A2 and
A3. The methods employed have been fully described elsewhere (Boyd,
1950, 1951a).

FUNDAMENTAL CHARACTERS OF LYSOGENIC
S. TYPHI-MURIUM

The ‘lysogenic’ culture—the strain of S. typhi-murium symbiotically in-
fected with Type A phage—has characters of considerable interest and
importance.

Morphologically the organisms show.no abnormality. They are ac-
tively motile and divide normally. When examined by special staining
methods or by phase-contrast illumination (Boyd, 1949) the internal
structure of the bacillus presents the same appearances as that of an un-
infected organism. There is no dispersal of the nucleus such as is found
in organisms infected with lytic phage (Luria & Human, 1950). Tur-
bidity curves of growing broth cultures show slightly more active growth
than those of the uninfected organism. The biochemical and serological
reactions reveal nothing unusual.

Every organism in such a culture is infected. Colonies which develop
from the bacteria are normal in appearance and show neither ‘nibbling’
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nor translucent patches. Yet every one of them is lysogenic. Although
various methods have been tried, it has so far proved impossible to ‘cure’
bacteria infected with this phage.

Despite the outward normality of a culture, free phage particles can
always be demonstrated in it. The mechanism by which these particles
are liberated, previously obscure, has been elucidated by Lwoff & Gut-
mann (1950), who, by means of microculture, have shown, in the case of
B. megatherium, that whilst the majority of bacteria grow and divide
normally an occasional organism bursts, liberating phage particles. S.
typhi-murium has not been examined by this very ingenious micro-culture
technique, but results given by less precise methods are in general agree-
ment and leave no doubt that the same mechanism is in operation.

All efforts to recover symbiotic phage from a lysogenic culture by
dissolving or otherwise breaking up washed bacteria have been unsuc-
cessful. In the writer’s laboratory this has been attempted by the use of
a lytic phage of a different type and, less efficiently, by mechanical grind-
ing. It would appear that the symbiotic phage is so closely integrated
with the bacterium that it cannot survive the latter’s death. Further
evidence of this assumption is afforded by the reaction to heat. In the
free state, phage A will resist a temperature of 80° for 30 minutes. In
the symbiotic state it is destroyed, in company with its host, when ex-
posed for the same time to a temperature of 55°.

The organisms of a lysogenic culture can adsorb the lytic particles,
either of the first or subsequent generations, to which the culture gives
rise, but are resistant in that they are not lysed.

As every daughter cell in a multiplying lysogenic culture is infected
with symbiotic phage, it follows that the phage must divide as fast as the
bacterium. Discussion on the location of the phage in the bacterium and
on whether one or more than one particle is present in each bacterium
will be deferred to a later stage.

« LYSATE

The characteristic feature of a lysogenic culture is the liberation of
particles of active phage. These are found in the supernatant fluid of a
spun broth culture of an infected organism. For convenience of descrip-
tion, and to differentiate it from other lysates which will be described in
due course, this will be termed « lysate. The plaques formed by phage
particles in a lysate are studied by flooding an indicator plate (i.e. a plate
of nutrient agar sown with a broth culture of the indicator organism and
dried) with about 0-5 ml. of lysate diluted if necessary, pipetting off the
excess, drying the plate and incubating overnight. Three varieties of
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plaque are produced by the action of « lysate. These are mature, solid-
centre plaques: partially grown or immature versions of the same type:
and relatively clear-centre lytic plaques (the reason for the designation
‘lytic’ will later become apparent).

Mature solid-centre plaques

The majority of the plaques formed by Type A phages are of typical
appearance (Fig. 1). Surrounding a central disc of bacterial growth is a
narrow, relatively clear rim, outside which is a halo of varying width.
In vertical section, the central disc in the plaque appears as a flat dome
set in a saucer-shaped depression. The plaque grows in a characteristic
fashion which is related to other phenomena to be detailed later. It
appears first as a small, clear spot. As it increases in size, a pin-point
of bacterial growth is seen at its centre. Both clear area and central spot
enlarge, so that the former becomes a ring round the latter. Finally,
the halo develops. These characters become sharper when the plate is
incubated until bacterial growth is arrested. (All the stages of plaque
development are to be seen in Fig. 3). The size of the plaque is governed
by the rapidity of the centrifugal spread of the phage in relation to the
rate of growth of the indicator bacteria. Starting from a central point,
the particles spread outwards in a series of waves corresponding to the
bursts of infected bacteria. So long as they come into contact with ac-
tively multiplying bacteria, infection and a further cycle of development
ending in lysis occurs in all but a minority of the organisms which are
infected. The limit of this centrifugal spread is reached when the phage
comes to the point where the multiplying organisms have piled on top
of each other to such an extent that the upper layers are deprived of
nourishment from the underlying medium and have stopped growing.
As phage can develop to the point of lysis only in growing organisms,
these latent bacteria remain intact and so form an edge to the plaque.
The halo is produced by an undermining action of the phage which con-
tinues to spread centrifugally and produce lysis in the growing bacteria
in contact with the medium, stopping only when bacterial growth reaches
its limit and ceases. The increasing accumulation of inert and hence in-
tact bacteria in the upper layers accounts for the shelving edges which
produce the halo.

So far, this description might apply equally to the clear plaques pro-
duced by pure lytic phages, but the ‘solid’ centre has still to be explained.
If a suspension of the bacteria of which it is formed be plated it will be
found that they are lysogenic—i.e. symbiotically infected—and hence
resistant to the action of the lytic particles. As the plaque took origin
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from a single particle with lytic properties, it follows that some of the
offspring of this particle have produced symbiotic infection in certain
indicator organisms. It is these which have subsequently multiplied to
form the solid centre.

The sequence of events in the development of a solid-centre plaque is,
therefore, primary lysis, followed by secondary growth of symbiotically
infected, phage-resistant bacteria.

The virus particles which produce these solid-centre plaques will be
called B particles.

Immature plaques

A characteristic feature of « lysate is the disproportionate number of
immature plaques which it produces. These are of all sizes from minute
clear spots up to almost fully grown plaques (Fig. 2). The relative pro-
portions of mature and immature plaques vary in different strains. Cul-
tures of the smallest of these plaques develop in the same way as cultures
of the most mature. The particles are, therefore, qualitatively alike in
both. The difference in plaque size is most probably related to the length
of time the plaque has been growing. The significance of this observation
will be discussed in due course.

Lytic plaques

The number of particles producing lytic plaques which are to be found
in « lysate varies in different strains of lysogenic bacteria. In some they
are relatively common, i.e. one or two in a plate containing about 1,000
solid-centre plaques. In others, there may be only one lytic plaque to
5,000, or even 10,000 of the solid-centre variety.

The appearance of the lytic plaque is characteristic (Figs. 1 and 4).
It is approximately the same size as the solid-centre plaque and has a
similar halo. The centre, instead of being covered with a dome of bac-
terial growth, shows a clear background on which are varying numbers
of small granules or colonies, sometimes scanty, sometimes numerous.
Plates made from a suspension of the organisms in the granules yield a
mixed crop of colonies. Some are heavily phage eaten (i.e. sensitive and
contaminated by extraneous phage while developing) while others are
normal in appearance. Bacteria in the majority of these normal colonies
are sensitive to the action of the phage. It would, therefore, seem that
phage and bacteria have been growing together in some sort of ‘external’
balance. A similar phenomenon has recently been recorded by Weigle
& Delbruck (1951). A minority of the normal-looking colonies are com-
posed of bacteria which are permanently resistant to the phage. This
resistance is not due to symbiotic infection but it is of the familiar type
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developed in response to the action of lytic phages. Lysogenic bacteria
have never been recovered from the granules in lytic plaques.

These lytic plaques resemble in their principle characters the ‘N’
phages described by Burnet (1930), differing only in that Burnet found
his ‘N’ phages did not produce resistant bacterial variants. As these are
scanty—if not absent—in young cultures, it is possible they may have
been overlooked.

The particles which produce these lytic plaques will be called v
particles.

B LYSATE
When a small quantity of « lysate is added to a culture of S. typhi-
murium growing in broth it will, after two to three hours’ incubation,
bring about complete or almost complete clearing. The resultant liquid,
after being heated and, if necessary, spun, will be found to contain ap-
proximately 10" 8 particles per ml. This will be referred to as B lysate.
This produces the same three types of plaque as does « lysate but in
different proportions (Fig. 1). Solid-centre plaques predominate and,
unlike those in « lysate, are uniform in size. Otherwise they are identical
with similar plaques formed by « lysate. Immature plaques occur, but
are much more scanty than in « lysate, and rarely number more than
about 59 of the mature plaques. Lytic plaques occur with about the
same frequency as in « lysates. In some strains several plates had to be
examined before one was found, but in none of the strains investigated
(some twenty-eight in all) have we failed to secure a mutant of this type.

y LYSATE

v lysate is produced in the first instance by making a culture from a lytic
plaque (from either « or § lysate), titrating in decimal dilutions and, if
necessary, repeating this process until the culture is pure. From such a
culture vy particles can be propagated in the same way as § particles and
will give approximately the same final concentration. When v lysate is
suitably diluted and plated the particles will appear at first sight to have
‘bred true’, as only lytic plaques are to be seen. Prolonged search through
a series of plates will nevertheless reveal an occasional solid-centre
plaque. This is illustrated in Fig. 4, which is a photograph of one of two
plaques found in a search of sixteen closely-sown plates: the other, when
cultured, produced typical B lysate.

v particles are inactivated by an antiserum prepared by the immuniza-
tion of a rabbit with B particles and, vice versa, 8 particles are inactivated
by antiserum prepared from y particles. Cross-absorption tests have
not been carried out.
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Both types of particle have the same high resistance to heat, being
able to withstand a temperature of 80° for 30 minutes.

RELATIONSHIP OF PHAGE CONCENTRATION
TO THE DEVELOPMENT OF SYMBIOSIS AND LYSIS

Turbidity curves

When a lytic phage is added to an actively growing broth culture of
sensitive bacteria, the subsequent increase in opacity and, to a lesser
extent, the length of time which elapses before clearing occurs, is directly
related to the phage-bacteria ratio. Thus a phage concentration sufficient
to produce infection of most of the bacteria in the culture markedly in-
hibits growth so that there is little increase in turbidity before clearing
starts. Where the initial phage-bacteria ratio is, say, 1:10, considerable
phage development is needed to produce the necessary number of parti-
cles to infect all bacteria, and hence prior to lysis there is well-marked
bacterial multiplication and an accompanying increase in optical density.
In these ways v lysate behaves as a true lytic phage (Fig. 5).

Opacity

1 2 3 4

Hours

Fig. S. Opacity curves showing the effect of exposing a growing culture of S. typhi-murium
1404 to different concentrations of Phage A1 (v lysate).
A = control, no phage added to bacteria.
B == initial concentration of 10 particles per bacterium,
C = initial concentration of 1 particle per bacterium.
D = initial concentration of 1 particle per 10 bacteria.
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When this experiment is carried out with £ lysate a very different result
is obtained (Fig. 6). Where the phage-bacteria ratio is high, no obvious
lysis occurs, though the growth curve lags a little behind that of the con-
trol. Where there is approximate parity, a limited degree of lysis occurs

Opacity

2 3
! Hours 4

Fig. 6. Opacity curves showing the effect of exposing a growing culturc of S. typhi-murium
1404 to different concentrations of Phage A1l (3 lysate).

A = control, no phage added to bacteria.

B = initial concentration of 10 particles per bacterium.

C = initial concentration of 1 particle per bacterium,

D = initial concentration of 1 particle per 10 bacteria.
at a time which corresponds with the completion of a cycle of lytic
development; this is followed after a short interval by a steady increase in
turbidity. Where the bacteria are considerably in excess of the phage
particles, the curve corresponds closely to that given by a similar culture
with y particles. The explanation of this paradoxical result is in part re-
vealed by plating suitable dilutions of the cultures and examining the
colonies which develop (Table 1). In the cultures in which bacteria are
exposed to a high concentration of £ lysate, many of the organisms be-
come symbiotically infected and consequently immune to lysis. In the
low phage concentration, significant symbiotic infection does not occur
before most of the organisms in the culture have been destroyed by lytic
particles.
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Table 1. Relationship of the phage: bacterium ratio to the development
of symbiosis in broth cultures. Salmonella typhi-murium and Phage Al

(B lysate)

2

Culture tube No. 1 2 3 4
Phage: bacterium ratio 15:1 1:5:1 1-5:10 Control
Colony count after incubation 28 22 41 58
Phage-free colonies 1 14 40 58
Phage-contaminated colonies 0 3 1 0
Symbiotically-infected colonies 27 5 0 0

Method: a series of broth cultures was prepared, containing 102 bacteria per ml. and g lysate
in decimal dilutions giving the phage: bacterium ratio shown. After 30 min. incubation
the cultures were diluted to 107¢, and 0-5 ml. (equivalent to an approximate 50 bacteria
in the original culture) plated. The colonies which developed were examined by the
usual methods.

Impregnated agar experiments

The effect of different concentrations of phage particles on sensitive
bacteria can be studied in another way by depositing a small number of
organisms on the surface of a plate of nutrient agar in which a lysate
has been incorporated in quantities calculated to give a known number
of virus particles per ml. of medium. In such an experiment the bac-
terium will suffer one of several fates.

1. It may, where phage concentration is low, alight on a portion of
the medium where there are no phage particles. It will then de-
velop into a normal colony.

2. Such a colony, at first uninfected, may, as it grows, impinge on a
phage particle. Partial lysis will develop, producing characteristic
changes in the appearance of the colony. Colonies affected in this
way will be designated ‘phage-contaminated’.

3. The bacterium may come directly into contact with a particle en-
dowed with lytic properties. This will result in its extinction. No
visible colony will develop.

4. It may become s;'mbiotically infected, in which case it will form a
normal-looking but lysogenic colony.

Table 2 is a typical example of the results obtained in such an experi-
ment carried out with § lysate. Similar findings have been obtained in
many confirmatory tests carried out along the same lines. On the plate
with a concentration of 102 particles of phage per ml. of medium, none
of the colonies has come into contact with phage and all are consequently
normal. With 10? particles about half the colonies are normal and half
phage-contaminated. With 10* and 10° all are phage-contaminated.
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Table 2. Development of colonies of Salmonella typhi-murium on nutrient
agar medium impregnated with Phage A1 (8 lysate)

Plates of medium impregnated with phage

Number of plate 1 2 3 4 5 6 7 8 9
Phage per ml. agar 100 10° 107 | 10° 10° 10¢ 102 10* nil
Total colonies 87 42 33 {91 119 141 | 130 139 118

Colonies normalinappearance| 85 42 32 o* 0 0 [c.509% 139 118
Colonies phage-contaminated 2 0 1 {91 119 141 [c.50% O 0
Characters of normal colonies Lysogenic No normal colony Phage-free

Method: 8 lysate was added to melted nutrient agar to give the required concentration of
phage particles, and plates were prepared from this. After drying, each plate was
flooded with 0-5 ml. of a suspension of S. ryphi-murium 1404 estimated to contain a
total of between 100 and 150 bacteria. After incubation the colonies which developed
were examined by the usual methods.

* In another similar experiment one lysogenic colony was found in a plate having this
phage concentration.
When there are 10° particles per ml., the reduction in colony numbers
suggests that some of the bacteria have been destroyed by lysis, but about
two-thirds have formed colonies before coming in contact with phage.
At 107, 108 and 10°, apart from an occasional phage-contaminated colony
(which is probably to be explained by imperfect mixing of lysate and
agar) all the bacteria deposited on the plate are either lysed or symbiotic-
ally infected, and the proportion of lysogenic colonies increases with

Table 3. Fate of bacteria on medium impregnated with Phage A1 (B lysate)
(Figures extracted from Table 2)

Plates of medium impregnated with phage

Number of plate 1 2 3 4
Phage particles per ml. of agar 10° 108 107 10°
Colonies symbiotically infected (lysogenic) 87 42 33 0
Colonies lysed or phage-contaminated 43 88 97 130

Note: The figures of the bottom row are hypothetical, being based on the assumption that each
plate was inoculated with 130 bacteria. This is the mean of the number of colonies on
plates 5 to 9, Table 2.

the particle concentration in the agar. Assuming that 130 bacteria were
deposited on each plate, the relative numbers which were symbiotically
and lytically infected are shown in Table 3.

The results of a similar experiment with y lysate are shown in Table 4.
Here the lower concentrations show colony contamination similar to
that given by B lysate: the higher concentrations give increasing lysis.
It is of interest to record that in the course of several experiments such
as this carried out with vy lysate, on one occasion a single lysogenic colony
was found. This finding agrees with the observation that rare solid-centre
plaques can be found among the lytic plaques produced by v lysate.
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Table 4. Development of colonies of Salmonella typhi-murium on nutrient
agar medium impregnated with Phage Al (v lysate)

Plates of medium impregnated with phage

Number of plate 1 2 3 4 5 6 7
Phage particles per ml. of agar 100 108 107 10° 105 10* il
Total colonies 0 2 5 38 81 64 78
Colonies normal in appearance 0 0 0 0 0 0 78
Colonies phage-contaminated 0 2 5 38 81 64 0

Method: As in Table 2. Each plate was inoculated with 0-5 ml. of a suspension of S. typhi-
murium, 1404 estimated to contain between 50 and 100 bacteria. No symbiotically in-
fected (lysogenic) colonies developed.

These impregnated-agar experiments do no more than reproduce in
a different way the phenomena which have already been revealed by the
turbidity curves. The basic principles are the same. When bacteria are
exposed to a high concentration of p lysate, many become symbiotically
infected. As the phage concentration decreases, smaller numbers are
symbiotically infected and a higher proportion—as revealed by the ab-
sence of visible colonies—are lysed. When exposed to vy particles, lysis
alone takes place at all concentrations.

EVIDENCE OF MUTATION

Two distinct yet closely related patterns of mutation are revealed by
these experiments: one, less common than the other, results in the forma-
tion of a comparatively stable lytic phase: the second, a rapid diphasic
variation, is in constant operation whenever lysogenic bacteria are in
contact with uninfected sensitive organisms.

Stable lytic mutants

The observations already recorded on the formation of stable lytic
mutants require little elaboration. Occasional—in some cases very rare—
v particles are produced in a lysate formed by propagating 8 particles on
the indicator strain. These y particles can be recognized by the charac-
teristic plaques they produce (Fig. 1), from which they can be grown in
pure culture. Although they retain their identity indefinitely, y particles
in their turn produce very rare $ mutants. This constitutes a simple two-
way mutation between two phases of the virus and is important because it
establishes beyond doubt the fact that mutation occurs in these phages
without obvious artificial stimulus and during their normal course of
development and because it provides an example of a stable lytic phage
arising from a symbiotic parent.

NV M 9
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Formation of symbiotic () particles by B particles

The second pattern of mutation is more obscure. Evidence of its
occurrence is to be found in the symbiotically infected organisms which
develop in the centre of a primarily lytic plaque; in the growth of sym-
biotically infected organisms in a culture containing a high initial con-
centration of § particles: and in the development of lysogenic colonies
from normal bacteria sown on a plate containing, like the culture, a high
concentration of 8 particles.

That B lysate contains particles with lytic properties is unequivocally
demonstrated by the turbidity curve of a culture of the indicator organ-
ism exposed to an initial low phage concentration (Fig. 6). Why is this
lysis replaced by symbiotic infection when the culture is exposed to the
action of a high concentration of particles? Three possible explanations
merit consideration:

1. As each bacterium is exposed to many phage particles, symbiosis
might conceivably be related to multiple infection. However, ex-
posure to heavy concentrations of v particles (i.e. pure lytic parti-
cles) does not produce this result, nor can any reason be given why
infection with more than one particle should act in this way. Such
an hypothesis in fact appears highly improbable.

2. It might result from the synergic action of some non-particulate
by-product of bacterial lysis which is present in sufficient concen-
tration only in strong lysate. This possibility is discounted by the
fact that a mixture of gradacol-filtered (i.e. phage-free) 3 lysate
with vy particles fails to produce symbiotic infection.

3. It might be caused by the presence in § lysate of two types of
particle, one lytic in nature, the other symbiotic. This theory en-
visages the existence of a third type of particle, the « particle, the
parent type from which B and vy particles take origin.

The last of these theories fits well to the rather anomalous observa-
tions which have been recorded. There is some evidence, which will be
discussed later, to suggest that the ratio of « to f particles in § lysate,
though variable, may be of the order of 1:20. To state a hypothetical
case, if p lysate contains about 5 9/ of symbiotic « particles then, in the
very unlikely event of 1009, effective contact, only 0-5%; or 1 in 200 of
the bacteria will be symbiotically infected when the ratio of phage parti-
cles (all types) added to growing bacteria is 1:10 (Fig. 6, Curve D). This
is an insignificant proportion and will not affect the turbidity of the
culture for some hours. During this period the lytic 8 particles will multi-
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ply and soon reach a critical concentration, causing mass lysis. On the
other hand, if the ratio is reversed and one bacterium is exposed to
the action of a total of 10 particles (Fig. 6, Curve B) then, provided the
maximum number of contacts takes place and also provided the « parti-
cles are capable of invading the bacteria to the exclusion of the lytic
particles (an hypothesis which will be discussed later) 509, of the bac-
teria will be symbiotically infected. With this percentage of actively
multiplying organisms, turbidity will increase with sufficient rapidity to
mask partially the lysis of the remaining bacteria in the culture. Recent
experiments have shown that the phenomenon of ‘external balance’ be-
tween lytic phage and sensitive bacterium (mentioned elsewhere) plays
a part in this curve. The underlying cause of this external balance has
not yet been elucidated. Its presence complicates the issue but does not
in any way invalidate the conclusions which have been reached.

The results given by plating normal bacteria on agar plates impreg-
nated with B lysate are in every way compatible with the presence of two
types of particle, one symbiotic and dominant in character, the other
lytic. Exposed to high concentrations of B lysate, more than half the
bacteria become symbiotically infected, the remainder disappearing
through lysis. As the phage concentration falls, so the chance of the
bacteria coming into contact with symbiotic particles is reduced, and
the number of symbiotically infected organisms (grown into colonies
on the plates) decreases, while the number of lytically infected organisms
(conspicuous by their absence) increases (Table 3).

The assumption that symbiotic particles can develop to the exclusion
of lytic particles is a theory which is not without precedent and finds an
analogy in the ‘interference’ phenomenon familiar in plant and animal
viruses. To quote a concrete example, Hoskins (1935) has shown that the
administration of neurotropic yellow fever virus to experimental animals
as much as twenty-four hours after the administration of a lethal dose of
viscerotropic virus will ‘block’ the latter and avert the fatal result. In
some similar way the symbiotic particle might well be—and indeed ap-
pears to be—dominant over the lytic particle.

Finally, there is the solid-centre plaque itself, which takes origin from
a single particle. As it develops, the initial lysis which gives a clear plaque
is soon followed up by a resurgence of resistant lysogenic bacteria form-
ing the solid centre. The latter can only have acquired their infection
from particles derived from the one which originated the plaque and
was at first Iytic.

Further evidence which suggests the existence of two types of particle
is to be found in the mature and immature plaques in platings of « and

9-2
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B lysafe. Immature plaques are noticeably common in the former where
every stage in development from the early one of clear pin-point lysis to
the fully-developed solid-centre plaque can be seen (Fig. 2).

B lysate, on the other hand, produces plaques of great uniformity,
with only a few immature ones—actually about 1 in 20 or less. A clue
to the origin of these immature plaques is given by spinning a broth
culture of a lysogenic strain until the supernatant fluid appears quite
clear. Despite its clarity this fluid still contains many bacteria, as can
readily be demonstrated by plating. If part of this be heated to kill the
bacteria, and suitable volumes of both the heated and unheated portions
be spread on an indicator plate and incubated, the unheated gives rise
to a much larger number of immature plaques than the heated, though
the latter also has its quota (Figs. 2 and 3). The explanation is simple.
The bacteria in the unheated sample (which are lysogenic) have multi-
plied on the plate, and some of them have liberated lytic particles at a
time when development of the indicator organisms on the plate was well
advanced. In consequence, the plaques initiated in this way have had no
opportunity to develop beyond their early stages before growth of the
bacteria on the plate ceased.

If lysogenic bacteria, outwardly normal at the time when they are
spread on the indicator plate, can give rise to immature plaques, it is
logical to postulate that phage particles endowed with symbiotic pro-
perties could produce similar plaques, starting one stage earlier by in-
fecting sensitive bacteria and rendering them lysogenic.

A comparison of the irregular-sized plaques formed by o lysate and
the uniform plaques of 8 lysate strongly suggests some fundamental
difference in the particles of the two lysates, which could be explained
by the presence of a larger proportion of « particles in « lysate. Be-
cause of the low concentration of particles in this lysate, no experimental
method of confirming this suggestion has been devised. It seems more
than a coincidence that the average number of particles in {3 lysate which
form immature plaques bears a relation to the number of bacteria in a
culture which become symbiotically infected when exposed to different
concentrations of this lysate.

The presence of particles with different functions—lytic or symbiotic
as the case may be—in a lysate derived from a single {2 particle permits
of no other interpretation than that mutation has occurred during the
process of multiplication. This conclusion finds support in the direct
evidence which the first type of mutation affords. The difference between
these two mutation cycles is one of degree only. In the first, the instabi-
lity is slight and mutants are rare. In the second, instability is marked,
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and the number of symbiotic or « mutants produced during the propa-
gation of B particles is considerable. A reversion from B to « is therefore
constantly taking place.

Mutation of « particles in lysogenic bacteria

It is now possible to turn to a consideration of the fons et origo, the
lysogenic culture from which, when it is in a state of active growth, a
steady stream of phage particles is liberated.

Reference has already been made to Lwoff’s work on the lysogenicity
of B. megatherium and to his theory that in its latent phase the phage is
in a state of arrested development (probacteriophage) from which it
emerges when some modification takes place in the metabolism of the
host bacterium. Such modifications can be produced at will by ultra-
violet radiation, by X-rays and by certain chemicals, and are affected by
the composition of the medium in which the bacteria are suspended or
grown (Lwoff, 1951). Although Lwoff states that alterations in bacterial
metabolism are without doubt capable of stimulating the onward de-
velopment of probacteriophage, he admits that he cannot rule out the
possibility that some modification of the probacteriophageis responsible.

In the case of S. typhi-murium and its ‘A’ phages it has been shown
that, in the association of free particles with the indicator strain, the
establishment of symbiotic infection or alternatively the initiation of the
Iytic cycle of development is determined by the characters of the particle
and not by those of the bacterium. If a bacterium is penetrated by a
particle with lytic propensities it undergoes lysis, if by a particle with
symbiotic propensities, it becomes symbiotically infected. It might be
argued that, while admitting free particles with these different characters
do occur, they differ only in their degree of maturity. Such a contention
is difficult to maintain. The fact that symbiotic particles can exist in the
free state side by side with lytic particles, that they are dominant over
the lytic particles in establishing themselves in the bacterium, that they
can live harmlessly in the host bacterium and multiply ‘in step’ with it,
seems to establish for them an unassailable claim to the status of a dis-
tinctive and mature phase in the life cycle of the phage. It is, of course,
very possible that the starting point in the disharmony which brings
about the lytic incident within the lysogenic bacterium is some variation
in the bacterial metabolism and some consequent modification of the
chemical environment of the phage. This, however, provides no reason
for assuming that the change which takes place in the phage is the re-
sumption of arrested development. On the contrary, knowing that the
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symbiotic particle is, in the free state, distinct from the lytic particle and
can itself arise by mutation, there appears good reason to conclude that
the immediate cause of lysis is a reverse mutation in which a lytic particle
is thrown off by the symbiont and becomes incorporated in a daughter
bacterium. In terms of this theory, the cycle has been completed and the
symbiont which arose from the mutation of a lytic particle has in its
turn undergone mutation to produce lytic particles.

CYCLE OF MUTATION

It now becomes possible to give a fairly complete account of the cycle
of mutation of phage A.

The « particle, securely established in the bacterium, and assured of
all its requirements for maintenance and multiplication as long as the
latter remains alive, constitutes the reservoir of infection. Its contribu-
tion to the common good in the symbiosis is the protection of the bac-
terium against the inroads of related lytic phages other than mutants
derived directly from itself. Apart from such internal lytic incidents,
the union of phage and bacterium appears to be permanent, although it
is impossible to assert that dissociation does not occur under certain
conditions.

With each division of the bacterium the phage duplicates itself so that
each daughter bacillus remains phage-infected.

From time to time one of the particles produced by division is a
mutant with lytic properties. This mutant undergoes rapid multiplica-
tion in the daughter bacterium which receives it, and produces «, # and
v particles, all of which are liberated when the bacterium bursts. In
suitable conditions these free particles remain viable for long periods of
time and undergo further development when they come in contact with
a sensitive host bacterium. The « particle in such circumstances estab-
lishes symbiotic infection. The B particle multiplies in its host by the
lytic cycle, producing mainly B particles but with a high proportion (up
to 5%) of « mutants and rare y mutants. The y particle also multiplies
by the lytic cycle, producing almost exclusively v particles but also very
rare B mutants. The cycle of variation is diagramatically depicted in
Fig. 7.

MUTATION IN OTHER TYPES OF PHAGE
Mutation is by no means confined to the A phages, but it is perhaps
most easily observed in them because of the size of the plaque and the

ease with which a high concentration of particles can be obtained. Al-
though the plaques of the B phages of S. typhi-murium are replicas in
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Fig. 7. Diagrammatic representation of the mutation which occurs in Phage A.
o = symbiotic particle.
B = unstable lytic particle,
= stable lytic particle.
One arrow signifies ‘rare’.
Two arrows signify ‘moderate numbers’.
Three arrows signify ‘numerous’.

miniature of those of the A phages, they are more difficult to investigate
because, with the methods and media used, they do not multiply fast
enough to give clearing in a liquid culture. Lysis can, of course, be seen
in the plaque itself. Stable lytic variants have been recovered from three
B phages, and one of these is identical with an ‘O’ phage kindly supplied
by Dr Felix some years ago. There is little doubt that if this matter were
pursued actively—so far it has not been possible to do so—all of these
phages would yield stable lytic variants.

The mutation observed by Burnet & Lush (1936) in a phage active
against a strain of Staphylococcus albus is almost identical with that
which occurs in the A phages. These workers describe exactly the solid-
centre plaques, and note that this original phage produces ‘resistant
forms’ with remarkable frequency—actually in some 10 to 209 of effec-
tive contacts with the indicator coccus. These resistant forms were found
to be lysogenic. As the culture ‘aged’, mutants were formed which gave
- clear plaques, which did not show granules as in the case of the A phages.
Unfortunately this observation does not appear to have been carried
any further and no explanation of the phenomena is attempted.

A search of the literature suggests that others have encountered muta-
tion from the symbiotic to the lytic phase without appreciating its signifi-
cance. Thus, some plates in papers by Fisk (1942a & b) illustrate lysis
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caused by phage which was primarily symbiotic. Felix & Callow (1943),
detailing the sources from which anti-Vi phages for S. paratyphi B were
isolated (these are of course lytic phages), state that ‘five were from
lysogenic rough variants’. Observations by Warner (1950), Scholtens
(1950) and Nicolle, Hamon & Edlinger (1951) suggest similar findings,
and there are without doubt many others.

An important difference between some of these findings and those
described in relation to phage A is that no solid-centre plaque is men-
tioned, which implies that there is little or no tendency towards reversion
from the lytic to the symbiotic type. Mutants with these properties
would not give either the turbidity curves or the results on impregnated
agar which are so characteristic of phage A. It may be an intrinsic
character of these phages that they produce only stable lytic variants.
But before such a conclusion is reached it is necessary to find out if the
indicator strain used corresponds in every way, except in lysogenicity,
to the strain from which the phage was derived. It is well known that
phage from a lysogenic strain may have a purely lytic action on another
species of bacterium. The original observation of Lisbonne and Carrére
(1922) of a phage derived from a strain of E. coli which has a powerful
lytic action on Shiga’s bacillus is an example of this, and others which
need not be detailed come within the writer’s own experience. It is not
outside the bounds of probability that the findings mentioned above and
also some of the conflicting opinions which have been formed regarding
symbiotic bacteriophage may have arisen from experiments carried out
with an improperly attuned indicator.

If experience confirms that stable lytic variants can be derived from
all symbiotic phages, it is more than probable that the converse is also
true and that all lytic phages spring from symbiotic parents. This calls
for a revision of many current ideas and indicates lines along which a
rational classification of phages can be reached.

SIGNIFICANCE OF THE CYCLE OF MUTATION

The recognition of this cycle of mutation widens the approach to the
problems of phage multiplication. It makes clear the fact that the lytic
or virulent phase is but one aspect and that attention must also be direc-
ted to the parent symbiotic particle, to its relation to the bacterium, its
mode of division, and the factors which govern the birth of mutants. In
this paper it is not proposed to do more than mention some of the out-
standing points which await investigation.
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SOME OBSERVATIONS ON THE SYMBIOTIC PARTICLE

No direct evidence exists as to the location of the symbiotic particle in
the bacterium. Tentative conclusions on this subject can be reached by
inference only. One fact can, however, be stated categorically. Symbi-
otic particles produce no reaction in the bacterium resembling that which
follows infection with a lytic particle: the chromatin (nucleus) of the
bacterium remains in a compact mass and is not in any way dispersed
throughout the cytoplasm.

Certain findings suggest that the particle fuses with some element
within the bacterium and in doing so surrenders permanently its capacity
for independent existence. All attempts to recover symbiotic particles
by disrupting the infected bacterium have been unsuccessful: active
phage can emerge only by rebirth through the medium of a lytic mutant.
Further evidence of the close integration of phage and bacterium is
afforded by the fact that the former acquires the thermal death point of
the latter. Phage A in the free form resists a temperature of 80°. In
union with the bacterium it is destroyed, in company with its host, by
exposure to 55°. Conversely, it has been shown by den Dooren de Jong
(1931) that a symbiotic phage of B. megatherium, normally inactivated
by exposure to 75° for 5 minutes can, when present in the spores, resist
100° for the same length of time.

A notable character of symbiotic phage is its controlled and periodic
division which occurs in such a way that infection is passed on without
fail to every daughter bacterium. It was recently suggested (Leading
Article, Lancet, 1951) that this certainty of infection might be attributable
to the presence of several phage particles scattered throughout the cyto-
plasm of the organism. As lysis does not occur if a symbiotic particle
is present in a bacterium, this seems an unlikely idea. It appears more
probable that a single particle is related to some structure in the bacter-
ium which invariably takes part in the cell division and divides in unison
with it.

All these considerations point to the conclusion that the phage be-
comes closely associated, if not actually fused, with the nucleus of the
bacterium, a conclusion which receives further support from the simi-
larity of chemical structure between phage and nucleus, and from the
fact that viruses of all kinds are closely associated with the nuclei of the
cells in which they develop. In such a situation, too, the symbiotic phage
is well placed to block invasion by the lytic variants.

Even in this apparently subordinate existence the phage in some way
retains its identity so that, when the nucleus divides, the phage also
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duplicates itself and passes on into each daughter cell. If, either because
of some external stimulus or because of its inherent instability, one of
the daughter particles has the characters of a lytic mutant, this finds
itself ready set in its optimum environment and proceeds to dominate
the metabolism of its host bacterium, reproducing the chain of events
which characterize the lytic cycle of development.

STATUS OF LYTIC PHAGES

With few exceptions, all the well-known phages are ‘lytic variants’ and,
if the conclusions which have just been reached are accepted, must have
taken origin from some symbiotic parent which may reside either in
other races of the same bacterium or, as happens for example with the
Shiga phage of Lisbonne and Carrere, in a different species of organism.
The fact that these lytic phages are ‘end-products’ in no way detracts
from their importance. They represent the virulent or destructive phase
of the phage, and correspond to the disease-producing phase of the plant
and animal virus. A study of the metabolism and of the factors con-
cerned in the reproduction of such phages cannot fail to throw light on
analogous processes in these other viruses and may indeed uncover the
means by which their action may be counteracted.

The lytic variants, however, can play no more than a minor role in
maintaining the continued existence of the strain during what may be
termed endemic periods. A parasite which invariably destroys its host
has an insecure future and, no matter how high its infectivity, depends
on recurring contacts with new hosts for its survival. We are so accus-
tomed to thinking in terms of artificial cultures and the conditions of
the laboratory that we are apt to forget the minute size of both phage
and bacterium, and, in consequence, the relative immensity of the spaces
which separate them. It may be argued that in certain environments,
such as in sewage or in areas which are constantly being fouled by faeces,
the concentration of both phage particles and bacteria must be suffici-
ently high to ensure these frequent contacts. But let any worker attempt
to isolate some specific phage from material of this kind, using the most
favourable technique he can devise, and he will realise from his failures
how relatively rare such phage particles are. Again, though free phage
particles can be kept viable for long periods under laboratory conditions,
it is unlikely that they will have the same longevity in their natural sur-
roundings. They may well be acceptable food morsels to insusceptible
bacteria. Taking all these points into consideration, the chances in
favour of the indefinite survival of a phage would be poor if it depended
solely on the lytic cycle. However, the steady stream of particles from
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the original source, together with, in certain cases at least, new and con-
tinuing infections set up by symbiotic mutants arising during the lytic
cycle of development, ensure that the strain does not become extinct.

If phages and other viruses be considered from a teleological stand-
point the lytic or virulent variant must in the light of these conclusions
be regarded, not as the final stage in the development of the parasite,
but as a ruthless expedient which has evolved to extend the domain and
doubly ensure the continuity of the species.

SOME SPECULATIVE APPLICATIONS OF THIS
CYCLE OF MUTATION

While there are no grounds for assuming that all viruses have a life cycle
similar to the one which has been described, yet it is interesting to exam-
ine some of the problems of virus disease in the light of these findings.
In those infections in which there is only one host, such a cycle provides
a simple—perhaps too simple—explanation of the way in which the
virus maintains itself in the inter-epidemic period. A latent symbiotic
infection which, at the onset of an epidemic, is stirred up by some stimu-
lus acting in the same way as ultra-violet radiation does on lysogenic
B. megatherium, accounts in a more convincing manner for the survival
of the virus than does, say, a chain of subclinical infections. Where two
hosts are involved, the possibilities are even more intriguing. In yellow
fever, for example, the virus-carrying mosquito is otherwise normal and
lives as long as if it were uninfected. Such an insect might well suffer
from symbiotic infection of the cells of the salivary gland and pass on to
susceptible mammalian hosts the lytic or virulent particles emanating
from this source which, in due course, would infect the liver cells. In
this selected environment the particles might multiply by the lytic cycle,
liberating, as in the case of the phages, large quantities of lytic particles
and limited numbers of symbiotic particles. Thus direct infection of fresh
mammalian hosts could be (and is) effected with minute quantities of
blood, while relatively large quantities would be (and are) needed to
infect a clean mosquito. In many of the virus diseases of plants, the
vector is one of the Aphides and it has but recently been affirmed (Ken-
nedy, 1951) that purely mechanical transmission is unlikely. Here is an
alternative explanation which merits consideration.

Problems of immunity are also raised. Is it possible that the life-long
protection conferred by an attack of certain virus diseases is primarily
attributable, not to residual antibodies, but to a lasting symbiotic in-
fection—the incorporation in the nucleus of the susceptible cells of some
permanent element which for ever debars the entrance of its lytic counter-
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part? Is the persistence of humoral antibodies after certain infections
caused by the recurring stimulation of the defence mechanism by the
trickle of lytic mutants from the infected cells—an arrangement which
ensures both immunity and in most cases non-infectivity? Conversely,
is the lack of immunity to the common cold, of which we are too well
aware, due to the fact that this virus fails to establish symbiotic infection
in the human being? If so, where is the symbiotic infection, if any, to be
found?

When other workers confirm and no doubt amplify this mutation
hypothesis insofar as it refers to bacterial viruses, and extend its appli-
cation to plant and animal viruses, it can be hoped that a new direction
will be given to the more specialized methods of research which in the
past have been mainly concerned with a somewhat restricted aspect of
the virus problem.
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DISCUSSION

A. LWOFF: In order to avoid confusion, it would perhaps be worth
while to abandon the expression ‘symbiotic phage’ for the phage of lyso-
genic systems. The expression ‘lysogenic phage’ is also somewhat mis-
leading.

It seems useful and I would like to propose again

(a) to refer to the phage particles produced by lysogenic systems as
‘temperate phage’, except for virulent mutants—temperate being
opposed to virulent,

(b) not to use the term ‘symbiotic phage’ for the non-infective and non-
pathogenic particle—or concept—responsible for the maintenance
of lysogenicity in lysogenic bacteria. This particle lacks many of
the properties of bacteriophage.

Prophage has been defined as the form in which lysogenic bacteria
perpetuate the property to produce phage. This would be exactly the
definition of Dr Boyd’s ‘symbiotic phage’. An agreement has to be
reached on these unfortunate problems of nomenclature. As the term
‘prophage’, whether good or not, is now in general use and as ‘symbiotic
phage’ is not a phage, I prefer to maintain ‘prophage’.

J.s. K. BOYD: I agree that the expression ‘lysogenic phage’ is misleading.

(a) Dr Lwoff’s proposal is to use the term ‘temperate phage’ for the
free phage particles produced by a lysogenic system. According to my
conception, this lysate contains particles of three types, one capable of
producing symbiotic infection, one of developing by the lytic cycle, and
the third being a relatively stable lytic mutant which Dr Lwoff regards
as ‘virulent’. The majority of the particles in this lysate, when allowed
access to sensitive bacteria in low concentration, produce the same
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ultimate lysis as ‘virulent’ particles. The ‘temperate’ nature of the lysate,
as I see it, lies in the fact that symbiotically infected bacteria are produced
by it. The conception of different types of particle gives a clearer expres-
sion to my idea. This would be obscured by the term ‘temperate phage’.

(b) This is mainly a question of nomenclature, and Dr Lwoff and I
are fundamentally in agreement. A bacteriophage is something which
eats away a bacterium, so that symbiotic phage is, if the radical meaning
of the words be applied, a contradiction in terms. The difficulty might
be solved by calling it ‘symbiotic virus’. However, I realize that the
term ‘prophage’ (with the definition which Dr Lwoff has given in his
paper) may—like lysogenic phage—have come to stay.

A. LWOFF: It seems clear from Dr. Boyd’s data that the fate of a
Salmonella typhi-murium may depend on whether it is infected either by
one or by many bacteriophage particles. In this case, bacterial immunity
would not be the result of bacterial mutation but the consequence of a
multiple infection producing a modification of the bacterial metabolism
preventing phage development and allowing the infected bacterium to
multiply and to give rise to a lysogenic clone. We know that when pro-
phage develops into phage it is because something has been modified in
the lysogenic system, either the structure or properties of prophage or
the properties of the bacterium. If I understand Dr Boyd’s conception
correctly we have to assume that prophage in S. typhi-murium is in the
a-form. It would have to mutate to § form in order to develop. Then,
in the course of development, f-phage particles would be produced and
some « mutants. Only bacteria infected with these «-mutants would give
rise to lysogenic clones. This conception could correspond to the facts
but has the disadvantage of being impossible either to prove or to
disprove.

J. 8. K. BoYD: Dr LwofT is right in saying that there are at present no
experimental data to decide between the two theories of Iysogenic infec-
tion in this particular system—i.e. whether it arises from infection with
numerous particles or from infection with one particle having special
properties.

My reason for suggesting the latter is that no such lysogenic infection
results when S. typhi-murium is exposed to multiple infection with the
stable lytic—i.e. y mutant.

I note that Dr Lwoff agrees with my conclusion that, in the case of
this particular system, the development of lysogenicity seems to be a
function of the phage and not of the bacterium.

E. S. ANDERSON: The validity of Brigadier Boyd’s claim that there are
two types of particle involved in the normal life cycle of a bacteriophage
capable of producing lysogenicity in an organism rests largely on experi-
ments with phage-impregnated agar such as that summarized in Table 3
of his paper. It is interesting to calculate the actual distribution of phage
particles to which the bacterial inocula are exposed, assuming that the
only effective particles lie near the surface of the agar. When the con-
centration of phage is 10° per ml., the particles, if uniformly distributed,
will lie 10x apart. Brigadier Boyd has stated in introducing his paper
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that they are about 35 my in diameter, so that in comparison with a
bacterial cell of about 3-0 X 0-5u, they can be regarded as having position
but no magnitude. If ‘symbiotic’ particles exist in this phage with their
postulated frequency of 1:20 of the ‘lytic’ particles, an organism would
have to sustain an average of at least twenty contacts with phage particles
in order to encounter one of the hypothetical ‘symbiotic’ particles, and
of course Brigadier Boyd’s further postulate would then be required
that the ‘symbiotic’ particles must have an ascendancy over the ‘lytic’
particles as far as entering the cell is concerned.

If we assume that the number 43 in the bottom row of column 1 of
Table 3 largely represents organisms which have disappeared as a result
of immediate infection with ‘lytic’ particles, and that the 87 lysogenic
colonies which survived represented bacteria which had immediately
become ‘symbiotically’ infected, the unlikely conclusions emerge that the
130 bacteria deposited on the plate had not only immediately achieved
100%;, effective contact with one or more phage particles but that two-
thirds of these bacteria had encountered an average of at least 20 particles
each, the minimum average contact required to ensure an encounter
with one ‘symbiotic’ particle. Bearing in mind the distance between
phage particles at the surface of the agar in the concentrations of phage
used, and the size of the organisms, it is obvious that this is unlikely to be
a correct interpretation of the experiment.

A more accurate estimate of the likelihood of contact between phage
particles and bacteria can be achieved by assuming that the particles
conform to a Poisson distribution. There is no information as to the
effective depth to which the bacterial cell can encounter phage particles
but it seems not unreasonable to assume that it is not greater than the
length of the bacterial cell, so that the only operative phage-particles
will be those lying in a surface layer of agar about 3u thick. When the
concentration of phage is 10° per ml., a lamina of this thickness 1 sq. cm.
in area will contain 3 x 10° phage particles. If the effective area of the
bacterium be liberally taken as 5 x 10-® sq. cm., then the average number
of particles underlying a bacterial cell

= density of particles x effective area of cell
=3x10°x5x108
= 15x1073

Therefore, the fraction of bacteria having no underlying particles

= e 15 x 103
= 0-985 approx.

that is, 9859, of cells will not encounter phage particles at all. If ‘sym-
biotic’ particles occur with the postulated frequency of 1:20 of ‘lytic’
particles, then by the same reasoning, the fraction of bacteria having no
underlying ‘symbiotic’ particles

= e x 10
= 0-9992 approx.
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that is, 99-92%; of cells will not encounter ‘symbiotic’ phage particles
when they alight on the agar surface.

Turning again to column 1 of Table 3 of Brigadier Boyd’s paper it can
be seen that if the particles are assumed to have a Poisson distribution,
which is likely, the chances are that only 1-5%; of the bacteria deposited
on the plate had alighted on phage particles of any sort and that no more
than 0-08 % had a chance of hitting a ‘symbiotic’ particle. The chances
against 87 out of 130 bacteria alighting on ‘symbiotic’ particles are
astronomical. A much more likely explanation would seem to be that
most bacteria alight in spaces between phage particles, and that contacts
with the latter occur mainly by the extension of growing colonies. When
the phage concentration is 10° per ml. of medium the spacing of particles
on the surface will ensure effective contact with, and multiplication of,
phage early in the life of most colonies, so that high concentrations of
phage will be released into relatively small aggregates of organisms; this
seems to be the condition required for the establishment of ‘symbiotic’
infection and the surviving organisms of the microcolonies will grow un-
interruptedly to form lysogenic colonies.

In columns 2 and 3 of Table 3 where the concentrations of phage are
108 and 107 per ml. the application of the foregoing arguments makes the
acceptance of Brigadier Boyd’s theory even more difficult.

The greater the spacing between phage particles on the agar surface,
the larger will be the bacterial colonies before a phage particle is encoun-
tered, and once the colonies are large enough the evidence they will show
of contact with phage will be that which Brigadier Boyd describes as
‘phage contamination’. This is because the degree of growth of the colony
by the time particles are released into it in relatively high concentration
is already at or near its maximum so that a secondary growth of lyso-
genically infected organisms cannot occur. Indeed there are still many
susceptible organisms of the original colony present which are not lysed
by the phage because the optimal growth phase has passed. As the phage
concentration in the medium diminishes and the spacing between par-
ticles becomes wider, so the expected time of contamination of colonies
with phage rises to a maximum, beyond which the proportion of phage-
contaminated to phage-free colonies drops as the spacing makes it pro-
gressively more unlikely that a colony will encounter a phage particle
at all during the course of its growth. Rows 3 and 5 of columns 4, 5, 6,
7, 8 and 9 of Table 2 of Brigadier Boyd’s paper illustrate this very well,
and he himself has made similar observations (Boyd, J. Path. Bact., 1951,
63, 445).

It can be seen, therefore, that all the findings described by Brigadier
Boyd in the experiments with phage-impregnated agar can be most satis-
factorily explained on the following bases: even with a phage concentra-
tion of 10° particles per ml. of medium the initial likelihood of an organ-
ism encountering a phage particle when it alights on the medium is low,
and of sustaining a twentyfold multiplicity of infection extremely low;
all the phenomena found are the end result of the infection with phage
of bacterial colonies of varying age. There is no evidence to support the
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claim that there are ‘lytic’ and ‘symbiotic’ particles which are functionally
different.

If we turn now to the consideration of the plaques produced by the
‘a-lysate’ described by Brigadier Boyd as a further support for his hypo-
thesis of functional duality in the particles of phages capable of producing
lysogenicity in bacteria, it is apparent that the great variation in size of
plaque again does not support this theory. The solid-centre plaque can
be dismissed as being derived from particles of phage free in the medium.
But the plaques showing a range of size from pinpoint upwards can be
explained on two alternative hypotheses, both of which may be operative.
First, in an unheated supernatant there are lysogenic bacteria which
when deposited on the indicator strain will, after an unpredictable inter-
val, initiate plaques. Such plaques, however, could as well stem from a
prophage, as described by Lwoff in his contribution to this symposium
and in his previous work quoted therein, as from the emergence of a
‘lytic’ mutant from a ‘symbiotic’ particle. The experiment will not dis-
distinguish between the two hypotheses. Second, it must be remembered
that an ‘a-lysate’ placed on an indicator strain contains quantities of
bacterial receptors and bacterial debris, all of which may have adsorbed
phage particles. It has not been demonstrated conclusively in the case of
phages capable of entering into a lysogenic relationship with their
bacterial host that such adsorbed phage particles cannot become free
to attack growing organisms. If such a release is possible, it would also
occur in a random fashion and would, therefore, produce a picture
exactly similar to that shown in figure 2. There is nothing here, therefore,
to support the claim of phage particles which are functionally different
in a ‘lytic’ or ‘symbiotic’ sense.

What is obvious from Brigadier Boyd’s work is that the presentation
of growing organisms with a high concentration of phage particles will
produce a high proportion of lysogenically infected organisms. I have
also observed this phenomenon, but I think it is more satisfactorily ex-
plained on the basis of multiple infection of organisms with phage
particles and consequent interference with phage multiplication in the
cell. In a critical examination of the experiments described in Brigadier
Boyd’s paper it is not possible to find supporting evidence for the pre-
sence of ‘symbiotic’<—‘lytic’ phase variation as an essential part of the
life cycle of the ‘lysogenic’ phages of S. typhi-murium.

J. S. K. BOYD: Dr Anderson’s mathematical calculations, which I con-
fess I had not worked out, are quite irrelevant, as they are based on the
erroneous assumption that the bacteria and phage particles are station-
ary throughout the experiment. This, however, is not the case. The
bacteria are flooded on to the agar surfaces in 0-5 c.c. of saline, which
makes an obvious wet film and does not dry for some minutes. In this
film the motile bacteria move about actively, as can readily be confirmed
by direct observation. I doubt if any mathematician could calculate the
probable number of contacts of bacteria and phage in these circum-
stances with any degree of accuracy, but it seems reasonable to postulate,
as I did, that it bears some relation to phage concentration. The

NV M 10
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impregnated agar experiment differs from the broth culture experiment
(Table I) only in that, while no phage: bacterium ratio can be calculated,
the fate of the individual bacteria can be followed.

Dr Anderson has overlooked the significance of the ‘missing’ colonies
(Table 2, plates 1, 2, 3, 4) which I attribute to ‘direct hits’, i.e. to infection
of the original organism, before it has had a chance to divide, with a
lytic particle. ‘Near misses,” where the bacterium, now stationary, divides
a few times before one of the daughter bacteria comes in contact with a
phage particle, will inevitably produce a ‘phage-contaminated’ colony,
though, if the ‘contamination’ occurs at an early stage in the colony’s
growth the appearance of the colony will be normal. When the one in-
fected bacterium bursts and liberates its 100 or more particles, the adjoin-
ing organisms in the small colony will de drenched in these particles.
Whether symbiotic infection of a bacterium is the result of multiple in-
fection with phage particles (as Dr. Anderson later suggests) or of in-
fection with a ‘symbiotic’ particle (as I contend) the result will be the
same. One or more of the hitherto normal bacteria will become sym-
biotically infected and phage-resistant and will multiply to form a colony.
‘Missing’ colonies must, therefore, be attributable to the elimination of
the original organism by a direct hit from a lytic particle. It is vaguely
possible that in a starting colony where two or even four organisms are
present, all might be more or less simultaneously infected by lytic particles
before the first of them bursts. This, however, is no more than a modi-
fication of the direct hit. If multiplication of the bacterium has passed
more than one or two divisions before a ‘hit’ occurs, some form of
colony is bound to develop.

Dr Anderson’s conclusion is that all the phenomena found in the
phage-impregnated agar experiment are the result of the infection with
phage of bacterial colonies of varying age. In other words, he regards
the lysogenic colonies on the plates with the phage concentration of 10°,
10® and 107 as ‘near misses’. A glance at Tables 2 and 3 will show that
this implies that, as the phage concentration increases, the number of
‘direct hits’ falls and the number of ‘near misses’ rises, a conclusion
which is manifestly absurd. The higher the phage concentration, the
greater will be the number of ‘direct hits’. The increasing number of
lysogenic colonies on the 107, 10% and 10° plates, together with the de-
creasing number of missing colonies, can only be explained by some form
of “direct hit’ which gives symbiotic infection instead of lysis.

Turning to Dr Anderson’s second criticism, my observations on the
plaques formed by « lysate were not aimed at the differentiation between
‘prophage’ and ‘symbiotic particle’. Lwoff regards ‘prophage’ as a
normal phage particle in a state of arrested development because the
bacterium is resistant or inapte. The impregnated agar experiment proves
beyond any reasonable doubt, as pointed out in my paper, that the de-
velopment of symbiotic infection in the typhi-murium phage-bacterium
complex is a function of the phage and not of the bacterium and hence I
postulate the existence of a mature symbiotic particle. The « lysate obser-
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vations were not designed to ‘distinguish between the two hypotheses’
and I have at no time suggested that they do.

Dr Anderson states that « lysate contains bacterial receptors and
bacterial debris and presumably implies that § lysate does not; hence the
difference in plaque pattern. In fact, as § lysate contains the debris of
1 to 2 x 108 bacteria per ml., it is much richer in these end-products than
« lysate, which contains the debris of a relatively small number of bacteria.
His original—if unsubstantiated—theory that adsorbed lysogenic par-
ticles may be released in a random fashion from the bacterial host (I
presume he means the debris of lysed bacterial hosts, for nothing else is
present in the lysate used for Fig 2 to which he refers) therefore applies
equally to « and B lysates and has no bearing on the argument.

Dr Anderson, for unstated reasons, concludes that the development
of lysogenicity is to be explained on the basis of multiple infection of the
organism with phage particles. This is the first of the hypotheses which I
put forward in my paper and indeed when I first observed the pheno-
mena I myself favoured this explanation. I found it untenable when I
performed the experiment set out in Table 4 (many times repeated, both
with this and other lytic phages). Multiple infection with lytic (y),
particles does not produce lysogenesis. Dr Anderson, in his ‘critical
examination of the experiments’ has either failed to appreciate the signi-
ficance of this point or conveniently ignores it.

[ am afraid there is nothing in Dr Anderson’s criticisms which causes
me to reconsider my conclusions.

LOIS DICKINSON: We have found similar variation in the phages of a
lysogenic strain of Ps. pyocyanea. The filtrate, containing phages Pa and
Pb, from a strain of Ps. pyocyanea (isolated from a war wound) was
passaged in a mouse together with an indicator strain C7. The strain,
C7X, isolated from the mouse was iridescent and lysogenic. C7X filtrate,
assayed on indicator culture C10, produced two types of plaques, one
with a lytic zone surrounding a central area of bacterial growth and
clearly visible at 18 hr. (P18) and the other which was much larger, hazy
and only clearly seen after 48 hr. incubation of the assay plate (P48).
P18, especially when passaged on C10, gave almost pure P18 type plaques
but very rarely gave a large, hazy type variant. P48 gave rise to varying
proportions of P18 and P48 when grown with C10. One preparation of
P48 gave a lysogenic culture which produced the P18 variant during
growth; a filtrate of this culture also gave the P18 variant when grown on
C10. P18 = Pa, serologically and by cross resistance tests. There was
little relationship between P18 and P48, but some similarity between P48
and the original Pb. Both P18 and P48 had latent periods of 1} hrs.
under our conditions, and the burst was inhibited by 2:7-bis-(2-dihydro-
glyoxalinyl)-9-phenyl-phenanthridine trihydrochloride. This compound
had been shown to act early in the reproductive cycle of lytic phage, but
to have no effect on phage production by lysogenic cultures. Cultures
resulting from the growth of P18 on C10 contained completely sensitive
cells and cells resistant to P18 but still sensitive to P48 and Pb. Cultures
resulting from the action of P48 on C10 gave lysogenic bacteria, resis-
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tant to all phages. Pb phage, giving lytic type plaques, but which is
probably related to P48 in view of the cross reactions, gaverise to cultures
resistant to itself and P48, but still sensitive to P18; however all such
cultures were apparently lysogenic. Each colony tested produced phage
and the cultures were not inhibited by the phenanthridine (unlike lytic
cultures) although the plaques produced were still typically lytic ones.

J. s. K. BoYD: Dr Dickinson’s findings bear some resemblance to the
phenomena I have described, in that certain of her phage types produce
two types of plaque. It is, however, rather unusual that phages so
closely related as these appear to be should be serologically dissimilar.
The possibility that Pa and Pb are different types of phage should not be
overlooked.

F. C. BAWDEN: Dr Boyd concludes his paper by saying that when his
mutation hypothesis has been extended to plant and animal viruses it can
be hoped that a new direction will be given to research. The ‘when’ with
plant viruses was about 20 years ago, for at least this time had elapsed
since it was realized that plant viruses can undergo striking changes in
virulence and that the genetic constitution and physiological condition
of a host plant can also strikingly affect the type of symptoms produced
by one strain of a virus. Indeed, for many years now, plant breeders
have been producing varieties of crop plants that die when infected with
the common strains of prevalent varieties. This confers a practical con-
trol in the field, for infected individuals do not remain as sources of virus
for their neighbours. The strains prevalent in a variety are those that
do not kill it. In potatoes, however, the principal of breeding varieties
hypersensitive to potato virus X is complicated by the many strains of
this virus which affect different varieties differently, and by the occur-
rence of new strains that are less virulent and do not kill the variety.

J. S. K. BoYD: I apologize to Dr Bawden for my ignorance of the fact
that a life cycle based on mutation from symbiotic to virulent has been
recognized in plant viruses for many years. His general confirmation of
my conclusions is gratifying.
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WHAT IS REPRODUCTION?

Reproduction is the phenomenon by which an organized structure gives
rise to identical organized structures. When a ciliate or a bacterium grows
and divides, producing two organisms, they are supposed to have repro-
duced by binary fission. But, as pointed out by Bawden, binary fission
can only be regarded as the last step in the process of reproduction of
an organism. It is clear that binary fission cannot exist at the molecular
level. And as certain specific molecules or particles, such as genes, are
perpetuated, it is generally admitted that in some way they ‘induce’ the
synthesis or organization of identical structures. From an operational
point of view, it seems as though some specific molecules are endowed
with genetical continuity, although, probably, the old structure never
being present in the new one, provides only a ‘cast’. Thus, at first sight,
the reproduction of a molecule is something quite different from the repro-
duction of an organism. And as an organism is composed of molecules,
this would mean that the nature of the reproduction of the parts is differ-
ent from the nature of the reproduction of the sum. A disturbing con-
clusion.
WHAT IS NATURE OF REPRODUCTION?

An organism is essentially an organized structure, organization being the
result of the spatial distribution of specific molecules or particles. Before
division of an organism, the specific molecules are duplicated. Two
daughter organisms are organized by virtue of the interplay of forces
exerted by various particles. Fission separates two already organized
structures. The problem of the nature of reproduction is the problem of
the nature of the duplication of morphogenetical forces, that is to say of
something which cannot divide because it is devoid of independent exis-
tence. Considered from this point of view, reproduction of a complex
molecule and of an organism have something in common, namely, the
organization of specific building blocks into specific structures or patterns.

It is nevertheless clear that a cell, or a non-cellular organism like a
protist, is the minimum biological unit able to reproduce its own structure.
And I am in perfect agreement with Bawden’s statement according to
which the multiplication of a virus is more comparable to the reproduc-
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tion of cell constituents than to the reproduction of a cell or of an organ-
ism. Duplication of specific molecules or particles, including viruses, can
only take place in a specific cellular environment, because, as the duplica-
tion of the cell itself, it is the result of the activity and the interplay of a
great number of other specific molecules.

WHAT IS THE NATURE OF VIRUS REPRODUCTION?

When a virulent phage penetrates into a sensitive bacterium, it loses its
infectivity. Infective particles appear after a dark period of some minutes.
As ‘phage’ has not been seen with the electron microscope during the dark
period, we have no precise data on the changes it undergoes. Analysis
with U.V. and X-rays and studies on recombination have given some
information on the subject. The fact that phage particles are remarkably
uniform in size indicates that phage does not multiply by binary fission.
From the fact that infectivity is lost after penetration, we may draw the
same conclusion: phage is not reproduced as such. And the hypothesis
that, when phage is reproduced, it has to develop from a non-phage
structure seems plausible.

This conclusion is in agreement with general concepts concerning
reproduction. Reproductionis the result of development. Ateach genera-
tion, the organism has to be built up anew. A sea-urchin has to be
produced from an egg, a phage from a ‘non-phage’. The expression
‘reproduction by binary fission’ is misleading. A ‘non-cellular’ organism
is unable to divide, but has to organize two daughter organisms in the
parental frame. As stated before, cleavage or fission, separates two
already formed organisms. Living organisms, specific particles, struc-
tures, molecules, are never multiplied by fission, but produced only by
organization of more or less complex building blocks. Phage, as probably
other viruses, conform to this general law and every one certainly deplores
the fact that the intimate ‘nature’ of the organizational process is un-
known. Alternations of infectivity and non-infectivity are known not
only in phage and other viruses but also in many organisms, and especially
in protozoa such as malarial parasites, trypanosomes, ciliates, etc. . . .

Plasmodium malariae may multiply by schizogony in its mammalian
host or in the mosquito by sporogony (associated with sexuality). Such
a dualssituation exists in bacteriophage which may be reproduced in sensi-
tive bacteria by a process associated with recombination yielding infec-
tious particles, and, in lysogenic bacteria as non-infectious particles.

Therefore phage reproduction, sensu latissimo, may take place by two
processes; a process culminating in production of phage, a process in
which phage is not produced, but reproduced as a potential phage.
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This phenomenon, and the conditions necessary for phage production
from a non-phage structure, which is phage reproduction, will be the main
object of our attention.

INTRODUCTION OF THE PROPHAGE

Lysogenic bacteria perpetuate hereditarily the property to produce phage.
A lysogenic bacterium survives only if it does not produce phage. Phage
is not formed nor liberated during normal growth. The production of
phage is not compatible with the survival of the microbe since it is killed
when phage is formed. Phage is never ‘secreted’ but liberated by bacterial
lysis.

Let us consider a non-lysogenic sensitive clone and a ‘temperate’
phage (temperate phages are phages able to form lysogenic systems; they
are opposed to virulent phages which are devoid of this property). The
sensitive clone is non-homogeneous. All the germs are receptive, able to
adsorb phage. The majority are sensitive; they allow the development of
phage which lyses its host. A small percentage arereceptive but ‘immune’.
They are not lysed, continue to multiply and in many cases give rise to
lysogenic clones. The phage produced by these ‘lysogenized’ clones is
generally identical to the original phage. Something specific is therefore
reproduced in lysogenic bacteria.

In 1929, Burnet and McKie, studying a lysogenic strain of Salmornella
enteritidis discovered that the bacteria did not contain bacteriophages.
They concluded that, in lysogenic bacteria, the phage must multiply in
the form of a non-infectious model. The phenomenon was rediscovered
independently in 1936 by E. and E. Wollman, confirmed the same year
by Gratia (1936a), and later on by Lwoff & Gutmann (1950), who pro-
posed the term prophage for the non-infectious form of the bacterio-
phage.

A lysogenic bacterium survives only if it does not produce phage. Per-
petuation of the prophage is compatible with survival. But when prophage
develops into phage, the bacterium is lysed. Before studying the repro-
duction of phage we have to consider the phenomena which occur during
the production of phage from prophage.

PHYSIOLOGY OF IRRADIATED BACTERIA

Let us consider a population of Bacillus megatherium 899(1) growing ex-
ponentially. A small number of bacteria produce phage spontaneously.
The proportion of the phage-producing bacteria varies with the nature of
the medium, and the importance of the population. It will be seen later
why. It represents roughly 1 per 1,000 of the population. Let us neglect
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this small fraction. If the culture is irradiated with U.V. rays (Lwoff,
Siminovitch & Kjeldgaard, 1950q, b), almost all the bacteria will, after
45 to 60 minutes, lyse and liberate approximately 100 phage particles.
Irradiation has induced phage formation with consequent bacterial lysis.
What happens during the latent period which separates the inducing
shock from the lysis?

In a complex medium (yeast extract-{-casein hydrolysate) an induced
population of B. megatherium 899(1) continues to grow during the latent
period. The growth rate decreases continuously. The first free phages are
liberated around 43 minutes at 37°. If bacteria are lysed with lysozyme at
regular intervals after induction, one sees that the first infectious particles
appear around the 34th minute (Lwoff et a/., 1950a, b). These figures are
of course not absolute. The length of the latent period is increased by a
decrease in temperature, by an increase of the U.V. dose (Siminovitch &
Rapkine, 1952).

Bacterial growth continues during the latent period. This ‘residual
growth’ had been found in all inducible bacteria which have been ex-
amined: Staphylococcus aureus, Pseudomonas pyocyanea (Jacob, 1951a)
and Escherichia coli K-12 (Weigle & Delbriick, 1951). It is possible
that it exists also in non-inducible lysogenic systems in which owing to
the small proportion of phage-producing bacteria the phenomenon will
be difficult to recognize. Residual growth is nevertheless not compulsory
for phage maturation. It may be suppressed in pyocyanea by submit-
ting the bacteria to a low and constant carbon diet (Jacob, 1951a). Then
phage develops normally, but no bacterial growth takes place. If the
regimen, the amount of nutrient per unit time is too small, it becomes
the limiting factor for the phage, the latent period is increased and phage
takes everything for itself (Jacob, 1951a). A pyocyanea needs 2 x 101
molecules of glucose in order to divide. In order to build up 100 phages,
only 4 x 10° molecules of glucose are needed. Things happen as if the
developing phage would always consume what it needs, the bacteria
benefiting only from the surplus, the residue of phage nutrition.

Bacterial syntheses continue during the latent period. Ribonucleic acid
(RNA) and respiratory enzymes are synthesized. Both curves of RNA
and of respiration are parallel to the bacterial growth curve (Simino-
vitch & Rapkine, 1951). Moreover, after induction, formation of adap-
tive enzymes is possible. In induced pyocyanea and E. coli K-12, the
possibility to synthesize an adaptive enzyme is unimpaired during 10
minutes and then decreases (Jacob, 19515; Siminovitch & Jacob, 1952).

The situation in lysogenic bacteria is therefore different from the situa-
tion in ordinary systems which have been studied: when a virulent phage
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infects a sensitive bacterium bacterial growth, synthesis of RNA (Cohen,
1946) and of respiratory enzymes (Cohen & Anderson, 1946) are com-
pletely inhibited and synthesis of adaptive enzymes is impossible!
(Monod & Wollman, 1947). On the contrary, evolution of desoxyribo-
nucleic acid (DNA) is parallel in sensitive bacteria infected with a
virulent phage and in induced lysogenic bacteria: absence of DNA syn-
thesis during the first half of the latent period, rapid increase during the
second half (Siminovitch & Rapkine, 1951). Considering the fact that
induced lysogenic systems are able to perform many syntheses, the
absence of DNA synthesis during the first half of the latent period takes
its full signification.

Physical inducers

'The minimum dose of U.V. necessary to induce 100 % of the bacteria of
B. megatherium 899(1) (efficient dose) varies with the medium in which
the bacteria have grown (Lwoff, 1951). It is 125 ergs/mm.? for bacteria
grown in yeast extracts, or 3000 ergs/mm.? for bacteria grown in syn-
thetic medium. The ‘aptitude’, the property of bacteria to react by phage
formation to the U.V. shock, thus varies with the nutritional state of
bacteria. The situation is complicated by the fact that aptitude may ex-
press itself or not according to the medium in which the bacteria are
placed after the shock. For example ‘synthetic’ bacteria, submitted to an
irradiation of 1250 ergs/mm.? will continue to grow normally in the
synthetic medium. They will produce phage and lyse if subcultured in a
mixture of various amino acids (none of them seeming specific) and
diluted broth.

Moreover, if bacteria grown in the presence of yeast extract are irradi-
ated and left in yeast extract, they produce phage and lyse. But placed
in broth after irradiation, they grow normally. This is a chemo-restoration.
A mere change of medium may thus allow the expression of aptitude or
may suppress the effect of U.V. irradiation (Lwoff, 1951). The situation
appears complex.

X-rays have the same inducing effect as U.V, The effect of both rays is
suppressed by visible light.

Chemical inducers

When studying the kinetics of phage formation during bacterial
growth, it was observed by Lwoff, Siminovitch & Kjeldgaard (1950):

1 One most not forget that, for the conveniency of phage study, highly virulent phages
and highly sensitive bacteria were selected. It remains therefore possible that residual
growth will be found also in some ordinary systems a very small number of which have been
adequately studied.
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1. that phage production, that is to say the ratio phage/bacteria, was
constant during the exponential growth phase;

2. that when the growth rate was limited by oxygen tension, impor-
tant phage production was observed. As much as 309 of the
bacteria sometimes lysed and liberated phage.

This type of phenomenon could not be reproduced at will, but was
observed from time to time. It nevertheless suggested that oxydoreduc-
tion phenomena could play a role in induction. It was then found
(Lwoft & Siminovitch, 1951a) that reducers have an inducing effect: if
a culture growing in yeast extract is supplemented with reducers such as
thiomalate, thioglycolate, reduced glutathione or ascorbic acid, they show
residual growth, lyse and liberate phage.

Induction by reducers depends on the nature of the medium and we
shall therefore distinguish ‘active’ and inactive media, according as re-
ducers exert or not an inducing effect.

Some samples of baker’s yeast extract are active, some are not. Pep-
tones, broth, synthetic media are inactive. Bottom yeast extracts may be
by themselves active without any addition of reducers. If an active yeast
extract is treated by ‘Norite A’ at pH 35, it becomes inactive. One—or
many—substances have been removed which are necessary for the induc-
ing activity of reducers.

These substances have recently been identified, and are referred to in
the Appendix.

INDUCIBLE AND NON-INDUCIBLE SYSTEMS

U.V.-rays induce phage development in many lysogenic species. But all
systems are not inducible. For example, B. megatherium 899(1) is induc-
ible, whereas 17(2) is not (Ionesco, 1951). E. coli K-12 is inducible
(Weigle & Delbriick, 1951) whereas E. coli Lisbonne (Bertani, 1951)
is not. Is inductivity due to the properties of the bacteria or of the
prophages? To answer this question, the phages 1 and 2 of B. mega-
therium have been studied by Ionesco (1951). Each of them has been
transmitted to strain M and phage 1 to strain 17(2). The results are
summarized in Table I. It is seen that 899(1), M(1) and 17(2) (1) are
inducible, yielding phage 1 after induction. On the contrary, 17(2) and
M(2) are not inducible. The system M(1) is inducible, the system M(2)
not inducible. Prophage 1 is inducible in the strains 899, 17 and M
whereas in the strain 17 and M, prophage 2 is not inducible. This means
that inductivity depends on the properties of prophage. But it does not
mean that inducing agents act on the prophage itself. It could well be
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Table 1
Phage produced
Lysogenic The produced phage | spontaneously or e
strains is active on: after induction in Inductibility
inducible systems
899(1) M, M(2), 17(2) 1 +
M(1) M, M(2), 17(2) 1 +
17(2) (1) M, M), 17(2) 1 +
17(2) M 2 0
MQ2) M 2 0

From Héléne Ionesco, 1951.

that the development of each phage is controlled by specific factors pro-
duced by bacteria, which production could, or could not, be induced
by U.V.

It is clear that, in lysogenic systems we are faced with at least two types
of prophages: (@) those whose development takes place spontaneously
and which have not been induced either because we have not found the
‘activator’, or because they are really not inducible; (b) those which are
inducible.

If we admit that the development of each prophage is controlled by
specific factors, we may conceive the following hypotheses:

I. ininducible systems, the ‘activator’ is made available or produced
by the bacteria as a consequence of the metabolic change induced
by the shock;

2. in a non-inducible system the spontaneous production or avail-
ability of the activator is controlled by a bacterial gene mutation.

WHAT IS PROPHAGE?

Prophage may be defined as the form in which the potentiality to produce
phage is perpetuated in lysogenic bacteria. Before discussing the nature
of prophage, it is useful to consider briefly the problem of perpetuation
of potential properties.

Perpetuation of potential properties

Itis well known that some genes exert their action only in given circum-
stances: at a certain phase of the life cycle of the organism, at certain
temperatures, when certain substances are present, etc. Thus genes appear
as the stronghold of potential features. It is known also, that, in many
cases, genes can act only in the presence of certain cytoplasmic particles.
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The synthesis of chlorophyll, which is controlled by many genes, can tak
place only if the cytoplasm contains plastids; synthesis of cytochrom
oxydase and of succinodehydrogenase in yeast, only if a certain plasma
gene is present (see Ephrussi, 1951). Plastids, and Ephrussi’s plasmagenc
of yeast, are endowed with genetical continuity. Here then, the expressior
of a property, specific synthesis, depends on the presence of two specific
particles, the gene and a ‘plasmagene’ both of which are endowed witl
genetical continuity.

Now, what is prophage? As phage itself is essentially a desoxyribo
nucleoprotein, if we are to assume a material continuity from phage tc
prophage and from prophage to phage, four hypotheses may be con
sidered. Prophage is perpetuated: (1) as a nucleoprotein, (2) in two sepa
rate parts, a protein and a desoxyribonucleic acid (DNA), (3) only a:
DNA, (4) only as protein.

The hypothesis that duplication of a specific DNA plays an essentia
role in the perpetuation of prophage is in accordance with prevailing
thoughts. 1t has been stated by Lederberg (1950) that lysogenicity ir
E. coli K-12 is segregated as the genes during crosses, but experimenta
data supporting this conclusion have not yet been published. If the re
sults are conclusive, this would mean that, in E. coli K-12, lysogeny i
controlled by a gene-like structure. We know that the biosynthesis o
many specific proteins is gene controlled. The chromosome located struc
ture could be a gene controlling an enzyme whose activity is necessary
for phage development. Things would of course be more interesting if i
were the specific DNA of the phage itself.

The study of disappearance of lysogeny should provide data on the
nature of prophage. This phenomenon was observed apparently for the
first time by Gratia (1936b) in B. megatherium. Owing to Clark anc
Cowles’ observations (in Lwoff & Siminovitch, 19515) confirmed by
Lwoff & Siminovitch (19515), it is now possible to cure at will B. mega-
therium 899 from its lysogeny by serial transfers in synthetic media
As observed by Gratia, cured, non-lysogenic B. megatherium are sensi-
tive to the phage produced originally. This sensitivity could easily b
explained in terms of selection. If a sensitive strain is composed of &
majority of sensitive and of a few immune bacteria, it appears to be
because ‘sensitives’ have a selective advantage over ‘immune’. In a lyso
genic strain only immune bacteria, in which prophage is normally unable
to develop into phage, can survive. Every mutation from immunity
towards sensitivity would produce the development of prophage intc
phage and bacterial lysis. But if the prophage is lost, the sensitive
mutants may survive in a medium in which phage concentration is low
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and adsorption poor, and will be selected if they have a selective ad-
vantage. Coming back to the loss of lysogenicity, many hypotheses may
be considered. But it seems difficult to escape the conclusion that curing
is the result of the loss of a specific particle endowed with genetical
continuity, a process of which many examples are known. Prophage may
be a plasmagene. If the relative speed of its multiplication is lowered,
microbial reproduction will finally produce prophageless bacteria. It is
possible also to conceive of an accidental loss of a piece of bacterial
chromosome containing the gene responsible for phage development.

Curing of lysogeny has been obtained only in B. megatherium and
observed, accidentally, as far as we know, in E. coli K-12. This restricts
the discussion. One fact remains: irreversibility of the loss of lyso-
genicity which probably means a loss of a specific particle endowed
with genetical continuity. If the prophage is a particle, curing of lyso-
genicity means loss of the prophage. It will be seen later that in some
strains of B. megatherium the development of prophage may be induced,
but is abortive owing to a defect in the DNA synthesis. This favours the
hypothesis of a dual nature, possibly protein and DNA, or cytoplasmic
and nuclear, of the prophage.

Prophage as a vaccine

In a sensitive strain of B. megatherium, some ‘resistant’ bacteria
are present which are not lysed by phage. These resistants, which give
rise to lysogenic clones, are, by definition, immune. Let us admit that
immunity is controlled by a spontaneous bacterial mutation, and exists
before phage penetration.

In the absence of phage, sensitive bacteria are selected. In the presence
of phage, sensitive bacteria are killed, and immune ones are selected.
These are lysogenic. As has been seen, if prophage is lost, sensitive mutants
are once more selected. The presence of prophage is therefore not respon-
sible for immunity. But the presence of prophage is necessary in order
that an immune bacterium should be selected. From an operational point
of view, prophage is a vaccine, because in an environment where phage is
found, only immune bacteria are able to survive, and because immune
bacteria are selected only in the presence of phage. In the presence of
phage, prophage is necessary in order to avoid epidemics. Of course,
from time to time, prophage develops into phage and some bacteria are
killed. This is the price the population has to pay for its maintenance.
Individual ‘sacrifices’ are to be neglected when one considers the interest
of the species.



158 ANDRE LWOFF

APOVIRUSES

Prophage is a non-infectious particle, unit, or concept. And so far as we
know, when it multiplies as prophage, it behaves as a normal particle and
lacks two of the main features of a virus: infectivity and pathogenicity.

As prophage may develop into phage, either spontaneously or after
induction, prophage is obviously a potential virus, the germ of a virus or
the non-virus phase of a virus. This seems quite clear. But one has to
remember here that the prophage 1 does not kill B. megatherium 899(1),
that the multiplication of prophage 1 does not kill the host. The bac-
terium is killed only when prophage 1 develops into phage. This leads
to a discussion of the cases in which bacteria are disturbed or killed by
abnormal biosynthesis without any production of infective particles.
Existence of intermediates between viruses and enzymes will thus be
disclosed.

Let us cure B. megatherium 899(1) of its lysogenicity. The new strain
899(1d) (d for deletum = cured) does not lyse any more after U.V. treat-
ment, does not produce phage, and is sensitive to phage 1. The cured
strain 899(1d) is mixed with phage 1 and the survivors isolated. Most of
them are lysogenic and most of these new lysogenic strains behave as
899(1). Afterirradiation they lyse, each lysed bacterium liberating on the
average 100 phages. But one of the strains, 899(1d) 91(1) which will be
designated simply by 91(1) exhibits a strange behaviour. It is lysogenic.
In exponentially growing cultures, one finds 1 phage for 1,000 bacteria.
If one bacterium liberates 100 phages, this means that one bacterium out
of 10° has liberated phage spontaneously. After irradiation, 91(1) shows
the classical picture: residual bacterial growth during the latent period and

Table 2
| |
| Phage
Lysogenic Lysis after production ¢
i u.v. after UV, |
i
899(1) L + +
899(1d) | ) 0 0 i
899(1d)(1) L+ + +
899(1d)91(1) = 91(1) | + + 0 i
91(1d) 0 0 0

lysis. But no phages are liberated. One may then question whether lysis
of 91(1) is bound to the presence of prophage or to a property of the
bacteria. If 91(1) is cured, the new, non-lysogenic strain 91(1d) is not
lysed any more after U.V. irradiation. It seems therefore established that
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lysis of 91(1) after irradiation is due to an abortive development of pro-
phage (Lwoff & Siminovitch, 1951b).

Two questions immediately arise:

(a) Is 91(1) producing a phage that we are unable to detect? Electron
microscopy allows a negative answer.

(b) Why is development abortive? Estimations of desoxyribonucleic
acid during the latent period show: (1) that during the first half of this
period there is, as in 899(1), no increase of DNA; (2) that during the
second half of the latent period, the synthesis of DNA is very small if
compared with the synthesis in induced 899(1) during the same period
(Siminovitch, 1951).

From all this one may conclude: (1) that the abortive development of
phage is due to a defect in DNA synthesis; (2) that U.V. dissociates two
phenomena in the development of the prophage; (3) that the phenomenon
(or phenomena) which takes place in irradiated 91(1) is accompanied by
bacterial lysis.

An obvious hypothesis is, that in 91(1), U.V. light induces only the
development of the protein part of the phage.

If we neglect the one bacterium in 10° which spontaneously produces
bacteriophage, 91(1) will appear as a strain perpetuating a potential lethal
factor. We know that the potential lethal factor is prophage, that we are
able to induce only one part of its development, and that bacteria are
killed without virus production. The 91(1) situation is a bridge between
lethal action due to virus production and lethal or pathological action
caused by the production of some proteins or enzymes.

E. coli ML, grown in a synthetic medium does not produce anti-
bacterial substances. If irradiated with U.V., it continues to grow
for 70 minutes and then lyses liberating substances which kill E. coli
Bordet in a few seconds (Jacob, Siminovitch & Wollman, 1951). The
synthesis of the active substance starts immediately after irradiation
and the ‘antibiotic’ is liberated only by the lysis of the bacteria. The sub-
stance, so far as is known, and so far as the heterogeneous group of
colicines is defined, may be labelled a colicine.

A similar situation has been described in P. pyocyanea 10. One of
the strains, irradiated, synthesizes a substance, pyocine, which is liber-
ated by lysis and is bactericidal for a strain of the same species (Jacob
et al., 1951).

In the colicinogenic E. coli ML and in the pyocinogenic P. pyocyanea 10,
irradiation induces the synthesis of the bactericidal substance, just as it
induces the development of prophage into phage in some lysogenic
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bacteria. E. coli ML and P. pyocyanea 10 are not sensitive to the colicine
and the pyocine they respectively produce, just as lysogenic bacteria are
not sensitive to their own phage. Synthesis of colicine and of pyocine,
just as development of prophage into phage, is accompanied by the death

Table 3
Effect of the The produced
Effect of develop- | synthesized sub- | particle is (4)
Development of: ment on the stance or particle or is not (0)
producer on other bacteria | reproduced by
the host
B-galactosidase 0 0 0
Protein Pz in galactose (—) growth 0 0
bacteria inhibition
Colicine and pyocine death death 0
Prophage (abortive) death 0 0
Prophage into phage death death +
The transforming principles 0 new syntheses + [
i
]

of the ‘producer’ (bacteria producing the substance or particle). Colicine
and pyocine, like phage, are liberated by lysis of the producer. E.
coli ML, P. pyocyanea 10 perpetuate hereditarily the property to pro-
duce colicine or pyocine, just as lysogenic bacteria perpetuate heredi-
tarily the property to produce bacteriophage. This is an interesting
situation because it is possible to induce at will the expression of a poten-
tial lethal property, which is the synthesis of a bactericidal substance,
perhaps of protein nature.

Another example is known of an induced biosynthesis of a specific
protein which appears to be ‘pathogenic’ without being lethal. One parti-
cular mutant of E. coli ML is known which responds to galactose by a
greatly increased synthesis of a protein (Pz) normally present in the cells.
This effect is accompanied by a very marked inhibition of growth rate.
Normal E. coli is not inhibited by galactose, and responds to it not by
increased synthesis of Pz, but by synthesizing $-galactosidase, the pro-
tein of which is akin to, albeit distinct from the Pz protein (Cohen, un-
published).

The increased biosynthesis of protein Pz produces a disturbance of the
growth, a typical disease of development due to malnutrition. Here is a
beautiful example of a pathological biosynthesis, or better of a disease-
producing, that is to say, a pathogenic biosynthesis.

All these facts are summarized in Table 3 to which data on the trans-
formingprinciples have beenadded. With theexceptionofthesetransform-
ing principles, which are probably genes or pieces of chromosomes, the
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substances or particles which have been considered are produced only as
the consequence of the action of external factors or inducers. No phage,
no colicine, no pyocine, are present in ‘normal’ bacteria. They are not
reproduced as such, but the bacteria maintain hereditarily the power to
synthesize them. It is interesting to note that the biosynthesis of protein
Pz may bring about a disturbance of bacterial growth under special
circumstances. And it is highly suggestive that the induced development
of the other particles is lethal. The development of prophage into phage
is lethal, whether abortive or not; the biosynthesis of colicine or pyocine
is lethal.

The mechanisms of some pathological or lethal actions are thus to be
found in pathogen biosyntheses, some of them corresponding to a pro-
tein, some others to a part of a virus. Viruses are not as isolated entities
as they appeared and may thus be considered as the infectious members
of a great family.

WHAT IS A VIRUS?

Time has come, perhaps, to give a definition of the subject of our attention.
Phage may be considered as a model of a typical virus. When considering
Table 1V it is seen that each of the properties of phage may be found in
one or more other types of particles. But virulent phage considered in its
relation with a sensitive bacteria is at the same time pathogenic, able to
penetrate a new host and to be reproduced. When present together these

Table 4
- - e e
Power
to be Repro- | Pathogen | Perpetu- Development:
i adsorbed | duction or lethal | ated here-
' ortopene-{ inthe for the | ditarily as
i trate in a | receptive | receptive such without | patho- lethal
| new host host host effect gen
i Transforming principles + “+ 0 + —+ 0 0
{ Protein Pz (in galactose- 0 — _ 1] 0 - 0
‘ bacteria)
| Colicine and pyocine -+ 0 + 0 0 + +
| Prophage (in immune 0 — — + 4 0 ot
| bacteria)
I Abortive phage 0 —_ —_ 0 0 -+ +4-2
‘ Virulent phage -+ + -+ 0 0 + l -+

1 Multiplication is not lethal. Development into prophage is lethal.
2 Abortive development is lethal.

properties are characteristic of what may be called true viruses. It is
possible to add that phage may reproduce only in a specific host. All

NV M II
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these features are shared by many obligate parasites which are not viruses,
as for example, some parasitic protozoa.

In all cells, in all bacteria, protozoa or fungi, a nucleus and protoplasm
may be clearly recognized. In phage, nucleic acid and protein seem, so
far as we know, combined into one macrostructure. A specific nucleo-
protein which kills the cell and which multiplies may only be a virus. The
immediate objection of course is that if some viruses may perhaps be only
a nucleoprotein, some others possess a tail, a membrane, and other differ-
entiated organelles. This would not be so important if the nucleoprotein
would be the only part endowed with genetical continuity, that is to say
if the various organelles were the result of the ‘development’ of the nucleo-
protein, of its organizing power. Thus, neglecting the secondary features,
a true virus could be defined as an infectious and pathogenic nucleoprotein
(or pathogenic molecule would be less compromising). But properties of
viruses vary with the phase of the life cycle, with the nature of the host,
and may be temporarily or permanently lost. It is felt that phylogenetical
and ontogenetical features have to be included in a general definition of
viruses; a definition which would exclude transforming principles, patho-
logical proteins, such as colicine or pyocine and include latent or masked
viruses or proviruses. It would be a Platonist concept, the lower limit
of a virus: a molecule endowed with genetical continuity and able to
behave as a virus or to develop a structure behaving as a virus. The
theoretical virus would be defined as a specific reproducible nucleoprotein or
molecule which was, is, or may become infectious and pathogenic.

If, between small bacteria and this noble, ideal being, intermediary
steps do exist, it is no longer possible to play with a definition. Therefore,
preference was given to a concept of a virus rather than to viruses in
general. [ am nevertheless perfectly conscious of the fatal consequences
of this definition. But it was felt impossible to accept discussing the nature
of virus reproduction without giving some sort of definition not of what
viruses are, but at least of what they should be.
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APPENDIX 1: FACTORS CONTROLLING DEVELOPMENT
OF PROPHAGE INTO PHAGE

‘Hence it may be profitable to think of cells and tissues of all kinds as
areas in which traces of metallic ions are competed for by the various
complex-forming agents present’ (Albert, 1950).

It has been stated that induction by ‘reducers’ takes place only in certain
types of yeast extracts, not in broth nor in solutions of ‘peptones’. Two
types of media, ‘active’ and ‘inactive’, have been distinguished, according
to whether they do, or do not, allow the inducing effect of reducing agents.
And it was concluded that a substance, present in active media, is neces-
sary for the inducing effect of reducers on B. megatherium 899.

In an active yeast extract, induction has been obtained by oxine (8-
hydroxyquinoline) M/85,000 (Lwoff, 1952). The well-known bactericidal
action of this substance is due to a displacement of Co™* which allows an
acute lethal action of Fe** and Cu** (Rubbo, Albert & Gibson, 1950).
Is the inducing effect of oxine bound to such a cationic permutation ?

Treatment with oxine inactivates active yeast extracts. Activity is re-
stored by Cu** 1075M, which is not replacable by Fe*+, Mgt+, Ca* ™,
Zn*t*, Mnt*, Cot*. Cobalt has an antagonistic effect: it prevents phage
development in the presence of Cu** and thioglycollic acid (LwofT, 1952).

Inactive media allow bacterial growth and phage production after U.V,
shock. They contain therefore all the elements necessary for bacterial
growth and for phage development. It is only when induction is being
effected by reducing agents that an excess of Copper becomes necessary,
because the reducing agents themselves exercise metal binding properties.

Thus, induction appears to be the result of a cationic permutation: re-
placement of Co™* or of another ‘protective’ cation by Cu™*, either at
the level of the prophage itself, or at the level of an enzyme controlling
the development of prophage into phage.

The absence of phage development in lysogenic bacteria, condition of
the very existence of lysogenic clones, is controlled by an equilibrium
depending on the absolute and relative affinities of bacterial constituents
for cations, and of the absolute and relative proportion of cations in the
bacteria.

If it is admitted that the same specific effect, namely the development of
prophage into phage, must depend on the same specific cause, it follows
that all inducing agents or substances act in modifying the cationic equili-
brium and allowing the right cation to reach the right place.

It was found with Kenneth Huybers (unpublished) that the inducing
effect of U.V. shock, also depends on the cationic balance of the bacteria.
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Thus, it does appear that the maintenance of the prophagic non-patho-
genic, phase of the phage in B. megatherium is bound to a certain type
of cationic balance. The pathological development of prophage into
phage is bound to a disturbance of this balance.

APPENDIX 2: REPLICATION
(added 17 April, 1952)

Many hypotheses have been proposed for the mechanism of the duplica-
tion of genes or of other structures endowed with genetic continuity.
L. T. Troland (1914) (quoted from Muller, 1947) considered that ‘raw
material’—we would say building blocks—become attached to like parts
of the pre-existing genes, so that an identical structure be formed. Re-
plication seems here the result of a face-to-face attachment.

To account for this face-to-face attachment, Jordan (1940) has invoked
the quantum-resonance phenomenon. This concept has been criticized
by Pauling and Delbriick (1940) who concluded from their calculations
that the resonance interaction could not cause a specific attraction
between like molecules, and therefore could not be effective in bringing
about ‘autocatalytic reactions’.

Pauling and Delbriick pointed out that maximum stability is achieved
by bringing the molecules in contact in such a way that positively charged
groups are brought near to negatively charged groups and reached the
conclusion that complementariness should be given primary consideration
in the discussion of the specific attraction between molecules and their
synthesis.

Complementariness is also a part of Delbriick’s concept (1941) accord-
ing to which specific precursors, such as amino acids, are attracted and
attached by the homologous structures of the specific molecule by means
of a resonance occurring at the site of the peptide links. This implies
according to Delbriick a back-to-face attachment. Thus the back of each
molecule would have to correspond to the face of the other. As the two
molecules are identical this implies that the back of each molecule in-
volved is, in one way or another, complementary to its front. It is not
known whether substances with such properties are found among the
constituents of living organisms.

Thus, according to Pauling and Delbriick’s, as well as to Delbriick’s
concept only complementary structures could become attached. How-
ever, as pointed out by Muller (1947), during the synapsis, the like
parts of chromosomes become attached to one another two by two.
Muller suggests, a view accepted by Delbriick, that the same principle
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is acting in gene synthesis and in chromosome synapsis. This, according
to Muller would indicate a face-to-face attachment, a conclusion which
is difficult to avoid. Two different phenomena, according to Fabergé
(1942), have to be considered: (a) the specific attraction of chromosomes
at long distance which occur at the zygotene phase, (b) the attachment
resulting in two-by-two pairing. In process (@) there is no saturation:
if more than two homologues are present, they all come together. In
process (b) there is a saturation when two homologues are paired. The
nature of the two processes are therefore different, and process (a)
attraction has been explained by Fabergé by the Buyot-Bjerkness effect.
This phenomenon is not dealt with in this discussion which concerns
especially attachment.

When two molecules of a peptide are attracted by virtue of direct
electrostatic forces, complementary structures would come into contact.
The imino group of one peptide bond would come in contact with the
carbonyl group of the other and vice versa, the molecules being held by
direct electrostatic attraction or through rearrangement of the electronic
distribution by the formation of co-ordinate links or hydrogen bonds.
This implies a contact between opposite groups which is liable to take
place only when complementary structures come into contact.

Thus a direct face-to-face attachment does not seem to be possible.
And yet, so far as we know, such an attachment takes place during
synapsis. Moreover, face-to-face attachment not involving the inter-
mediary intervention of a complementary molecule is the simplest way
of replication. Let us then look for known types of liaisons which could
account for the alleged phenomenon. Among them is the disulphide
bridge which is effective in the formation of reduced glutathione by
oxidation of two reduced glutathione molecules. But -SH groups are
rare in proteins, and absent in nucleic acids which are, presumably, the
replicating materials.

It is known that biological substances such as amino acids, pterins,
riboflavin, purine bases, may become attached front-to-front when they
chelate with a divalent ion, and that the energy involved in this reaction
is small.

Proteins are known to bind metals, and it is by the intermediary of
divalent ions such as Co**, Mn"", etc., that some peptidases bind their
substrates. Nucleic acids also have a strong avidity for metals.

Let us consider a linear molecule, whether a protein or a nucleic acid.
The reactive groups would have a tendency to bind divalent cations such
as Cu**, Co**, Fe**, Mn"*, which, being indispensable parts of the
living organisms, are always present in a normal cell and which seem to
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have been neglected in the theories concerned with replication. The mono-
organic-polymetallic compound would have a strong affinity for a like
structure or for the building blocks of a like structure. (In order to form
a structure equivalent to the replicating molecules, the building blocks
would have to be in a given position and state so that their adjacent
groups could combine). The maximum stability would be reached when
a symmetrical structure would be produced, composed of two identical
organic molecules, face-to-face, in which homologous groups are bound
by divalent cations. We are, of course, far from understanding the
mechanism by which it is precisely the homologous ‘blocks’ which must
be and are attracted and attached. The architecture and organization of
the cell certainly plays an important part in the phenomenon. And it
would be premature to try to explain such a complicated phenomenon
in terms of our actual knowledge. The fact that very few or no data are
available concerning the number of each specific molecular species in-
volved, the number of ions, atoms and affinities of the ions for the
micro- and macro-molecules under conditions prevailing in the cell, is a
serious drawback. Nevertheless the proposed mechanism would ac-
count for synapsis and for replication. One might conceive also that the
mono-organometallic compounds are able to bind not only /ike parts
but isosteric parts. Thus a specific nucleic acid could attract not only
purine and pyrimidine bases but, for example, amino acids or peptides
and thereby organize or synthesize a specific protein.

It has to be noted that a face-to-face attachment between identical or
like molecules can only take place between linear or two-dimensional
structures. Globular structures, according to this concept, would be
unable to produce replicas, at least by the mechanism here described.

Any theory concerned with replication and synapsis has to account,
not only for face-to-face attachment but also for separation of the two
identical structures. It also has to account for the fact that in the
interval of two divisions a chromosome produces only one chromosome,
a gene produces only one gene. As pointed out by Bawden and Pirie,
it is more difficult to find out what stops syntheses than it is to find out
what starts them. The involved mechanism has to be, in one way or
another, controlled by the sequence of events occurring in the interval
of two divisions. In the face-to-back attachment theory, the gene syn-
thesis is able to proceed indefinitely, provided the building blocks are
produced. In the face-to-face attachment theory, the synthesis is blocked
when model and replica are combined into the alleged symmetrical
structure. A new replication will be able to take place only when the
replicated structure has been separated from the model, that is to say
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after ‘division’. What is true for the cell is therefore true for the molecules.

Thus, some biological factors operating inside the cell have to be
found which would control either attachment or separation. These factors
would have to undergo a cycle and their appearance and disappearance
would have to coincide with the life cycle of the cell. Their properties
must be such that they could control attachment and replication on one
hand, and separation of the parts of the complex on the other.

One substance undergoes cyclical changes connected with cell divi-
sion: it is known, thanks to Louis Rapkine’s classical work, that before
division there is a considerable increase of soluble ~SH groups. Such
an increase would account for the rupture of disulphide bridges. More-
over, thiol groups are powerful metal binders.

Variations of the concentration of metal binding substances thus
occur effectively in the cell in the interval of two divisions. These sub-
stances would, of course, compete for various ions with other cell con-
stituents, and, among them, with molecules awaiting replication or with
‘expecting complexes’, formed by the replicated molecules and the
chelated ions and awaiting separation. The result of the competition
would depend on the concentration and relative affinity for cations of
the organic molecules or complexes involved and on the concentration
and nature of divalent cations.

It is possible to conceive that glutathione, whose role in cell chemistry
in general and in cell division in particular is not clearly understood,
could act either as a donor or as a receptor of divalent cations, that is to
say as an agent of cationic movements.

Thus, owing to the interplay of the various cell components, a specific
molecule would bind divalent cations, and attract corresponding build-
ing blocks, the result being replication; or the symmetrical structure
would be dissociated by displacement of the binding divalent cations.

This picture was built up as a consequence of recent findings concern-
ing the role of divalent cations and reducing substances in the develop-
ment of prophage into phage. Itisimmediately obvious that the scheme
does not apply to bacteriophage whose reproduction takes place without
the intervention of any cell division, which, in the cationic scheme, is
necessary for the separation of the model from the replicated structure.
This is precisely what one would expect. If duplication of a virus obeyed
the same laws as replication of normal cell constituents endowed with
genetical continuity, the virus would be replicated only once in the
interval of two divisions: viruses would not be viruses.

It may be supposed that some mechanism is common in the replica-
tion of normal structures and of viruses. What could be common would
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be attachment with the help of divalent cations. What could be different
is the equilibrium between the cell constituents and complex ‘model-+
cations-+new structure ’. The balance of affinity constants could be up-
set, either by increased or decreased affinity of one of the components
of the system, leading to a separation of the newly organized structure
from the model. The action of U.V. shock, or of reducing substance-+
copper, would be a modification of the affinities for divalent cations of
either one or both members of the system.

APPENDIX 3
(added 13 May, 1952)

During the Oxford session, Dr J. Philpott suggested that peroxides pro-
duced as a consequence of U.V. irradiation could play a role in induction
of prophage development, and that ascorbic acid acting as inducer
could be a source of hydrogen peroxide. As a matter of fact, it is known
that the antibacterial action of ascorbic acid is due to hydrogen peroxide
production. In the course of a visit in Cambridge I had occasion to
discuss, with Professor D. Keilin, the problem of the role of copper in
the induction by thioglycolate. Professor Keilin told me that whenever
he needed small quantities of hydrogen peroxide to be produced he used
to mix a sulphydryl compound with copper.

The possible inducing effect of H,O, had to be tested. It was dis-
covered that H,0, induces phage production in lysogenic Bacillus mega-
therium and Pseudomonas pyocyanea as well as colicine synthesis in
Escherichia coli ML (A. Lwoff & F. Jacob, unpublished).

Induction has been obtained in B. megatherium with 8-hydroxyquino-
line. The bactericidal effect of this substance which takes place in the
presence of copper ions has been considered by Rubbo, Albert and
Gibson as possibly due to an oxidative action of copper on some sulph-
hydrvl compound.
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DISCUSSION

M. WELSCH: In connexion with Dr Lwofl’s report on lysogenic induc-
tion in Bacillus megatherium, 1 wish to report briefly a few observations
made on lysogenic staphylococci in my laboratory, with the collabora-
tion of Drs G. Cavallo, P. Cantelmo and J. Goffart-Roskam.

Lysogenic staphylococci can be induced by ultraviolet irradiation,
addition of several SH-bearing compounds, and also by a very short
heat-shock. Hydrogen peroxide or irradiated culture media are without
effect.

Induction is, partially or completely, either prevented or cured by
visible light illumination or incubation at 50° for half an hour.

Lysogenic staphylococci are sensitive to inducing agents not only when
they are in the exponential phase of growth, but also when they are
taken from cultures several days old and even from cultures starved
by incubation in buffer.

Ultraviolet irradiation induces the Lwoflf phenomenon in lysogenic
staphylococci suspended in nutrient or non-nutrient fluid, provided that
the cells are next brought into a nutrient medium and incubated.

After suitable irradiation, staphylococci can be stored in the ice-box
for at least two days: when they are brought back to 37°, they display a
typical Lwoff phenomenon.

If the growth of induced staphylococci is interrupted after various
incubation periods by addition of antiseptics or antibiotics, lysis and
liberation of phage occur as in the control, but only when growth has
been allowed to take place for about half an hour or more. If, in similar
experiments, the growth is interrupted by simple cooling the induced
cultures in the ice-box, lysis occurs slowly in the cold, but without much
liberation of phage, and only if the period of incubation following irra-
diation is at least as long as 30 minutes. After sub-optimal irradiation,
this lysis in the cold can be the only visible effect of induction.

When induced bacteria are highly diluted and phage production is
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followed by plaque counts, phage liberation starts earlier and is more
quickly completed than when estimates of phage production are based
on turbidimetric methods.

With some strains, the turbidity of ultra-violet induced cultures
steadily increases, whereas viable count shows a continuous drop and
plaque count an increase of free phage.

I shall not attempt any theorizing about the facts reported here but |
thought it was worth while bringing them to your attention in order to
underline the general occurrence of Lwoft’s phenomenon as well as the
differences in behaviour of different species or strains.

J. D. WATSON: In connexion with Dr Lwoff’s remarks on the role of
cations during phage reproduction, 1 should like to mention the unpub-
lished results of Hershey and Chase on the structure of bacteriophage
T2. They find that the nucleic acid is located in the interior of the phage
particle and is surrounded on the outside by the protein component.
As the nucleic acid comprises 40 9 of the total virus mass, the radius of
the nucleic acid core must be approximately 220A° and the thickness of
the protein shell approximately 90A°. Since the diameter of a nucleic
acid chain is unlikely to be greater than 22A° (so M. H. F. Wilkins tells
me), the negative charges on the nucleic acid chain cannot be neutralized
by the basic amino acids of the virus protein. It is thus probable that
the nucleic acid component of the bacteriophage particle is in the form
of a metallic salt. Unfortunately no analysis of the ionic contents of
phage particles has been reported.

Dr Bergold tells me, however, that he has recently started a study of
the ionic contents of a polyhedral virus and that he finds only Mg*++
present in significant amounts. It thus seems possible that the DNA of
the polyhedral viruses is also present as a metallic salt.

A. ALBERT: Dr Lwoff’s manuscript states: ‘It is only when induction
is being effected by reducing agents that an excess of copper becomes
necessary, because the reducing agents themselves exercise metal-bind-
ing properties.” In this connexion, I should think it would be interesting
to use ascorbic acid as a reducing agent because it does not combine
with metals to any extent: thus the experimental results should become
easier to interpret because one variable would be removed.

I think it would also be interesting to include nickel in the tests. A
few years ago, Mellor and Maley discovered the interesting fact that the
majority of metal-binding substances have a definite order of preference
for metals, viz:

Cu** > Nitt > Co*t = Zn** > Fe'* > Mn'' > Mg'"'.

Thus, of the divalent cations, copper is the most avidly bound. Now,
Dr Lwoff has shown that Cu* * has a potentiating action on the develop-
ment of prophage and Co** is antagonistic. Is this a specific effect or
merely a consequence of the order of these metals in the Mellor and
Maley series? This could be decided if Ni*+ were included in the tests.

L. F. HEWITT: Some recent experiments in my Institute emphasize the
point that the mechanism of bacteriophage multiplication and the
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phenomenon of lysogenesis are not of merely academic interest but may
be of importance in epidemiology and the evolution of bacterial variants.
In seeking an explanation for the large number of different serological
types of C. diphtheriae encountered in infections it was found that a high
proportion of diphtheria strains were lysogenic. The diphtheria phages
were found to be type-specific and in some cases the degree of specificity
was higher than that seen in serological reactions such as agglutination.
In the case of two phages active against a mitis strain experiments showed
that some other strains of the same serological type were susceptible to
the phages while others were completely resistant. The resistant strains
were virulent and toxigenic while the susceptible strains were avirulent
and non-toxigenic. Although indistinguishable serologically the strains
were segregated by phage-susceptibility into virulent and avirulent sub-
types. Furthermore the resistant mutants which grew out when six
susceptible avirulent strains were sub-cultures in the presence of phage
proved to be fully virulent and toxigenic. On the other hand with strains
of some serological types phage-resistant mutants of greatly diminished
virulence and toxigenicity were obtained. Recently Dr Freeman of
Seattle has also observed that an avirulent strain became virulent after
treatment with bacteriophage.

Thus phage constitutes a potent naturally-occurring agent capable of
enhancing or diminishing the virulence of pathogenic bacteria and this
phage-selection may account for the rise and fall in the gravity of
epidemics which until now have been something of a mystery. Recently
strains of C. diphtheriae have been sent to me isolated from fully im-
munized communities. These strains are avirulent and might be dis-
missed as of no significance but in the presence of the appropriate bacteri-
ophage they might well become the source of virulent epidemic-pro-
ducing agents among the non-immunized.

H. WILLIAMS SMITH: The induction of lysis in lysogenic bacterial cultures
by means of chemical methods appears to have a fairly wide application.
I have been able to bring about a great increase in the number of phage
particles liberated by some lysogenic strains of Sa/monella by means of
sodium thioglycollate, glutathione, and nitrogen mustard, but not by
ascorbic acid. For the particular broth in use, the optimum amount of
sodium thioglycollate was in the region of 0-05 %;,. When amounts larger
than 0-2 9 of either sodium thioglycollate or of ascorbic acid were added
to the medium, phage liberation either decreased enormously or ceased.

The results of adding sulphonamides to the medium were, perhaps,
even more interesting. Sulphathiazole in amounts just sufficient to cause
a slight decrease in the bacterial growth rate brought about a great in-
crease in the liberation of phage particles by some lysogenic Salmonella
cultures. This was not noted when small amounts of para-amino-benzoic
acid were added to the medium suggesting that this increased liberation
was related to the direct action of the sulphathiazole on the bacteria
themselves. Although conclusions drawn from bacteriophage experi-
ments may in certain cases reasonably be applied to animal virus infec-
tions, in other cases such correlations may be dangerous. It may well be
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that an attempt to correlate the results of the sulphathiazole experi-
ments with the observation that the administration of sulphonamides in
some animal virus infections may exacerbate clinical symptoms would be
relegated to the latter category.

A. LWOFF: F. Jacob has recently shown (unpublished) that nitrogen
mustard is an excellent inducer of phage development in Bacillus mega-
therium, Pseudomonas pyocyanea and Escherichia coli K-12. Nitrogen
mustard also induces colicine formation in Escherichia coli ML. 1t is
devoid of inducing effect on Escherichia coli Lisbonne which is not in-
duced by U.V.

G. S. STENT: A mechanism of replication may be conceived which
involves neither templates nor face-to-face or face-to-back attachments.
Instead, a process of ‘crossing-over’ in which homologous pieces are
exchanged between contiguous structures could be the mechanism by
which small building blocks are assembled into large polymers of a
given specificity.

Consider a mother molecule A BC DEF which is to be duplicated in an
environment containing the necessary building blocks 4, B’, C', D’,
E’, F'. The mother molecule splits into two fragments

A B C
D E F €
and only that building block may fit on to the broken end which corre-
sponds to the one to which the end had been joined before the break, i.e.

A B C D
¢ D E F ?2)
Duplication is thus under way, but the newly-joined building blocks
at the ends of the fragments do not yet possess the correct ‘twist’ to
ensure that only the right block could be joined next. By ‘crossing-over’
between the two fragments, i.e.
A B C D
¢ D E F 3)
the newly-joined blocks C’ and D’ are placed into the interior of the
molecule, and the homologous blocks of the mother molecule C and D
possessing the right ‘twist” are at the ends. Now only the correct blocks
may be joined on, i.e.
A B C D F
B C D E F )
Again, ‘crossing-over’
A B C D FE
B C D E F ()
and finally
B C D' FE F’
A" B C D E F ©)
i.e. duplication is complete.
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The operational distinction of this conception of replication is that
the atoms of the mother molecule are necessarily distributed evenly over
the two molecules resulting from duplication. Under template and attach-
ment theories, the atoms of the mother molecule would not appear in the
daughter structures.

A. LWOFF: Dr Stent’s theory is very attractive. Yet it does not seem to
account for the face-to-face attachment of chromosomes. Moreover it is
difficult to visualize the nature of the factors responsible for the splitting
of the mother structure. Nevertheless I do not think that Dr Stent’s
scheme is more devoid of any positive evidence than any other theory of
replication. We are now faced with half a dozen such theories and it may
be hoped that one or the other may soon serve as a working hypothesis.



THE MULTIPLICATION OF BACTERIAL
VIRUSES STUDIED BY RADIOBIOLOGICAL
METHODS

RAYMOND LATARIJET
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This paper only endeavours to describe how radiobiological methods
can be successfully used as a tool for investigating the multiplication of
certain viruses, and to define the contribution of these methods in the
study of a few bacteriophages which differ in size and in organization.

As early as 1947, these methods disclosed that the processes of virus
growth are far more complex than it was originally believed, and that
they follow particular pathways thus far unknown within the realm of
living organisms. Of course, the numerous viruses, so different in size,
in structure, in behaviour, and in host affinities, may multiply within
their respective hosts through numerous processes. Nevertheless, any
new finding concerning one of them can be of suggestive and valuable
assistance in the study of others.

Tonizing and ultraviolet radiations inactivate all virus particles, either
free or intracellular, thanks to very localized absorption of radiant
energy, followed by chemical reactions. As these minute and discon-
tinuous events start at the molecular level, these radiations behave, for
this inactivation, as a micro-gun whose separating power is 10 to 100
times as high as that of the electron microscope. Radiations easily ‘see’
the virus particles, and, once we know the nature of the absorbing mole-
cules, we may say that they ‘see’ these molecules. The prerequisite to
these methods is that one can determine the rate of inactivation pro-
duced by any dose of radiation. For this purpose the most precise way
is to number one by one the infective centres (either free particles or in-
fected cells), before and after irradiation. These methods have therefore
been applied so far only to bacterial viruses. But, as irradiation is tanta-
mount to a dilution, they could be successfully applied—although with
greater experimental difficulties—to animal and plant viruses. Their
main advantage lies in the fact that radiations perceive the virus in its
actual situation within the host, without any preliminary and possibly
disturbing treatment, such as fixation, colouration, breakage, or lysis
of the host cell. On the other hand, they can be worked out only on
rather large populations of infected cells, in such a way that their results
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only express the average picture of what actually happens in many in-
dividual cells.

BASIS OF THE RADIOBIOLOGICAL METHODS

(a) Inactivation of extracellular viruses

Tonizing and UV-radiations inactivate free viruses with high effici-
ency. The photochemical patterns of this phenomenon are still unknown.
If one irradiates a virus suspension with various doses of a given radi-
ation, one obtains the ‘survival curve’ by plotting the ratio of non-in-
activated particles against the dose. In the case of ionizing radiations,
this curve is always exponential, as was first shown by Wollman &
Lacassagne (1940). For UV it is generally exponential (Latarjet & Wabhl,
1945), although some large viruses give a more complex curve of the
sigmoid type (Latarjet & Morenne, 1951). An exponential relationship
between survival and dose indicates a one-hit phenomenon: inactivation
of a particle is the end result of a chain of events initiated by the absorp-
tion of a single quantum of radiant energy. Such an efficient absorption
is accompanied by many other absorptions, some of which, without
playing a part in the inactivation, may produce some other alterations
in the particle (Luria, 1944). The total number of absorptions needed for
one inactivating hit can be experimentally determined (Lea & Salaman,
1946; Latarjet, 1946).

All curves being similar in shape, their slope expresses the radio-
sensitivity of the particle: the steeper the slope, the greater the sensitivity.
It has been considered that sensitivity depends on the size of the particle,
and increases with it. However, recent observations on phages which
have originated in lysogenic bacteria, have shown that thisis not a general
rule. For example (Weigle & Delbriick, 1951) the phage 2, released by
E. coli lysogenic strain K-12, which has about the same size as the phage
T;, is much more resistant (Fig. 5).

Within a population which has been treated with UV, there is always
a certain fraction which can be reactivated by exposure to visible light
after adsorption to a sensitive bacterium (Dulbecco, 1949). Particles
inactivated by X-rays are not photo-restorable, or, if so, only to a very
small extent (Watson, 1950).

(b) Virus growth in irradiated cells

Division is one of the most radio-sensitive functions of a cell, and may
be suppressed while most other functions continue. The sterilized cell
maintains its metabolisms to an extent which depends on the sterilizing
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dose. In particular, after having received a high dose of radiation, an
infected bacterium is still capable of supporting phage growth and of
liberating the active particles which it contains. This holds true after
X-radiation (Rouyer & Latarjet, 1946) and after UV (Anderson, 1948)
as well. Virus growth within cells sterilized by radiation is also possible
in the case of animal viruses, such as Shope’s papilloma virus (Friede-
wald & Anderson, 1943). However, irradiation, which sterilizes the cell,
does disturb metabolic potentialities, for virus grows slower in an irradi-
ated cell, and yields a smaller number of new particles. For example,
the burst size of phage T, in E. coli B decreases to 509, when growth
takes place in bacteria which have received 9 lethal UV hits (Anderson,
1948). At the same time the latent period is about doubled. In order to
suppress completely the ability of the cell to support virus growth, enor-
mous doses of radiation must be delivered: about 100 lethal UV hits are
required to reduce to half the number of B bacteria capable of liberating
T, phage after infection (Benzer, 1952).

(¢) Inactivation of intracellular virus

The following experimental findings demonstrate, in the cases which
have been studied so far, that radiation suppresses the infective power
of an infected bacterium (let us call the latter a complex) by directly
inactivating the virus that it contains (Luria & Latarjet, 1947):

1. Immediately after single infection, before any multiplication has
taken place, the survival curve of the complex is the same as that
of the extracellular virus. The identity is perfect with X-rays; with
UV there is a slight shift towards resistance due to shielding by the
host protoplasm.

2. The survival curve of the complex is unrelated to that of the host:
the same curve is obtained in the cases of T, mono-complexes
either in bacterium B-or in its radio-resistant mutant B/r.

3. Immediately after multiple infection, the survival curve of the
multi-complex, in the case of X-rays, is a ‘multiple target’ curve
with an initial plateau. Of course, some cases might occur where
inactivation of the complex caused an effect on the host. The method
could not then be used.

THE L.L. METHOD
(a) Principle
For a long time, viruses have been considered as degenerated bacteria
with an enzymatic equipment reduced to such a degree that their inulti-
plication has fallen under the dependence of the host’s metabolisms. It

NV M 12
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was believed that, once in its host, the virus might multiply through a
bi-partition process, each new particle being capable of inducing the
same growth mechanism as does the initial one. Within a given cell, be-
tween infection and formation of a virus colony, several virus genera-
tions would succeed one another, and the total number of particles
would increase as an exponential function of time. However, no enzyma-
tic equipment has ever been found in a virus; it might be possible that
virus multiplication is related to that of hereditary material rather than
to that of monocellular organisms. In such a case there should be no
reason for the preceding exponential relation to time.

It is therefore of interest to investigate how the number of particles
varies in time within a given cell during the latent period. In order to
number the particles, two types of experiments have been performed on
bacteriophages. One consists in opening the infected cell at a given time,
either by lysis (by means of another phage in excess, working through
lysis from without), or by breakage by means of ultrasonics, and in
counting the infective particles thus liberated. This method has disclosed
very interesting results (Doermann, 1951). The other is a radiobiological
method based on the preceding considerations.

1. Radiations inactivate each intracellular virus particle by a one-
hit process;

2. The bacterium remains infective as long as it contains an infective
particle;

3. The survival curve of multiple infected bacteria is a multiple-hit
curve whose multiplicity corresponds to the number of active
particles actually adsorbed by the cells.

The following experiment becomes possible:

At time zero, one infects a culture of growing bacteria (single infec-
tion); at any one time of the latent period, for instance from minute to
minute, one irradiates the infected cells with several doses, and deter-
mines the survival curve at this time; this curve will resemble one of the
theoretical curves (Fig. 1) corresponding to the general formula

y =1—(1—e*?)"

y is the survival ratio

n is the multiplicity

D is the dose

« a coefficient which characterizes the radiosensitivity
of the particle.

where
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1

10"

Survival

107

Dose

Fig. 1. Theoretical survival curves for different values of the multiplicity from 1 to 100.
Dose in arbitrary units.

These curves display an initial plateau whose length is related to the
number of particles (multiplicity), and a straight part which is parallel
to the one-hit curve of the individual particle. The common slope of all
straight parts, depending on «, reflects the radiosensitivity of the indi-
vidual particle.

Any experimental curve will, by its shape, give the average number of
particles per cell at the time of irradiation. Moreover, if the multiplica-
tion process is accompanied by some change in the structure of the
particles which affects their sensitivity to radiation, this change will
appear in the slope of the curve.

As has been pointed out already, the main advantage of this method
lies in the absence of any preliminary, and possibly disturbing, treatment
of the cells. Its main disadvantage is that it can be applied only to alarge
population, and, therefore, that it expresses only the average picture of
individual events. In fact, in a bacterial culture, even as homogeneous
as possible, phage multiplication is likely to proceed at varying rates,
leading to a wide distribution of the phage yields from individual cells
(Delbriick, 1945). Not all bursts occur at the same time; some cells yield

12-2
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few particles whereas others yield several hundreds. This wide distribu-
tion might somewhat distort the curves from their theoretical shape.
For instance, on Fig. 1 is plotted a composite curve, established by Ben-
zer (1952), assuming a population consisting of equal numbers of cells
having the various multiplicities as shown in the figure. By extrapolat-
ing to zero dose the asymptotic slope of such a curve, it is possible, in
principle, to determine the average multiplicity.

This method, initiated by Luria and Latarjet in 1947, has been im-
proved and used by Latarjet (1948) and by Benzer (1952). Recently, it
has been applied to lysogenic bacteria by Weigle & Delbriick (1951) and
by Jacob (1952).

(b) Experimental procedure

Practically, a L.L. experiment is carried out as follows (see Benzer,
1952):

1. Virus adsorption. Growing bacteria are washed, resuspended at
high concentration (10°) and kept in buffer at 37° for one hour, in order
to be brought to a starved condition. Phage is added in such an amount
as to give single infection. With X-rays, a few multi-complexes will not
disturb the results, and a proportion of one phage particle to 10 bacteria
is convenient. With UV, and in the case of large phages exhibiting multi-
plicity reactivation, this proportion must be smaller. After adsorption,
the unadsorbed phage is eliminated by a specific antiserum or by centri-
fugation.

2. Growth. At time zero, nutrient medium at 37° is added to the sus-
pension of infected cells. Growth starts in all cells immediately.

3. Irradiation. At a given time, growth is suddenly stopped in all
cells by chilling, and irradiation is practiced on several samples for
several doses.

4. Platings. Aliquots of all irradiated samples are seeded for plaque
counts, to determine the fraction of complexes whose infectivity has
survived the irradiation.

(¢) Results

1. Phage T.—T, is a spherical particle, 45 mu in diameter; its organi-
zation seems relatively simple: no tail, probably no membrane; it does
not exhibit multiplicity reactivation after UV; one still does not know
if it gives genetic recombinations. At 37°, its latent period in E. coli
strain B grown in broth is 12 minutes, and the average burst size is 150
particles per infected bacterium.
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Benzer (1952) has determined a set of survival curves for T,-B mono-
complexes UV-rayed at intervals during the latent period (Fig. 2). It

1

Survival of infective centres

102

0 100 200 300
u.v. dose in seconds

Fig. 2. UV-survival curves of T; mono-complexes (Benzer, 1952).

will be observed that the curve remains unchanged—and the same as for
free phage—for three minutes. As time goes on, the curves become
multiple-target in character, the average multiplicity continually in-
creasing while the final slope changes only slightly. The exact shapes of
these curves may be explained by the distribution of the number of tar-
gets, which may be expected as a consequence of different rates of phage
multiplication in different cells (see above). This distribution and the
subsequent distortion of the curves from their theoretical aspect makes
it impossible to determine the kinetics of multiplication. The curves en-
able us only to discern (@) an increase with time of the average number
of targets per cell, each target having the same UV sensitivity as a T,
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particle; (b) the existence of multiple intracellular entities at a time when
fully infective phages are not yet detectable with the Doermann method.

2. Phage T,—T, is a large and complex particle with a head 80 x 60 x
60 my, surrounded by a membrane, and a tail 120 x20 mu. It exhibits
multiplicity reactivation after UV, and gives genetic recombinations
with its mutants, with T, and with T,. At 37°, its latent period in B is
21 minutes, and its average burst size is about 100.

The L.L. curves obtained with T,, either with UV-rays (Luria &

Latarjet, 1947; Benzer, 1952) or with X-rays (Latarjet, 1948), are shown
on Fig. 3 and 4. They show that the multiplication of this phage follows
a very complex process whose development can be tentatively divided
into three periods of about the same duration, separated by two critical
points.
First period: first 7 minutes. At time zero, the curve is the same as that
of the naked phage, except that, with UV, it shows a slight increase (by
209%) of resistance. This increase may be due to shielding of UV by the
bacterial protoplasm. During this first period, the evolution of the
curves with UV-rays is entirely different from that observed with X-rays
With X-rays, the resistance of the complexes to radiation remains con-
stant, at least for low doses. For doses higher than 80 kiloroentgens,
i.e. for survival below 109/, the remaining complexes at 5 and 6 minutes
appear to be a little more resistant than the extracellular virus, as if the
process which, during the second period, increases the resistance in most
of the complexes, had started earlier in a few per cent of them.

With UV-rays the resistance increases continuously, the curves remain-
ing essentially exponential. As pointed out by Benzer: ‘The smallness of
the bend (at large doses) in the curve taken at 7 minutes is very significant,
since it implies that, at least up to this point (one-third of the way into
the latent period), development has progressed rather uniformly in all
infected cells.’

In agreement with the X-ray results, less than 109 of the cells, at this
moment, are one minute in advance upon the others.

Second period: from 7th to 12th minute. From 7 minutes on X- and UV-
curves run parallel. Resistance increases very fast. For two minutes,
the curves remain of the one-hit type, with no plateau. Almost suddenly,
between 9 and 10 minutes, an entirely new picture appears with a greatly
increased resistance, a downward concavity and initial plateau which
feature multiplicity. At 11 minutes, the resistance of the complexes to
high doses has reached a maximum; the slope of the straight part of the
curve has markedly decreased if compared with that of the naked particle.
Third period: from 12 minutes to burst. From this time on, the survival



RADIOBIOLOGICAL STUDY OF BACTERIAL VIRUSES 185

curve retains a definite multiple-hit type, which, especially in the X-ray
experiments, displays a long plateau, a downward concavity and a
straight part. As time goes on, the curve keeps its shape but the sensi-
tivity to radiation increases slowly until the end of the latent period.
At 18 minutes its straight part is parallel to the curve of the naked phage.

DISCUSSION OF THE L.L. CURVES

We shall now discuss these results according to their radiobiological
significance and in relation to what has been found by others on the
same virus or on some other viruses by different techniques.

(a) During the first 7 minutes, the X-ray curve of the complexes
remains almost identical with that of the naked virus. This means that:
(i) the infective virus particle remains within the cell in such a state that
its X-ray sensitivity is unchanged; it remainsradiologically intact, whether
broken into sub-units or not; (ii) this virus remains unique; no multipli-
cation takes place.

From Doermann’s experiments, we know that during this early stage
of the latent period, the particle cannot be recovered in an infective
state by disruption of the cell. Delbriick & Luria (1942) have shown
that in mixed infection with T, and T, in such conditions that T, com-
pletely suppresses the multiplication of Ty, the infecting particle of T, is
not found in the final burst of the bacterium. These facts have contri-
buted to show that, like other viruses such as influenza, vaccinia, ectro-
melia, psittacosis, etc., the bacteriophage, as soon as it enters the cell,
takes on a non-infective aspect, a so-called ‘masked form’. The L.L.
experiment shows that such a transformation into a masked non-infective
Jorm does not alter the X-ray sensitivity, i.e. the radiosensitive material of
the particle.

(b) The slight and continuous increase in resistance to UV which takes
place during the first few minutes are due to changes either in the particle
or in the surrounding cell protoplasm. Theoretically, it is not impossible
that some change in the particle may increase the resistance to UV while
leaving that to X-ray the same. However, we have evidence for bacterial
syntheses of UV-absorbing material immediately after infection (Luria
& Human, 1950). From Cohen’s experiments (1949) the synthesis of
proteins starts immediately, whereas that of DNA starts only at about
the 7th minute. Thus, the early increase in UV-resistance of the complex
seems to be due to shielding of the particle by newly-formed nucleo-
protein material, such as purine and pyrimidine bases (without nucleo-
tides), this material being probably devoted to the building of future
particles. Such synthesis does not modify the resistance to X-rays.
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It appears therefore that the first events which follow infection are:

(i) the transformation of the virus into a masked form, which implies
a minor change and does not alter the material continuity of the particle;
(ii) contrasting with this minor change, important metabolic deviations
in the host, with synthesis of proteins. Such deviations imply the im-
mediate mobilization of powerful enzymatic systems which would be
responsible for other early effects such as: destruction of the chromatic
bodies of the cell (Luria and Human, 1950), strong capacities to exclude
other virus particles adsorbed by the cell (Henle & Henle, 1947; Lesley
et al., 1951; Dulbecco, 1952).

(c) Around 7 minutes a process starts which increases rapidly both
X- and UV-resistance of the complex, without changing the one-target
shape of the curve. Within 2 minutes, a 12 times increase in resistance
is achieved, while the infective particle still remains unique. The measure-
ments on optical density and nucleic acid content of the cells during this
period (Luria & Human, 1950; Cohen & Arbogast, 1950) reveal in-
creases which are far too small to account by screening for this resis-
tance change. Benzer (1952) has suggested the following interpretation:

‘A T, particle, after adsorption to a sensitive bacterium, must undergo
a series of successive steps A—B—-C, etc., in the course of reproduction.
Each of these steps has a certain cross section for being blocked by UV.
Blockade of any one of these steps prevents normal development and
causes inactivation of the phage. At time zero, the total cross section
of the phage is therefore the sum of these individual cross sections, and
the survival curve is exponential. As development proceeds, the steps
which have already been passed are no longer needed, and the effective
cross section decreases progressively, while inactivation of the remaining
steps retains the characteristics of a one-hit phenomenon.’

As to the nature of the critical event which occurs at minute 7, it is
very tempting to correlate it to the beginning of the synthesis of DNA
which starts at the same moment (Cohen, 1949).

(d) Around 9 minutes, in both UV and X, a new phenomenon trans-
forms the survival curve into a multiple-hit one, with a definite plateau
and a straight part whose slope is weaker than that of the naked virus
curve. This indicates that (i) some units are multiplying very fast and are
already numerous at 10 minutes; (ii) these units are more resistant to
radiation (probably smaller) than the extracellular particle. The multi-
plicity increases rapidly and reaches its maximum around 12 minutes
with about 100 potentially virulent units whose X-ray sensitivity is about
half that of the initial particle. This picture suggests several considera-
tions, and reveals two important facts:
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(i) If, as pointed out by Luria (1950) ‘all growth and reproduction
should ultimately be traceable to replication of specific chemical con-
figurations by an essentially discontinuous appearance of discrete re-
plicas’, in the course of the 21 minutes long intracellular life of T,, such
ultimate replication takes place during about 4 minutes only (from 9 to
12 minutes). Such rapidity is not surprising and appears as a general
feature. It has been shown in cells of a high evolutionary development
that the main syntheses of genetic material take place during the inter-
phase—not during the prophase—at such a rate that they can be achieved
within a few minutes, while the whole mitotic cycle may take several
hours (Lison & Pasteels, 1951; Howard & Pelc, 1951).

(i) The X-ray experiments definitely prove that the virus does not
duplicate within the cell under its extracellular form. In other words,
what replicates is different from the infecting particle, the difference re-
sulting mainly from the changes occurring in the two minutes (7-9) which
immediately precede replication. This fact has been recently confirmed
by Doermann’s experiments on breakage of cells mixedly infected with
T.H, and T,H,, (1951), which, according to Hershey & Rotman (1949),
give 2 to 3 per 100 recombinants:

‘If one artificially breaks the cell early . . . when there is a small number
of phage particles per cell, the percentage of recombinants is about as
high as is found when cells are allowed to lyse normally. On the hypo-
thesis of binary fission, these early recombinants would necessarily
grow into clones. Hershey & Rotman’s evidence is unequivocal that no
clones are found. One must therefore conclude that the phages of the
T even series do not multiply by binary fission, and further that the first
completed phage particles are not themselves the parents of those viruses
which appear later within the same cell.’

(e) What is the nature of the units which multiply so rapidly from
about the 9th to the 12th minutes, and which, according to the curves,
seem smaller than the initial particle? Are we dealing with a unique
fraction, some kind of genetic nucleus, of that particle, which, around
12 minutes, would give 100 identical nuclei; or with multiple sub-units
more or less capable of independant multiplication? The L.L. curves
would be the same in both cases, and cannot, therefore, decide between
them.

A second radiobiological method can bring here some new informa-
tion. It consists in studying the photo-restoration of complexes which
have been UV-rayed at various times of the latent period, or, in other
words, in comparing to the preceding L.L. curves obtained in the dark,
the L.L. curves obtained maximum photo-restoration. (Let us notice
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that this study cannot be carried out with X-rays, since X-inactivation
of the phage is not photo-restorable). Used by Dulbecco and Benzer,
this method has already yielded interesting results (personal communica-
tion) which will not be quoted here since they are still unpublished. Let
us only say that they bring some evidence for the multiplication of a
single nucleus rather than of multiple sub-units. A small phage such as
T, would be entirely constituted with this nucleus, hence the simple
aspect of the L.L. curves, without any change in the slope (Fig. 2). A
large phage such as T, would contain such a nucleus A and a second
fraction B, both A and B being radiosensitive. A would multiply first
from 1 to 100 within about 4 minutes (9-12) which would correspond
to a replication time of about 35 seconds. A would therefore predomi-
nate during this period in the radiobiological picture, with its smaller
cross-section and higher resistance to radiation. Synthesis of the B
fractions would occur later during the third period, leading to the pro-
gressive increase in the average cross-section which appears in the L.L.
curves from the 12th minute on.

(f) The L.L. curves show a second critical point between 12 and 13
minutes which corresponds to a reversion in the radioresistance of the
complexes and which marks the end of the multiplication. At this
moment, the average cell contains 100 ‘units’ which are twice as resistant
as the naked phage particle. From this time on, this average multiplicity
of 100 does not change, but the individual resistance of the units pro-
gressively decreases, and, at the end of the latent period reaches, as
expected, that of the extracellular virulent particle.

The existence of a second critical point around 12 minutes which
marks the end of the multiplication has been confirmed by Foster’s
experiments on the same phage T, (1948): if one adds proflavin or 5-
methyl-tryptophane to the growing medium, one inhibits multiplication
of the phage—an inhibition which is counteracted by an excess of DNA.
But this phenomenon occurs only if the chemical is added during the
first 12 minutes of the latent period. This proves that at this moment the
synthetic steps which are sensitive to this inhibition are completed.

Electron microscope observations of growing B-T, complexes (Wyck-
off, 1948) confirm the radiobiological picture: it is only by the middle of
the latent period that some particles can be seen within the bacterial
protoplasm. Small at first, they rapidly increase in size and in number,
and invade the whole cell. The typical tadpole aspect of the adult virus
appears only at the end of the latent period.

By breaking growing B-T, complexes, Doermann (1951) succeeded in
counting the infective intracellular T, particles at several times, and con-
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tributed very valuable information on the kinetics of maturation of the
virus. The first infective particles appear by the middle of the latent
period (11 minutes); further, their number increases with time. This con-
firms the fact that the units which multiply between 9 and 12 minutes
are not infective and that, in order to become so, they must undergo
some maturation which takes place after multiplication. This maturation
ends the masked state of the virus. This unmasking process occurs only
during the second half of the latent period.

The idea that the virus multiplies as a non-infective immature form
and undergoes later maturation which endows it with infective power, is
consistent with several cytological observations on animal viruses such
as Psittacosis, Lymphogranuloma, Vaccinia, Ectromelia (see discussion
in Bauer, 1949; Horsfall, 1949). In this respect, studies carried out on
the influenza virus (Henle et al., 1947; Hoyle, 1948) are particularly signi-
ficant. During growth, at least two varieties of particles appear: one is
complete, immature, non-infective, small in size, and capable of aggluti-
nating blood-red cells; it probably corresponds to the small antigenic
constituents which appear in the infected tissues long before the second
variety, that is the classical mature virus of larger size. Just as T,, the
influenza multiplies as a form which is almost entirely non-infective: only
10-* particles would be infective at that time. Thus, in the case of influ-
enza, multiplication is initiated by the virulent mature particle only, but
the particles which multiply are smaller, immature and non-infective.
It seems that we have here the same situation as in the case of T,. Simi-
larly, it seems that the Shope papilloma virus multiplies as an immature,
antigenic and non-infective particle. In the cotton-tail wild rabbit this
multiplication would be followed by maturation into infective complete
particles; this maturation would not take place in the domestic rabbit
(see Shope, 1937).

As regards the maturation of T, particles, it should be pointed out
that from Cohen’s (1949) and Doermann’s (1951) independent investi-
gations, there appears a striking parallel in the accumulation of newly
synthesized DNA in the cell and the subsequent increase in mature
phage particles. Therefore the maturation process which endows the
particle with infective power seems to depend on DNA. The same de-
pendence has been observed by Markham et al. (1948) on the crystalline
mosaic turnip yellow virus: by centrifugation one can separate two con-
stituents, (i) the classical virus, an infective nucleoprotein, and (ii) a
non-infective particle, half as small and devoid of nucleic acid. Both
particles react to the same anti-virus serum; both have the same electro-
phoretic mobility; both crystallize in the same system and their proteins
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contain the same amino acids in the same proportions. The mature in-
fective particles differ from the others by the presence of DNA.

THE CASE OF LYSOGENIC BACTERIA

Among their hereditary material, lysogenic bacteria contain a provirus
which usually does not pullulate. Under certain influences this provirus
originates an important development leading to the formation of several
hundreds of virus particles per cell which are liberated into the medium by
lysis of the cell (Lwoff & Gutmann, 1950). In particular when the
bacteria are grown in certain conditions, a suitable UV-irradiation
‘induces’ this virus synthesis in almost all cells (Lwoff et al., 1950).
X-irradiation achieves the same induction with an even higher efficiency
(Latarjet, 1951).

It is of interest to know how many provirus particles the bacterial
cell normally contains. Here again, the L.L. method is capable of giving
an approximate answer to this question when suppression of phage
growth is due to an effect on the prophage. A L.L. experiment can be
carried out on lysogenic bacteria thanks to the fact that induction is more
radiosensitive than inactivation, i.e. the UV doses which induce the
synthesis of the virus are small if compared to those which inactivate
that virus.

Let us consider, for example, E. coli lysogenic strain K-12 which,
through spontaneous or induced lysis, liberates a phage A active on E.
coli strain S (Weigle & Delbriick, 1951). As has been already pointed
out, this carried phage A is much more radioresistant than other phages
of the same size active on K-12, such as T, (Fig. 5, curves 4 and 1). A
known number of K-12 bacteria are irradiated with increasing doses of
UV. After each dose, an aliquot is seeded on nutrient agar with an
excess of the indicator bacteria S. Under certain conditions, each K-12
cell in which the synthesis of the virus A takes place gives after lysis a
clear plaque on the plate. Without irradiation, spontaneous lysis occurs
in 5x 10-* cells per generation. When the UV dose increases, the induc-
tion phenomenon is produced in more and more cells, approaching
1009 (Fig. 5, dotted curve 5). After a plateau, the curve falls down as a
straight line which is parallel with the inactivation curve (4) of free phage
A. Such parallelism which has been found in the other lysogenic bacteria
so far studied, means: (i) that suppression of the induction by high UV
doses is due to inactivation of the prophage; (ii) that the prophage
particle has the same radiosensitivity as the particle of the extracellular
adult phage. The plain curve 5 appears therefore as a L.L. curve which
brings an estimate of the average number of prophage particles per cell
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Fig. S. UV-survival curves of free phages T (curve 1) and X (curve 4), of bacteria K-12
(curve 2) and S (curve 3); survival of K-12 as regards its ability to liberate active \
(curve 5). (Weigle and Delbriick, 1951.)

at the moment of irradiation. In the present case, this number is equal
to about 3.

The same experiment, carried out by Jacob (1952) on lysogenic P.
pyocyanea strain P 13/84A, gave the same result, that is an average number
of 3 prophage particles per cell.
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DIVALENT METALS IN PHAGE
PRODUCTION

PAUL FILDES!, D. KAY? AND W. K. JOKLIK?
Sir William Dunn School of Pathology, Oxford University

A number of authors have implicated calcium (or other divalent metals)
in the successful action of various phages.

For instance Stassano & de Beaufort (1925) found that citrate in-
hibited the action of certain Shiga phages implicating Ca indirectly.
Bordet & Renaux (1928), however, showed that a decalcified medium
inhibited the growth of a Shiga phage until Ca was added, while a nor-
mal broth could be inactivated with oxalate.

Andrewes & Elford (1932) also noted that citrate prevented the multi-
plication of coli phage, but adsorption was not affected and the infected
bacteria were unable to multiply.

Burnet (1933) used citrate inhibition in the classification of coli-
dysentery phages.

Gratia (1940) found that Ca was indispensable for the adsorption of
certain phages and a similar view was taken by Delbriick (1948) of a
mutant of the T4 coli phage although in his case adsorption was only
increased some 5 times. On the other hand Wahl (1946) found that
coli phage adsorbed normally without Ca, but multiplication only took
place in a narrow zone of concentrations.

In 1949 Adams showed that the T5 coli phage depended on added
Ca for effective lysis, but that adsorption and the lethal action on the
infected bacteria did not.

Kay and Fildes (1950) worked with a typhoid phage and found that
gross lysis and multiplication did not occur in the absence of added Ca,
but nevertheless a minor degree of multiplication did take place. They
noted that a so-called Ca-free medium must necessarily contain Ca
derived from the phage lysate used in the experiment.

Beumer & Beumer-Jochmans (1951) restudied the dysentery phage
used by Bordet (1926). They found that this phage failed to multiply in
a Ca-free medium because no adsorption took place. Neither did in-
activation occur on mixing a bacterial extract with the phage. Both
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actions however took place in the presence of Ca. Another phage acting
in the same bacterium was indifferent to Ca.

Shew (1949) worked with a phage operating on a lactic streptococcus
and found that while lysis in broth was poor, in milk it was active. This
result was ascribed to the higher content of Ca in milk. The effect was
not on adsorption.

From this short summary it will be seen that some dysentery, coli,
typhoid bacilli and lactic streptococci phages depend to some extent on
Ca for their effective multiplication, but that the point of action in the
cycle is said to be variable.

It is difficult to determine whether in these cases Ca is an absolute
requirement or whether it is merely a stimulant of a process which pro-
ceeds more slowly without the addition. This is due to the fact that few
authors have described any special precautions for eliminating Ca im-
purities from their media and apparatus.

TYPHOID PHAGE

Much of our work has been carried out with a typhoid phage in which
Ca is at least highly important (Kay & Fildes, 1950). We have since
made great efforts to avoid contamination with Ca in an attempt to
show that no multiplication of phage takes place in the absence of this
metal, but our effort to prove a negative has been disturbed by the fact
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that biologically active concentrations cannot be detected and absence
can never be achieved because the phage preparation itself necessarily
contains Ca which cannot at present be eliminated.

All experiments referred to in this paper were made with phage and
bacteria grown on a simple glucose-ammonia mixture.

Fig. 1 shows the result of an experiment in which M/4000 Ca was
added at time O to one fraction A of a typhoid phage/bacterium mixture
and none to fraction B. In the presence of Ca the burst occurred be-
tween 20 and 30 minutes; in its absence no burst was observed during
four hours.

The failure to burst in this experiment is due to the absence of Ca.
This can be proved by allowing adsorption to take place in the absence
of Ca and adding Ca as in Fig. 2. Here it is seen that after each addition
of Ca a burst occurred. The tendency for the incubation period to be
prolonged and the burst size to be reduced after delayed additions is no
doubt due to irreversible changes which take place in the absence of Ca.

Fig. 3 shows that the size and time of burst is related to Ca quantita-
tively; as the Ca concentration is reduced so is the burst size reduced
and the burst delayed. In this case after adsorption had taken place for
15 minutes in the absence of Ca, the mixture was centrifuged and the
washed deposit only used. Thus all the active centres were derived from
adsorbed phages which were capable of producing phages on Ca-con-
taining agar but not of bursting in the liquid medium until Ca was
added.

All these experiments show that in the typhoid phage system used
adsorption can take place in the absence of Ca, but that these adsorbed
phages cannot give rise to bursts until Ca is added either on plating or
in the liquid. Further the average yield of phage is related to the con-
centration of Ca added.

It is admitted that results so conclusive as those illustrated are not
invariable. Minor bursts outside the limit of experimental error are not
infrequent in the absence of added Ca, but these are certainly reduced
in number by addition of M/1000 citrate. This procedure would reduce
the concentration of calcium ions present as chance impurities.

Further evidence of the action of Ca in the typhoid system is obtained
from burst size experiments on individual infected bacteria.

In these adsorption was allowed to take place (108 bacteria/10° phage)
in the absence of Ca for 15 minutes. After centrifuging, the washed de-
posit only was used. This was highly diluted so that less than 1 phage-
infected bacterium was present in each ml. of a 60 ml. batch. Sixty 1 ml.
samples were then incubated in the presence of Ca and in its absence.
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To these latter M/1000 citrate was added.

In the presence of M/3500 Ca incubation continued for 1 hour before
the whole samples were plated.

It was found that 21 of 60 samples were infected. Fourteen of these
contained between 192 and 49 phages with an average of 91 per cell
assuming that all were single infections. Two contained only three phages
and five only one.

In the absence of Ca incubation was continued for 3 hours to cover
a possibly prolonged burst time suggested by the experiment illustrated
in Fig. 3.

In this case 28 samples were infected. Six of these contained between
5 and 2 phages with an average of 3. The remaining 22 contained 1
phage only.

In these experiments it is assumed that practically every infected tube
contained at first only one bacterium infected by one phage; for instance
in the experiment with Ca only 3, producing over 100 phages each,
might according to the Poisson distribution contain more than one.

Thus it may readily be concluded that those tubes which later con-
tained 49 or more had undergone bursts. Further those tubes which
had only one might be supposed to have failed to burst. A difficulty,
however, arises with the 2 tubes in the Ca experiment which contained
3 phages and with the 6 tubes in the absence of Ca which contained 5
to 2. According to the Poisson distribution it is highly improbable that
these tubes started with 5 to 2 phages. It is more likely that bursts
occurred in these tubes producing only 5 to 2 phages.

It seems to be a reasonable conclusion from these experiments that
the burst size, i.e. the phage yield is governed by the concentration of
Ca available to the system after adsorption has taken place and that in
an ideal case where no Ca was present the system would remain in the
inactive state in which no phage is demonstrable.

This, however, is a generalization which only applies in a homo-
geneous system. It is clear that a system which produces from 2 to over
100 phages per burst in the same concentration of Ca, is not homo-
geneous. :

The point at issue, however, is not whether the system always pro-
duces phage when Ca is present, but whether it never produces phage
in its absence. It seems probable that in an ideal case this would be so.

PHAGE TS

Since Ca has no demonstrable effect on adsorption in the typhoid sys-
tem, it follows that its action must take place after this event and before
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rupture of the bacterium, i.e. it may catalyse the solution or disappear-
ance of the adsorbed phage, direct this in such a way that subsequent
synthesis can take place or catalyse the synthesis.

Experiments with the T5/coli B system bear upon this matter. In this
system Ca is also highly important but not so specifically required as
in the typhoid system. In this latter Mg has no demonstrable effect,
but with TS both Sr and Mg are active but no other divalent metal
(Fig. 4). Since Coli B requires Mg in a higher concentration for growth
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Fig. 4. The Effect of divalent metal concentration on the burst size of phage TS.
A = Magnesium,
B = Calcium.
C = Strontium.

than does typhoid, it follows that with Ca experiments there is always
a higher blank due to Mg. For instance in the best case observed T5
gave a burst of 410 with Ca and 6 without (Fig. 5).

TS5 was used to study intracellular phage growth by artificial solution
of the infected bacterium.

The process adopted made use of Doermann’s (1948) method of in-
hibiting phage synthesis by cyanide and Maculla & Cowles’ (1948)
method for dissolving bacteria with strong solutions of glycine.

Cultures of bacteria were allowed to adsorb phage and then washed
to remove free phage. The suspension was divided and calcium added
to one portion. Samples were then plated at intervals to determine the
total number of infective centres and the time and size of the burst.
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Simultaneously samples were added to the mixture of cyanide and gly-
cine and plated out later for an intracellular phage count. Fig. 6 shows
the effect of calcium on the total and intracellular phage both expressed
as plaques per ml.

At first with or without calcium the number of infective centres was
about the same but later the number with calcium far exceeded the num-
ber without owing to a much greater burst. In both cases intracellular
phage was much reduced in the first few minutes. The small counts actu-
ally obtained were probably due to free phage or unlysed cells. How-
ever, with calcium present a rapid increase in intracellular phage took
place beginning between 12 and 22 minutes. By 26 minutes each in-
fective centre (curve A) contained an average of one phage particle and
after 42 minutes, at which time lysis was beginning, this number had
increased to 100. Without calcium, on the other hand, a much smaller
increase in intracellular phage took place and at no stage did the infec-
tive centres contain an average of even one phage particle.

This experiment confirms the general view that soon after adsorption
has taken place, there are no intact phages in the cell. Those adsorbed
have disappeared, to reappear and increase in number later.

It also shows that Ca governs the synthesis of phage. The initial dis-
appearance takes place without it. The experiment, however, does not
distinguish between a direct or indirect action of Ca if such a distinction
can be made.

PHAGE TIi
In the case of T1 the requirement for divalent metals is still absolute but
less particular.

Whereas a T1/coli B mixture at a multiplicity of 1/200 did not lyse in
150 minutes in the presence of 0-00008 M Mg, the addition of 0-00033
M Mg, Ca, Sr, Mn or even Ba (in a low sulphate medium) caused lysis
in 90-100 minutes.

Owing to the relatively high concentrations of Mg necessary for the
metabolism of the bacterium it is impossible to determine quantitatively
the separate effect of this or other divalent metals on the phage produc-
tion cycle.

CONCLUSION
So far as our experiments are applicable they are in agreement with
those of Adams (1949).

It would appear possible to predict that, at any rate in the case of the
typhoid phage used in these experiments, any mechanism which may be
postulated for the synthesis of phage must include a function for the
metal calcium.
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DISCUSSION

P. FILDES: The facts relating to calcium and divalent metals in phage
production by the systems referred to are given in our paper. They are
an elaboration of the original discovery of Bordet and Renaux made
twenty-four years ago and amply supported by a number of workers
since. It is curious to me that in a symposium which has attracted so
many workers in all fields, no reference has been made to calcium,
although this metal appears to take some decisive part in phage produc-
tion at any rate by the typhoid bacillus I have worked with.

N. w. PIRIE: We have not all neglected calcium completely in recent
years: the position is rather that we have found the study difficult and
hard either to repeat or to interpret. Bawden and I found (J. Gen.
Microbiol. 1950, 4, 482) that a tobacco necrosis virus lost its infectivity
on exposure to neutral M/50 citrate but was protected from this inacti-
vation by CaCl, or NaCl. It was also more stable in stronger citrate.
At first sight this looks like a calcium effect, but it is not easy to fit all
the observations into a simple picture.

p. FILDES: I also have not found it easy. I have referred in the paper
to the main difficulty. There seems to be no method available for the
detection of biologically active traces of calcium in these mixtures. You
cannot be certain whether calcium is biologically absent or not.
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D. KAY: I should like to amplify Sir Paul Fildes’ remarks about the
divalent metal requirement of coli phage TS. Measurements of the burst
size show that calcium at 0-0005 M is most active in promoting phage
production. The second most active metal is strontium and the least
active is magnesium which at 0-005 M gives a burst size almost equal to
that given by 0-0005 M calcium. No other metal has been found to be
active. I would like to stress the difference between this phage and the
typhoid phage which responds only to calcium on the one hand and the
T1 phage which responds to Mg, Sr, Ca, Mn and Ba on the other.

The exact position at which calcium acts in the multiplication of T5
is not yet known but it is clear that adsorption is independent of calcium
and that the disappearance of the infective virus from the cell contents
also takes place without calcium being present. However, the appear-
ance of new phage particles, which would begin at about 20 minutes
after adsorption if calcium were present, does not take place. We may
therefore tentatively assume that calcium is involved in the processes
whereby the non-infective form of the virus is transformed into fully
infective particles.

I have also done some experiments with phage T5 on the variation
in the uracil and thymine content of the cells. Phage nucleic acid is all
of the deoxyribose type and contains thymine but not uracil whereas
ribose nucleic acid, which is present in the bacteria as well as DNA, con-
tains uracil but not thymine. It was found that uracil synthesis was
almost completely inhibited by phage infection. Thymine synthesis on
the other hand, after a lag of about 10 minutes, proceeded at a rate
somewhat greater than in uninfected bacteria.

BACTERIOPHAGE NOT A VIRUS?

A. FELIX: T think all of us will agree on at least one point: that the
authors of the main contributions to the Symposium have given us an
ample supply of new theories; even in the present atomic era of rapid
changes, this seems to be a remarkable achievement. Some of us may
also agree on another point, namely, that virologists have always been,
and still are, rather a greedy species. They swallowed Rickettsia, they
conquered bacteriophage, cancer is always in danger of being subjugated
by them, and it is difficult to foresee where they are going to stop.

I fully agree with Dr Lwoff that it is impossible to discuss the nature
of virus reproduction without attempting to give a definition of what
is a virus. As a mere bacteriologist working with bacteriophage I have
been and still am unable to accept the theories favoured by the leading
virologists and 1 feel justified in refusing to consider bacteriophages as
being viruses at all.

It may be of interest to quote a few sentences from the report of an
earlier Symposium on this subject arranged by this Society in 1946
(at Leeds). I am reading from a reprint from Nature (158, 406),
dated 21 September, 1946. ‘All speakers at the discussion agreed that the
degraded parasite hypothesis was almost certainly true as regards the
animal viruses, at least the larger ones. As Dr F. M. Burnet of Melbourne
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pointed out, the student of infectious disease has to assume that vi
from a pragmatic angle; to the epidemiologist many viruses behave
very much like organisms in general.’ . . . ‘A difficulty arises in regard
the bacteriophages—or as they are coming to be called, bacterial virus
—though Dr A. Felix adduced reasons for refusing to consider them
being viruses at all. The trouble is to imagine, if the degradation hyg
thesis is applicable, from what the phages could have been degrade
Here Dr Burnet produced a new and fascinating theory: that they we
the direct descendants of precellular stages in the evolution of livi
forms; after the first bacteria wére evolved, such primitive precellul
creatures were at a great disadvantage and only those which adoptec
parasitic habit within the dominant bacteria were able to survive.” T
article was not signed, but its author, who was Chairman at the 19
Symposium, is fortunately with us here and he may be able to confii
the correctness of the report.

The reasons that prevented me from accepting the virus theory (
theories) of phage and caused me to cling to Bordet’s rival theory we
the facts known about Sa/monella phages. 1 shall state these facts ve
briefly by means of a few slides. 1 know that some of those present ha
seen these slides on previous occasions, but 1 need not apologize f
that. Since the slides represent facts, not hypotheses, they have n
changed in the course of a few years.

Table 1. Salmonella Phages and Antigens

So-called Acting on
Typhoid Lytic
Phages action Antigens Salmonella
IX typhi
Widely XII, XII, XII, paratyphi-A, B, C
Anti-O overlapping and many other typhi-murium
O-antigen enteritidis
components and many others
typhi
paratyphi-C
Anti-Vi Relatively TVi ballerup
specific TVi-positive coli
Relatively specific
Anti-H Suppressing d typhi
flagella stanley
Anti-R Widely R All
overlapping

Table 1 shows the well-known correlation between Salmonella phag
and antigens, first established by Hadley (1925-6) and Burnet (192
1929) for O phages. Next followed the Vi phages described by Craigie
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Brandon (1936), Sertic & Boulgakov (1936a) and Scholtens (1936).
About the same time an anti-H phage was found by Sertic & Boulgakov
(1936b). This is a difficult phage to work with and is little known, but
it has been carefully investigated by Schiff & Bornstein (1940) and by
Rakieten & Bornstein (1941). Its chief characteristic is to suppress
the development of flagella. Finally, there is the anti-R phage which
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acts throughout the whole Salmonella group, but not beyond it. 1t is

clear from this table that there is, in fact, no justification at all for calling .
any of these phages a ‘typhoid phage’ simply, without indicating the

antigenic component to which it is related, because all these phages act

not only on typhoid bacilli but also on other members of the Sal/monella

group.

If the different Salmonella phages are considered to be viruses of
exogenous origin, parasitic on the bacterial cell, we have to assume that
the distribution of the various O, Vi, H and R antigens in Salmonella
has its counterpart in an exactly similar distribution of the corresponding
specific receptors in Salmonella phages. To accept this hypothesis means
putting too great a strain on the imagination.

Another set of observations is based on the work of Craigie and Yen
(19384, b) on adapted typhoid Vi phages.

Table 2 is an abridged version of the scheme now in use for the typing
of typhoid bacilli. It shows only 15 different types, but at present the
number of well-defined Vi-types and sub-types is 29. All the type-
phages have been derived from a single strain of Vi-phage by the peculiar
process of adaptation discovered by Craigie, and we must assume that
the Vi-form of the typhoid bacillus contains at least 29 different deter-
minant groups for Vi-phage. These cannot be detected by any of the
customary serological methods, only by the corresponding receptors on
the adapted bacteriophages. Again, if these phages are viruses of inde-
pendent extrinsic origin, we have to postulate that nature has evolved
two exactly corresponding sets of variants, or mutants, in two entirely
distinct organisms, the typhoid bacillus and the virus-phage. I find it
difficult to accept such a hypothesis.

Table 2 shows, what was known from Craigie’s early work, that the
first three types in the scheme (A, B and C) are susceptible to all the
adapted phages, whereas all the other strains give strictly specific re-
actions. Yet, on prolonged subculture, or in a chronic carrier of long
standing, every one of the specific Vi type may lose its initial resistance
to some or all of the heterologous phages. For want of a better term,
we call this process ‘degradation’. It leads ultimately to a change from a
specific Vi-type organism into Type A which is fully susceptible to all the
adapted phages. The mechanism of this ‘degradation’ is quite obscure,
but what is relevant for the purpose of the present discussion is the
opposite feature, namely, the constancy of Vi-phage types. A striking
example of this is illustrated in Table 3.

Three strains of Salm. typhi widely used in typhoid serology are shown
in the table. Strain Ty2, isolated in Russia in 1918, is a highly virulent
Vi+O+H form. Strain H 901, isolated at the same time and place, is a
Vi-negative form of low virulence. Strain O 901, derived from H 901, is
a pure O form, a permanent non-motile and Vi-negative variant. In
1936 Kauffmann succeeded in ‘rejuvenating’ the H 901 strain by mouse
passage (Kauffmann, 1936) in the same way that Perry, Findlay &
Bensted (1933) had accomplished the transformation of the avirulent
Rawlings strain into one of high virulence. Inthis process the Vi-negative
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Table 3. Canstancy of Vi-phage Types

Salm. typhi Isolated Antigens present Vi-phage
strains in the strains type
1918
Ty2 Cherson, Russia H O Vi El
1918
H 901 Cherson, Russia H O
0901 1925
Mouse passage
Kauffmann
1936
Rejuvenated H O Vi El
H 901 Phage-typed
Craigie & Yen
1938

H 901 strain, after an interval of eighteen years, again developed its
Vi antigen. Two years later Craigie & Yen (1938) typed the rejuvenated
H 901 culture and the strain Ty2 and found that both belonged to the
same Vi-phage type, namely, Type El. At the time neither Kauffmann
nor Craigie knew that the two strains had been isolated during the same
outbreak in 1918. Naturally one could not fail to be impressed by the
remarkable stability of this hereditary trait.

Similar relationships exist in Salm. paratyphi B and A and Saim.
typhi-murium (Felix & Callow, 1943, 1951; Felix, 1951). There is here,
therefore, a general principle and the virus theory of bacteriophage does
not provide an explanation that can be accepted without undue credulity.

The observed facts can be explained with less strain on the imagination
if we assume, according to Bordet’s theory, that bacteriophages are
endogenous products of the bacterial cell, specific self-reproducing units
which form part of the genetic make-up of the bacterium.

Bordet’s theory, according to which phage is derived from a precursor
normally present in the bacterial cell (Bordet & Ciuca, 1920; Bordet,
1925, 1931), had its adherents until about ten years ago. The last notable
exponents were Krueger (1936), Northrop (1938, 1940) and Wollmann
(1925; Wollmann & Wollmann, 1932). Then the virologists got the upper
hand. For the past few years 1 seem to have been the only surviving
supporter of Bordet’s original view (Felix, 1947, 1949) and I have been
severely criticized. I am very glad therefore that Dr Lwoff has now
produced a modernized version of the old theory (Lwoff & Gutmann,
1950; Lwoff, Siminovitch & Kjeldgaard, 1950).

One of the criticisms often levelled against this theory is that it revives
the old argument about spontaneous generation reminiscent of Pasteur’s
period, and that it is therefore sterile from the beginning. For instance,



208 P. FILDES, D. KAY AND W. K.JOKLIK

the article in Nature from which I have quoted was in fact entitled
‘Heterogenesis and the origin of viruses’. This criticism, I think, is
entirely unjustified.

Since the virologists became the rulers in the sphere of bacteriophage
work a very objectionable habit has become widespread, namely, to
accept the findings in one particular and highly specialized field as valid
generally throughout animal, plant and bacterial virology. A striking
example is the case mentioned in Dr Luria’s paper which refers to one
of his own abandoned hypotheses for phage but which had meanwhile
‘been seized upon eagerly by workers in other fields of virology and
considered as “proved” for phage’. It is not unusual nowadays to read
in a paper on rabies or vaccinia half a page or more dealing with ‘the
virus’, which in fact refers to bacteriophage without stating this at all.
Of course, some bacteriophage workers are also guilty of this disturbing
habit.

Not only is it usually unjustified to draw analogies as far afield as from
a bacteriophage to an animal virus but, more often than not, it is also
wrong to assume that what is valid for one phage is also valid for others.
In this way quite a number of ‘rules’ and ‘laws’ have been postulated
which have no general validity at all. I may take as an example the so-
called rule of the inverse ratio between particle-size and plaque-size,
which is over-emphasized not only in text-books, but also in recent
writings on the T series of coli phages. The fact is that the same phage
when propagated under identical conditions on a number of strains of
the same species may produce plaques varying in size by one-hundred-
fold or two-hundredfold, as I have shown with Salmonella phages (Felix,
1949). Other instances of conclusions drawn from a particular phage
system and erroneously raised to the rank of a general rule or law refer
to adsorption of phage by bacteria on which they cannot be propagated,
as Craigie (1946) has shown with typhoid Vi phages; and to complete or
incomplete neutralization of phage by anti-serum.

If I may be allowed to quote one more sentence from the report of
the 1946 Meeting of this Society it will help me to conclude my remarks.
‘Indeed, there was a general feeling throughout the discussion that a
decision as to the origins of viruses should be taken on their merits for
each group, animal, plant and bacterial viruses, and that a tendency for
generalization to be too inclusive should be resisted.” It cannot be said
that this advice was accepted during the intervening years.

The last point I wish to make is this. So far as bacteriophages are
concerned it is known that their numbers are legion, as Dr Andrewes
very aptly wrote in a recent article (Andrewes, 1951). If Bordet’s theory
of phage and of its role in bacterial variation is correct, it is not sur-
prising that there are innumerable phages because there are innumerable
enzyme-systems at work in bacteria. I have little doubt that refined
methods of genetic analysis of bacterial variation, such as that of Leder-
berg, will reveal that the genetics of the bacteriophages form an integral
part of the genetics of the corresponding bacteria. This will put bacterio-
phage in its legitimate place, in company with the many other lytic
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agents of bacteria that have been described by the Belgian workers
(Gratia, Fredericq and Welsch), of which Dr Lwoff included only one
in his tables.

I fully agree with Dr Andrewes’ suggestion that the premature plan
for nomenclature of bacteriophages be dropped (Andrewes, 1951). I
believe that the final classification and nomenclature of bacteriophages
will have to be accomplished by the chemist rather than by the virolo-
gist. Proteolytic enzymes already are classified by means of their inhi-
bitors (Astrup & Alkjaersig, 1952). In the future it may perhaps become
possible to identify phages by the antagonistic action of ‘phage-analogues’
in the same way that Fildes’ school is using growth-factor analogues.
In the present state of knowledge it would certainly cause less confusion
if bacteriophage workers would avoid the misleading term ‘virus’, for
which there is no accepted definition, and would continue to use the
old and well-defined term bacteriophage.
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ASPECTS OF THE FORMATION OF
INCOMPLETE VIRUS

SVEN GARD

Department of Virus Research, Caroline Institute,
Stockholm

Luria (1950) describes the virus-host cell complex as an individual of a
hybrid character, with the genetic structure of the virus and with the
cytoplasm of the host. This description was intended for the system
bacterium-bacteriophage but it seems to be applicable also to animal
viruses. In the latter case, however, the genetic structure of the hybrid
probably is more complex than in most phage-infected bacteria. In some
cases the host genes are certainly not destroyed but still functioning.
This is particularly obvious in virus-induced tumours. It seems not im-
probable that intermediates might occur as well, i.e. cases in which only
part of the host genes are destroyed and replaced by virus genes. That
Luria’s description is not a mere play with words is brought out by the
facts that the virus infected cell often shows characteristic morpho-
logical features as do the tumour cells, and a metabolism that differs
distinctly from that of the non-infected cell, as shown by Ackerman
(1951) and others.

The concept of the virus-host cell complex as a hybrid leads logically
to the concept of the virus infection as a process of fertilization. There
exist also some—maybe superficial—similarities that might excuse this
extension of the analogy. Thus, mucopolysaccharides are very much in
the centre of the interest as affinity determinants in both cases. A charac-
teristic feature of fertilization is the impermeability of the cell membrane,
induced by the intrusion of one single sperm cell. It is a well-known fact
that only a small number of virus particles can be introduced into one
and the same cell, although the spatial and ‘receptorial’ limits must be
much wider. The most probable explanation is a radical change in the
structure of the cell surface, induced in connexion with the entrance of
the virus, i.e. a mechanism of the same principal nature as in fertilization.
Phagocytosis, the only other process with which virus infection might be
compared, seems to be of a completely different nature.

Irrespective of whether or not these ideas should be taken into serious
consideration the first phase of the virus multiplication seems to be
characterized by a reorganization of the cell to fit with its new function

14-2
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as a virus-producing unit. During this phase the destruction or altera-
tion of the cell nucleus takes place, while no constituents showing any
characters of the virus protein can as yet be detected.

The second phase might be termed the period of generation. The
hitherto most valuable information about this phase seems to me to be
obtained from the studies on influenza virus by Hoyle, and by Henle &
Henle (1949) and Henle & Liu (1951). From their papers it would
appear that a number of building-stones, identifiable in the final virus
particle by their specific biological properties, are synthesized separately
and independently, although sometimes simultaneously. This synthesis
seems to proceed at a constant rate, another indication that no further
production of enzymes takes place in the cell after intrusion of the virus
(Monod & Wollman, 1947). A statement by Hoyle that the formation
of group antigen first proceeds at a logarithmic rate is not borne out by
his data.

The third and final phase is that of maturation. Whether or not this
includes the production of any essential virus constituents is not clear.
According to Rake & Blank (1950), studying the reproduction of mollus-
cum contagiosum-virus, desoxyribonucleotides, considered to be of the
most vital importance for the virus activity, should not appear until
immediately before and during this stage. On the other hand, Hoyle
seems to regard the maturation of influenza virus as a mere mechanical
process, as a fitting of the building-stones or proviruses into the proper
pattern, a welding together of the sub-units to final virus particles. It is
possible that influenza virus is not a suitable model in this respect, the
formation of the final particles apparently proceeding at the cell surface,
whereas in most cases this must be supposed to take place in the interior
of the cell. The question has to be left open for the time being. It can
be stated definitely, however, that no active virus can be demonstrated
in the cell until the stage of maturation has been reached.

The observation by von Magnus (1946, 19514, b, c) that the cells under
certain conditions release an incomplete influenza virus seems to me to
be a finding of very great interest. Later, Hoyle (1948), Henle & Henle
(1949), and Schlesinger (1950) described similar substances as constitu-
ents of infected cells which could be released by artificial means, and
Bernkopf (1949) found that the production of incomplete virus is particu-
larly striking in the chorio-allantoic membranes of de-embryonated eggs.

According to von Magnus multiple infection or rather saturation to
full capacity of all the cells in the chorio-allantoic membrane is a pre-
requisite of the production of incomplete virus. The extent to which in-
complete virus predominates over active virus in the final product is a
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function of the proportions between the two in the seed. It would seem,
therefore, that incomplete virus induces the production of more incom-
plete virus. On the other hand, von Magnus supposes that no virus
formation at all occurs unless there is at least some active virus present.

To obtain the largest possible yields of incomplete virus with a mini-
mal content of active virus von Magnus employs serial passages of large
inocula. Virus produced by diluted seed is called ‘standard’ virus, pre-
parations obtained after inoculation of large doses in serial passages is
called ‘first, second, third, etc., passage’ virus. This terminology will be
used in the following.

The incomplete virus is characterized biologically by its haemagglu-
tinating, enzymatic, and immunizing capacity but is apparently lacking
in infectivity. In sedimentation studies Gard & von Magnus et al. (1946,
1952) found the incomplete virus to be less homogeneous than standard
virus and to have a definitely lower sedimentation rate (s, =430 to 650 S
as against 745 S). It seems to differ in other physico-chemical respects
as well, for instance with regard to viscosity.

It seems not improbable that production of incomplete virus is a much
more common phenomenon than hitherto suspected. For instance, the
appearance in virus infected plants of particulate matter resembling
virus fragments a phenomenon particularly noticed by British authors,
might belong in this category. The ‘auto-interference’ in Salmonella
phage, recently described by Boyd (1951), shows a striking resemblance
to von Magnus’s observations. Finally, the production of immunity by
antigenically insignificant amounts of live virusin resistant animals seems
to indicate a production of virus antigen without simultaneous appear-
ance of infectivity. Influenza virus offers unusually favourable condi-
tions for the study of these phenomena, on account of the ease with
which it can be assayed in vitro.

The observations by von Magnus and by Bernkopf suggest that meta-
bolic deficiencies can be the cause of the formation of incomplete virus.
On the other hand, the observation by Schlesinger that non-neurotropic
strains of influenza virus, when inoculated intracerebrally, give rise to
the formation of non-infectious virus haemagglutinin indicates that the
disturbance of the virus synthesis can be localized to the genetic level as
well. It seems to be a matter of taste, whether the cell or the virus is re-
garded as genetically deficient. From the fact that neurotropic strains
of the same virus are able to propagate in the brain one would be inclined
to stamp the non-neurotropic virus as deficient. On the other hand, as
the same virus reproduces freely in the lung, the brain cells appear as
equally deficient.
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From these hints it follows that the study of the nature of the incom-
plete virus and the conditions under which it is formed might aid materi-
ally to a better understanding of the mechanism of virus formation. One
can usually collect much more information about a certain reaction from
studies of factors inhibiting it than from a direct study of the reaction
itself. The more complex the process under study, the more true this
should be.

As pointed out, the disturbance in the synthesis of the virus, leading
to the liberation of an incomplete product, might be conceived to occur
in the phase of reorganization or during the generation of virus protein,
on account of shortage of one or more important metabolites. But it
could also be the result of a disorganization of the ‘assembling’ mechan-
ism during the phase of maturation. In the latter case, one would ex-
pect all the essential elements of the final virus particle to be present in
the product, only haphazardly combined or maybe more probably only
partially aggregated to form deficient particles. If Luria’s (1947) con-
cept of the virus infection is correct the phenomenon of ‘multiplicity
activation’ would then seem a definite possibility. This problem seemed
to be of sufficient importance to justify an experimental approach.

An answer to the question thus raised might be obtained by a study of
the distribution of takes as a function of the infection dose in the range
between 0 and 100 9 takes. Before describingsome experiments designed
for this purpose, I must briefly touch upon the underlying principle and
attempt to discuss its theory.

If a number of aliquot samples are taken from a suspension containing
an average of x particles per sample volume, the chance distribution of

particles will conform to a Poisson series. Thus the fraction of samples
.. . . . . x?
containing no particles will be e™*, one particle x.e*, 2 particles E.e"‘

LoX" . .. . .
...n particles —'-.e"‘. The fraction containing at least one particle will be
n!

p=1—e™ )

Let the particles be virus particles and one single particle form the
minimal infective dose. Then the formula (1) expresses the percentage of
takes to be expected in a series of inoculations. The co-variation of p with
x can be depicted diagrammatically as the so-called one-hit-curve (Fig.1).
If at least two particles are necessary for infection the probability of

takes will be p=l—c*—xe* 2

the two-hit-curve. This expression is obtained on the assumption that
any two particles will suffice to induce infection, irrespective of whether
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they are identical or not. The essential principle of the theory of multi-
plicity activation is the assumption that particles of different composi-
tion are able to complement each other to form infective units, whereas
two identical, defective particles are not supposed to be able to induce
infection. It is obvious, therefore, that the formula (2) cannot be appli-
cable on this problem.

In trying to elucidate the phenomena to be expected in this case I
will discuss only the simplest situation, i.e. the one in which only two
kinds of incomplete virus particles appear. Let, as before, the average
number of particles per unit volume be x, the fractions of incomplete
particles a, and a,, and the fraction of complete, active particles be b.
We thus have

a+a.+b =1 3

The fraction of samples containing no particles will be e*. Of the
samples with one particle only those containing active virus will be in-
fective. Thus a fraction corresponding to the expression x(a,+a,).e*
will be non-infective. Of the samples with 2 particles some will contain
two identical incomplete particles and thus be non-infective. The ex-
pected combination of particles can be calculated by development of the
expression (¢, +a.-+b)?, and thus the fraction of non-infective samples

should be g(af-l-ajj).e"‘. With the same reasoning the total percentage of
infective samples can be calculated to be

(@) (@)

p= I-e"‘-—(alx—l———z!-——i— 3 +o. .)e"‘—-

— (azx-{—(asz')-{—(ﬂﬂ—i—. .. ) e*

or 3!
po=1—e gl @
As a special case, for b=0, a, = a, = 0-5, the formula (4) transforms into
x\ 2
p—(1-c%) ©)

The curves corresponding to (4) will assume different slopes depending
upon the proportions of the different types of particles, as shown in Fig.
1. The presence of active virus will tend to decrease the slope and so will
differences in the concentrations of the two kinds of incomplete virus.
Thus, the curve corresponding to the formula (5) is hardly distinguish-
able from an ordinary two-hit-curve, whereas the proportions 90:10 of
the incomplete viruses will give a curve that is practically identical with
the one-hit-curve.
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Fig. 1. Theoretical percentage of takes-dosage curves. Ordinate: p == probability of take.
Abscissa: log x (concentration of virus). The curves demonstrate from left to right

. ~(-a)x  -(1rap)r - -
p=1—e*—x.e-*(two-hit-curve); p=1—e (e —e (- ’-{—e x(multlpllcity activa-

tion) for a,+as = 1 and “}/a; = 0-5, 08, and 0-9, respectively; p = 1 — e-x (one-hit-
curve).

What has now been said applies also to curves of higher orders, i.e.
those referring to cases where three or more particles are needed to form
an infective unit. It is thus obvious that it is impossible, from the slope
and shape of any experimental curve, to draw conclusions as to the
actual number of particles necessary to induce infection. As a matter of
fact the interpretation of a biological experiment is even more compli-
cated, as two further factors tend to distort the picture. Firstly, a chance
variation in the size of the inoculum will, of course, increase the stan-
dard deviation of x. Such variation is caused by errors of measurement,
leakage from the site of inoculation, etc. Secondly, variations in the
susceptibility of the test organisms are of very great importance. Differ-
ences in this respect can often be referred to the density of susceptible
cells in an otherwise resistant tissue and need, therefore, not necessarily
originate in constitutional differences of a heriditary nature. Both factors
mentioned will act in the same direction, producing a percentage of
takes-dosage curve of a flatter slope than the theoretical one-hit-curve.
A steeper than normal course, on the other hand, can never result from
such sources of error.

To conclude, an experimental percentage of takes-dosage curve of the
theoretical or even flatter slope is not incompatible with the idea of
multiplicity activation; a steeper than theoretical slope, on the other
hand, is incompatible with the one-hit-theory and suggestive of multi-
plicity reactivation; no clue to the number of particles forming an infec-
tive unit can be obtained from experiments of this kind.
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It must be emphasized that all multiple-hit-formulas hitherto dis-
cussed were calculated on the silent assumption that the entire inoculum
be introduced into one and the same susceptible unit. Thus, x actually
denotes the number of particles per cell. The formulas can always be
applied to such cases where the fate of the individual cells can be ob-
served, as in studies on bacteriophage or plaque-forming viruses in the
chorio-allantoic membrane. Itis notimmediately clear, however, whether
or not they are applicable on intra-allantoic influenza virus infection.

The number of lining cells in the allantoic cavity has been estimated
at about 100 million. To obtain a positive result it is sufficient to infect
one of these cells. Theoretically one single complete virus particle in the
inoculum should, therefore, suffice to produce infection. With the aid of
the formula (5) we can calculate the smallest number of incomplete
particles that must be inoculated to produce infection of one single cell,
i.e. the fraction 10-® of the total number of cells. We have

—-z\2
10# =\1—e 5)
x = 0-0002.
As pointed out above x denotes the number of particles per cell. The
total number of particles that must be injected in the allantoic cavity is
thus approximately 10? times greater or 20,000.

From the above reasoning we can conclude that, if we let x denote the
number of particles per inoculum as is usual, the formula (1) can be
applied unchanged to the infection with active virus but that for calcu-
lation of the probability of multiplicity activation (4) and (5) have to be
transformed.

Let m be the number of cells exposed to the inoculum. The number of
particles per cell will then be Z. If this expression is substituted for x in
(4) and (5), p gives the fraction of infected cells and y=mp will be the
average number of infected cells per egg. The distribution of infected
cells in a series of inoculated eggs must be expected to be of the Poisson
type and the percentage of takes can be calculated as follows:

p=1—ev (4a)
where
y=m (l—e e e ';‘) (4b)

For compution of the corresponding curves it is rational first to study
the functions log (1—e*) and log (1—e~*)?, shown in Fig. 2. Both func-
tions, when plotted against log x, assume a linear course in the range of

small values of x. Thus, for values of % below 10-, y will appear as an
exponential function when plotted on the usual semilogarithmic scale.
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Fig. 2. Left: log (1 —e-*), right: log(1 — e-*)? as functions of log x.
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Fig. 3. Percentage of takes-dosage curves. Heavy lines: functions of the type (4a); left

“‘/a, = 1; right “}/a, = o. Fine broken line: functions (4) and (1), respectively.

Fig. 3 shows (4a) for b = 0 in the two extreme cases “*/a, = 1 and “!a, =
%, For comparison (4) and (1) are shown simultaneously.

With a mixture of active and incomplete virus the probability of takes
will approximate to the sum of the functions (1) and (4a). It is obvious,
therefore, that the effect of multiplicity reactivation will be noticeable
only if the fraction of active virus is very small, 10+ or less. However,
this seems to be the case in a fair proportion of the preparations of ‘third
passage’ virus.
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As von Magnus has pointed out (1951) incomplete virus has the capa-
city of interfering with active virus. A mathematical treatment of this
phenomenon will lead to an expression of the number of infected cells
of the following principal form

y=m. (en—cm) (6)
where x is the total number of particles, a the fraction of interfering
particles, and m the number of cells exposed. The corresponding curve
is shown in Fig. 4. For small x values p increases with x, then passes

m 1
through a maximum at x = Eln; , and again decreases. The agree-
ment with experimental results in mice, published by von Magnus, is
good.

10
o5
00 J |

10" 10° 10' 10!

_ax x
Fig. 4. ‘Auto-interference’ curves: y = m (e " —e™); m=:10;a= 0-7,0-8, and 0-9, re-
spectively. The broken line denotes the range with an average of more than one infected
cell per test organism.

So long as no pure incomplete virus can be obtained without even
traces of active virus a very complex picture has to be expected. There
must occur simultaneously single hit infections, interference phenomena,
and possibly multiplicity activation. On our present level of knowledge
it would be futile to try to construct a composite percentage of takes-
dosage curve. There is but one thing to do: collect empirical data.

The experiments to be described were performed in co-operation with
Dr Arne Svedmyr. The specimens used in the tests were a preparation
of PR8 influenza virus, the Stockholm substrain, known to give standard
passage virus in which no traces of incomplete virus are demonstrable
on sedimentation analysis, and a third passage of the same strain. The
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difference in infectivity titre between the two specimens amounted to
about 3-5 log units.

With each preparation a total of 7 titrations in two-fold dilutions in
groups of 40 to 80 eleven-day eggs were performed, and the results re-
corded after 48 or 72 hours.

The mean percentages of takes through all 7 experiments are shown
in Fig. 5, in which the 509, point, calculated on the basis of the three
central points of the titrations curves, forms the reference point.
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Fig. 5. Mean percentages of takes from 7 titrations of ‘standard’ and ‘third passage’ PR8
influenza virus. The curve corresponds to the function p = 0-9(1 — e-*).
0 = standard virus
-+ = third passage virus.

Concentrating first on the standard virus we find that the slope of
the titration curve is flatter than that of the theoretical one-hit-curve.
It is also remarkable that the curve levels off already at about 90%.
This might happen if by technical faults a certain proportion of the in-
ocula were injected extra-allantoically, if a considerable leakage occurred
after inoculation, or if a certain proportion of the eggs were more resis-
tant than the majority. Whatever the reasons might be, the experiments
were planned to give an even distribution of errors of this nature over
the whole material, and the standard and third passage titrations should
be directly comparable. The fit to a curve giving 909 of the theoretical
p values is good.

There seems to be no appreciable difference between standard and
third passage when the whole range of concentrations is considered. If,
however, only the central part of the curve is analysed—where the slope
is maximum—a certain difference might be discernible. Table 1 shows
an analysis of this kind. In this table for each experiment the attack
rate of the dilution giving approximately 709 takes has been compared
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Table 1
o,
Exp. No. % takes Difference
higher conc. (x) | lower conc. () (=)
1 62-5 45-0 17-5
- 2 67-4 36-0 31-4
E 3 68-0 28-3 39-7
= 4 68-0 220 46-0 Mean diff.
.‘; 5 70-8 28-0 42-8 35.5
6 739 36-7 37-2
L7 62-0 28-2 33-8
o | 1 63-3 16-3 47-0
& 2 69-4 271 42-3
g:”: 3 69-4 15-9 53-5
a 4 68-0 22-5 45-5 Mean diff.
E 5 73-3 22-9 50-4 46.6
< 6 77-1 34-0 43-1
7 64-1 19-5 44-6
Difference third passage—standard 11-1+£4-11

with that of a four times higher dilution. The mean difference in attack
rate between the two points is 35-5 and 4669 for standard and third
passage, respectively. Thus, standard and third passage differ in this re-
spect by 11-1%, a difference that would occur by chance not more than
1 to 2 times in 100 tests.

A complete co-variation analysis of the material pertaining to the three
central points gives coefficients of regression of 0-181 and 0-231 respec-
tively. In this case the significance of the difference is slightly less, as it
would happen between 2 and 5 times out of 100.

It is obvious that the present experiments do not permit a definitive
answer to our question. As pointed out above, experiments of this type
can hardly ever disprove the hypothesis of multiplicity reactivation, even
when the results are completely negative. In our case the outcome is—if
anything—suggestive of a positive result, although it would be hazardous
to draw any conclusions. Further experiments along the same line must
be regarded as highly justified. It then is of importance to try to obtain
a preparation of incomplete virus better suited for the purpose. As
already mentioned, admixture of active virus tends to make the effect of
multiplicity activation less noticeable or cover it completely. Our pre-
sent preparation of third passage virus with an infectivity titre only 3-5
log units less than that of the active virus can probably not be regarded
as quite satisfactory.

It might seem unwise to present our material in its present preliminary
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state. However, the main reason for this paper was not to describe the
experiments as such but to raise a discussion of the theory of multiplicity
activation, a problem of the utmost importance for the understanding of
the mechanisms of virus infection and virus multiplication.
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DISCUSSION

L. HOYLE: How long a period elapsed between collection of allantoic
fluid from the eggs used and the performance of the centrifugation ex-
periments? There is reason to believe that particles of virus are more
hydrated immediately on leaving the cells than is the case after a period
of storage and this may affect measurements of particle size.

S. GARD: Some three days. This would be long enough to allow stabili-
zation of the particles.

L. HOYLE: What is the latest estimate of the particle size of the incom-
plete virus?

S. GARD: For certain reasons (differences in specific volume) the sedi-
mentation constants are not a reliable measure of the relative particle
sizes. The results of sedimentation studies indicate, however, a consider-
able heterogeneity of the incomplete virus, which is further borne out by
electron microscope observations showing the presence of particles of
greatly varying size, from 120 mu downwards.

C. H. ANDREWES: Dr Gard has said that presence of much active virus
shifts production in favour of active virus and similarly incomplete virus
pushes things the other way. Yet essentially excessive doses of active
virus seem to lead to incomplete virus production. Again when active
virus is at a minimum after several passes and incomplete virus is
dominant, there seems to be a shift back again to active virus. There
seems a discrepancy here.

S. GARD: Generally speaking, the production of incomplete virus
requires fulfilment of two conditions: (@) multiple infection, (b) presence
in the inoculum of some complete virus. The proportions of the two
variants in the yield is dependent upon their proportions in the inoculum.
I will not try to explain this empirically found fact. The reason for a
shift towards larger yields of active virus after 3 or 4 passages is to be
found in the fact that the total yield decreases and consequently also the
multiplicity of infection in the subsequent passages.

D. J. BAUER: It would be interesting to know what happens to the
second component when more than three passages are carried out. If
the curves continue the same trend the paradoxical situation will arise
in which a haemagglutin is being propagated which is not infectious.

S« GARD: According to von Magnus the total yield of virus protein is
somewhat smaller when the proportion of incomplete virus reaches
maximum. In a subsequent passage the multiplicity of infection will
thus be lower and the result is a product with more complete virus.
Experiments with artificially concentrated seed virus have not yet been
made.

F. C. BAWDEN: We have not yet achieved the position postulated by
Dr Bauer, for a wholly non-infective antigen would not be perpetuated,
but we have approximated to it with broad bean mottle virus (Bawden,
Chaudhuri & Kassanis, Ann. Appl. Biol., 1951, 38, 774). With most plant
viruses there is a factor of about 1/1000 between the precipitin titre and
infectivity of extracts from infected plants. For instance, with tobacco
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mosaic virus the precipitation- and infection-end points are about
1/1,000, and 1/1,000,000, and with potato virus Y 1/20 and 1/10,000
respectively. With broad bean mottle virus, by contrast, the precipita-
tion- and infection-end points are almost the same. Infected leaves give
extracts containing as much as 2 g. of anomalous nucleoprotein per
litre, but most of this seems to be non-infective.



THE MULTIPLICATION OF THE INFLUENZA
VIRUS CONSIDERED IN RELATION TO THE
GENERAL PROBLEM OF BIOLOGICAL
MULTIPLICATION

L. HOYLE
Public Health Laboratory, Northampton

It is very probable that all biological multiplication is fundamentally
similar in nature, and that a complete understanding of the multiplica-
tion of a simple living agent would be of the greatest help in under-
standing the behaviour of more complex forms. It is for this reason that
a study of virus multiplication is of more than ordinary importance and
interest.
INTRACELLULAR MULTIPLICATION OF THE
INFLUENZA VIRUS

The following are the essential facts which have been observed in recent
years in studies of the multiplication of influenza virus in the allantoic
sac of the fertile egg (Hoyle, 1948, 1950, 1952; Henle, 19494, b; Henle &
Henle, 1949; Burnet, 1951a, b; Burnet & Lind, 1951a, b).

The influenza virus elementary body is equipped with a specific pro-
perty—the red cell agglutinin—which has an affinity for mucoprotein
receptors present in the wall of susceptible host cells (Hirst, 1942, 1948).
The first stage in infection is a union between the agglutinin of the ele-
mentary body and the cell receptors. The virus also possesses an enzyme
which is able to destroy the cell mucoprotein, but infection is not depen-
dent on the action of this enzyme. The elementary body appears to be
actively taken up by the cell itself (Burnet, 1948; Fazekas de St Groth,
1948). On entry into the cell the elementary body disappears and for a
period of about 2 hours no evidence of the presence of virus in the cell
can be obtained. Extracts of the chorio-allantoic membrane at this stage
do not agglutinate red cells and have an infectivity titre which is so low
that it probably represents merely stray virus which has not entered the
cells at all. The extracts also contain no demonstrable complement fixing
antigen, though this finding is of little significance since the complement
fixation test is barely sensitive enough to detect the amount of virus
which can be induced to enter the cells.

The first evidence of growth of the virus is the appearance at 2 hours
of complement fixing soluble antigen in the cells. The antigen increases

NVM 15
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rapidly between 2 and 4 hours and ultimately attains an amount about
100 times that present in the original inoculum. The antigen is not infec-
tive and does not agglutinate red cells. Chemical studies (Hoyle, 1952)
indicate that it is probably a ribonucleoprotein. The particle size of the
antigen is smaller than that of the infective virus.

Extracts of infected chorio-allantoic membrane develop the ability to
agglutinate red cells between 3 and 4 hours after inoculation. The
appearance of the agglutinin is rather sudden, but the amount which ap-
pears does not become greater than that present in the original inoculum
until after about 4 hours. The appearance of agglutinin coincides with
the appearance of a strain-specific complement fixing antigen which is
distinct from the non-specific soluble antigen. Both these agents, agglu-
tinin and specific antigen, are adsorbed by red blood cells and it seems
probable that they are identical. The agglutinin is not infective, but
possesses enzymic properties similar to those of the elementary body,
uniting with and destroying the mucoprotein receptors of red cells.
Under certain circumstances non-infective agglutinin may appear in
the allantoic fluid and has been found to have a particle diameter about
half that of the elementary body (Gard & von Magnus, 1946; von
Magnus, 19514, b, c).

Infective virus does not appear until between 5 and 6 hours, and is
immediately excreted into the allantoic fluid. The observations suggest
that infectivity is acquired as a result of excretion from the cells. From
6 hours onward there is a rapid rise in the infectivity and agglutinin
titre of the allantoic fluid. If the fluid is examined in the dark back-
ground microscope a variety of particles are seen which are not found
in normal allantoic fluid. These include numerous elementary bodies of
particle size 1,000-1,500 A.U., filaments of diameter 1,250 A.U., and
small particles of sizes ranging from 120-600 A.U. In addition large
spherical globules of from 2,000-50,000 A.U. may be seen. All these
particles may be adsorbed by red cells and subsequently eluted. Exami-
nation of the cells of the chorio-allantoic membrane in the dark back-
ground microscope at the time when the agglutinin titre of the allantoic
fluid is rising shows that spherical and tubular protrusions appear from
the margins of the cell, and may break away from the cells. The tubular
protrusions often segment into bead-like chains. On breaking away
from the cells all types of protrusion tend to shrink, and it seems probable
that the elementary bodies and filaments present in infected allantoic
fluid are derived from the cells in this way. Very similar appearances are
seen in electron microscope preparations (Eddy & Wyckoff, 1950; Mur-
phy, Karzon & Bang, 1950; Wyckoff, 1951), the fragmentation of fila-
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ments into bead-like chains being well seen, but the larger types of cell
protrusion are not seen in electron microscope preparations as they are
probably too delicate to withstand drying and fixation.

The whole process suggests a disturbance in the balance between the
internal osmotic pressure in the cell and the strength of the cell mem-
brane, possibly a result of the enzymic action of the virus on the cell wall.
Very similar protrusions can be produced from normal cells under con-
ditions in which the osmotic balance becomes disturbed.

STRUCTURE OF THE VIRUS ELEMENTARY BODY

If a preparation of elementary bodies made from infected allantoic
fluid by adsorption and elution from red cells is shaken with ether the
elementary bodies and filamentous forms disintegrate. A lipid can be
recovered from the ether which has serological characters suggesting that
it is derived from the host cell. The aqueous phase contains only small
particles of two distinct types, one a complement fixing particle appar-
ently identical with soluble antigen, and a second particle with red cell
agglutinating properties. Both particles have a size of 120 A.U. but
aggregates of larger size are also found of which one of 500 A.U. dia-
meter is common (Hoyle, Reed & Astbury, 1952). The complement
fixing soluble antigen particle is apparently a ribonucleoprotein. It has
the general properties of a protein; it forms an insoluble complex with
lanthanum salts; it is partially inactivated by crystalline ribonuclease
and more completely inactivated by trypsin. If it is treated with alcohol
at room temperature a serologically active fraction, probably nucleic
acid, can be recovered from the denatured precipitate. The red cell agglu-
tinating particle has the chemical properties of a protein and shows en-
zymic activity, destroying the mucoprotein receptors of the red cell. The
serological properties of the agglutinin are peculiar. Unlike the intact
elementary body and the soluble antigen it does not react in complement
fixation tests if short fixation is used, but if the fixation time is prolonged
it gives complement fixation both with strain specific sera and also with
group sera reacting only with soluble antigen. (Hoyle, 1952).

Electron microscope pictures of intact elementary bodies show many
particles which are not truly spherical but show an appearance suggest-
ing a hexagon with rounded corners. The first stage in ether disintegra-
tion appears to be a collapse of a surrounding membrane, the body
becomes flat and swollen and is clearly seen to contain many particles of
smaller size. The hexagonal form may be retained, the body appearing
as a rounded flat hexagon. Further treatment with ether results in total
disintegration with the release of numerous small particles. The ele~
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mentary body thus seems to consist of a packet of smaller units of two
types—soluble antigen and agglutinin—enclosed in a lipid membrane,
and the hexagonal form probably results from hexagonal close packing
of the smaller units.

Any satisfactory theory of virus multiplication must fit in with the
above facts and in addition must offer some explanation of the pheno-
menon of adaptation, the existence of different variants of the same
virus, the artificial production of variants in the laboratory, and the
phenomenon of interference.

THEORIES OF MULTIPLICATION

Many workers with animal viruses have believed that these resemble
bacteria and that their multiplication in the cells was similar to that of
bacteria in a culture medium. The phenomena described above are quite
incompatible with any such view. If it were true then in the course of
intracellular multiplication the various properties of the virus should
become detectable in the following order, dependent on the relative
sensitiveness of the tests used: Virus should first be demonstrable by in-
fectivity tests, then by red cell agglutination, and finally by complement
fixation. In fact the observed result is the exact opposite, increase in
complement fixing antigen is detectable at 2 hours, red cell agglutinin
becomes detectable at 3 hours and increases above the original level at
4 hours, while the infectivity titre does not rise until 5-6 hours. Further
no virus can be detected in the cell by any method in the first 2 hours.
The original inoculum appears to be destroyed.

But a more serious criticism can be made. Bacteria do not multiply
by fission. The statement that a bacterium on introduction into a culture
medium first enlarges in size and then divides is true, but offers no ex-
planation of the phenomenon of biological multiplication. The problem
is the increase in size which precedes fission. Fission has nothing to do
with multiplication but is concerned with survival. By dividing an organ-
ism doubles its chances of survival, but multiplication in the sense of
increase in substance can occur without fission.

It is worth while to consider what must be happening when a bac-
terium increases in size on being introduced into a culture medium. The
organism contains many kinds of molecules of much larger size and
complexity than those available in the medium. All these molecules in-
crease in number. Most of the large molecules are produced by the
action of enzymes, but the enzymes are themselves increased and must
be produced from some other precursor or gene. In the end there must
be some unit or units which are self-replicating and it seems probable
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that these fundamental units are nucleoproteins. The multiplication of
a bacterium must therefore be divisible into three stages, nucleoprotein
replication, enzyme production, and enzyme action. This is precisely
what occurs in the intracellular growth of the influenza virus. The nucleo-
protein soluble antigen increases first, then enzymically active agglutinin
appears, and finally the virus escapes from the cell as a result of the
action of the enzyme on the cell wall. The suggestion that viruses or
bacteria multiply by fission is merely an evasion of the fundamental
issues.

Two theories have so far been advanced which offer a reasonably
satisfying explanation of the observed facts, that of the writer (Hoyle,
1948, 1950) and that of Burnet & Lind (1951).

Hoyle's hypothesis

This concept may be briefly described as follows. The elementary
body consists of a packet of smaller units, soluble antigen and agglu-
tinin, enclosed in a lipid envelope derived from the wall of the host cell.
The agglutinin is responsible for the initial union with the cell. On entry
into the cell the lipid envelope fuses with the wall of the host cell, the
elementary body is disintegrated and the smaller units enter the cell.
The soluble antigen is a self-replicating ribonucleoprotein which multi-
plies in the cell. At a later stage agglutinin is formed from the soluble
antigen, the particular type of agglutinin being conditioned by the pre-
sence of agglutinin from the original inoculum which acts as a pattern.
The agglutinin and soluble antigen tend to aggregate and the complex
possesses enzymic activity and is able to destroy the mucoprotein of the
cell wall. This results in a mechanical weakening of the cell wall and
protrusions develop which contain aggregating virus protein. The pro-
trusions break away from the cell and ultimately form elementary bodies
as a result of loss of water and continuing internal aggregation of the
virus units.

Hypothesis of Burnet and Lind

This was derived from a study of variation in influenza viruses and is
very similar to the concepts advanced in recent years by workers with
bacteriophage (Luria, 1950). Burnet & Lind found that if cells are in-
fected with two strains of virus with different biological properties, under
suitable conditions a new strain can be isolated with properties partly
derived from one of the original strains and partly from the other. They
regard the virus as a complex of a number of different smaller units each
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of which possesses self-replicating powers and which they regard as
genetic units. On entry into a cell the body disintegrates, the various
genetic units replicate independently, and ultimately infective virus is
formed by a process of aggregation of the smaller units.

There is clearly considerable similarity between the two hypotheses,
but each presents special advantages and difficulties.

The Problem of Self-Replication

Both theories involve the concept of the existence of large macro-
molecular or genetic units with self-replicating powers. It is difficult to
understand how such self-replication can occur. Viruses do not contain
the enzymes necessary for protein synthesis (Bauer, 1949), and there is
no reason to suppose that a gene is able to synthesize itself from nutrient
materials entering the cell. The cell must contain a system capable of
synthesizing nucleoprotein but as there is no reason to suppose the
existence of a special synthesizing enzyme for each individual protein or
nucleic acid the system must be non-specific in that it is capable of pro-
ducing any nucleoprotein. The self-replicating unit must enter the system
at some stage and direct the synthesis so as to produce a replica of itself.
Two methods have been suggested. According to the first the molecule
increases by the addition of smaller units from its environment in a
series of layers, the molecular structure of the underlying layer deter-
mining that of the superimposed one. The process would be similar to
crystallization (Troland, 1917; Stanley, 1938). Such an idea seems to
involve a progressive increase in size of the macromolecule, and it is
therefore necessary to suppose that at a later stage the enlarged form
breaks into smaller units. However the appearance of inclusion bodies
in cells in many virus diseases, and in some cases the appearance of intra-
cellular crystals might suggest some such process. The second idea is
that of the intervention of a negative template (Gulick, 1938; Langmuir
& Schaefer, 1938; Pauling, 1940; Darlington, 1944). The original macro-
molecule creates from its environment a molecular grouping which is
its own opposite and this template in turn reproduces the original mole-
cule. A preliminary unfolding of the nucleoprotein chain seems to be
necessary. The template would have to have a structure as large and as
complicated as the original macromolecule and it seems evident that the
template would itself be a nucleoprotein. If this were so it would itself
be a replicating unit, and one might consider the possibility that nucleo-
protein molecules are composed of two equal and opposite halves, each
half acting as a template for the synthesis of the other.

It is also possible that the actual direction of nucleoprotein synthesis
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is not due to the intact nucleoprotein molecule itself but to some smaller
unit which results from its disintegration.

Whatever the mechanism may be the existence of large nucleoprotein
units with genetic continuity cannot be doubted.

Interference between replicating molecules

The hypothesis of Burnet & Lind involves the simultaneous multipli-
cation in the cell of a number of different genetic units. This raises the
question as to whether it is possible for a number of different replicating
units to exist in the same system at the same time. If all such units are
nucleoproteins they will be built of the same basic materials. The rate
of replication will be conditioned by the supply of basic materials. The
multiplication of soluble antigen in cells infected with influenza virus is
dependent on the adequate supply of nutrient material from outside.
Bacteriophage synthesis is similarly dependent on nutrient material
entering the cell. There is also evidence that virus synthesis in cells is
carried out at the expense of normal protein synthesis.

If two different units are replicating in a cell at the same time, as soon
as the amount present becomes so large that the supply of nutrients be-
comes inadequate there will be a competition for the available material,
and whichever replicating unit is present in largest amount will be more
likely to secure the nutrient and will therefore increase relative to the
other. This process must ultimately result in one unit overwhelming the
other. It is therefore possible that only one replicating unit can exist in
a cell at one time. This might explain the phenomenon of interference
between viruses. A cell infected with influenza virus A will not support
the growth of virus B introduced later. It also suggests that a certain
minimal dose of virus protein must be introduced into a cell in order to
overcome the normal protein synthesis. This might explain why the pre-
cursor of Gard & von Magnus, a particle of essentially the same struc-
ture as the elementary body but only about one eighth of its volume, is
apparently non-infective.

There is however one condition in which this reasoning would not
apply. If a number of replicating units A B C D are responsible for the
production of a number of enzymes a b ¢ d, and the presence of all these
enzymes is necessary for the synthesis of any of the units A B C D, then
these units will increase in parallel, a state of symbiosis will exist in which
the replication of one unit is dependent on the simultaneous replication
of the others. Such interdependent units might well form an aggregate
or complex in the cell, and it is possible that some of the larger particles
present in cell cytoplasm are aggregates of such interdependent units.
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Fundamental role of the soluble antigen

The writer believes that all strains of influenza virus A contain a
fundamental replicating nucleoprotein, the soluble antigen, which is the
same in all strains of virus A and differentiates virus A from virus B.
Burnet & Lind would regard the soluble antigen as only one of a number
of equally important replicating units and if their view is adopted there
is no essential difference between virus A and virus B and it should be
possible by the methods used by Burnet & Lind to produce a hybrid
strain in which the soluble antigen of virus A is combined with the agglu-
tinin of virus B. This would be much less likely to occur if the writer’s
hypothesis is correct. The experiment has not yet been tried, but it is
perhaps significant that no such hybrid has ever been isolated in nature.
The possession of soluble antigen of A type seems to involve the posses-
sion of certain types of agglutinin associated with strains of A type and
is not compatible with the possession of agglutinins of B type.

In growth cycle experiments the multiplication of soluble antigen
precedes the appearance of all other activities, suggesting that this unit
plays a fundamental role. On the view of Burnet & Lind multiplication
of soluble antigen and agglutinin should proceed simultaneously. It has
been suggested by Liu & Henle (1951) that this is really true but that
the agglutinin is not detected in the early stages because it combines with
an inhibitor present in the chorio-allantoic membrane. They find that if
membrane extracts are prepared with a period of treatment with the re-
ceptor destroying enzyme of V. cholerae, agglutinin is released from
combination with inhibitors and is then detected at the same time as
soluble antigen. The writer has studied this question with some care and
is unable to agree with the interpretation. If in the preparation of mem-
brane extracts the suspension is incubated for some hours as in the
method of Hoyle (1948) the agglutinin present is able to destroy the
inhibitor, and in this case there is little increase in yield if receptor
destroying enzyme is used. The time of detection of soluble antigen and
agglutinin is dependent on the sensitiveness of the method of detection.
If the two agents were multiplying simultaneously the agglutinin should
be detected first in view of the greater sensitiveness of the agglutination
test as compared with complement fixation. This result never occurs. If
the yield of agglutinin and soluble antigen is measured in terms of the
amounts of these agents present in the virus originally inoculated it is
found that increase of soluble antigen precedes increase of agglutinin
by about 2 hours. Soluble antigen production also precedes agglutinin
production in the lungs of infected mice (Fazekas de St Groth & Don-
nelly, 1950).
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Northrop, Kunitz & Herriot (1948) have suggested a mechanism of
protein and enzyme synthesis in cells which is of interest in this con-
nection. They suggest that cells first synthesize a species—specific pro-
teinogen, the energy for this synthesis being obtained by a transfer by
means of coupled reactions of the energy obtained by breakdown of
nutrient materials. The proteinogen itself directs the synthesis to repro-
duce its own structure. It is further suggested that the proteinogen con-
tains nucleic acid and has characters resembling a denatured protein.
From this proteinogen the various specific native proteins of the cell are
produced by a catalytic reaction. This second stage would not require
energy and could take place anywhere in the cell. The production of an
enzyme from its precursor is cited as an example. The soluble antigen
appears to have the characters of such a proteinogen and might well act
as a precursor of the enzymically active agglutinin. The writer suggested
(Hoyle, 1950) that most of the agglutinin was synthesized during the
attack of the virus on the cell wall in the later stages of intracellular
growth. It may be objected that this synthesis required energy, but if
the agglutinin is produced from soluble antigen according to the scheme
of Northrop, Kunitz & Herriot this difficulty disappears since the con-
version of a denatured protein into a native protein does not require
energy.

Serology of the influenza viruses

Influenza viruses can be divided into two quite clear-cut groups, A
and B by means of the complement fixation reaction given by their
soluble antigens. By the haemagglutination test each group can be sub-
divided into different strain types, but these are not sharply defined,
although one particular type of haemagglutinin may be dominant in a
given strain small amounts of other haemagglutinins are usually present.
There is however no relation at all between the haemagglutinins of A
and B viruses. If as supposed by the writer the complement fixing solu-
ble antigen is a fundamental replicating unit while the various haemagglu-
tinins represent different enzymes which can be produced from it the
serological results are completely explained. On the theory of Burnet &
Lind the results are much less easily understood and could certainly not
have been predicted.

Problem of the fate of the original inoculum

The disappearance of the original inoculum is one of the most difficult
problems of virus multiplication. The chorio-allantoic membrane will
take up between 500 and 1,000 agglutinin units of virus. But one hour
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after inoculation no agglutinin can be demonstrated in membrane ex-
tracts, even with the use of receptor destroying enzyme. Nor can virus
be demonstrated by complement fixation tests, even if prolonged fixa-
tion is used to increase the sensitiveness of the test. The virus originally
entering the cells is not merely disintegrated into agglutinating and com-
plement fixing units, it seems to entirely disappear. It might be that on
entry into the cell the virus became so firmly linked to some cell con-
stituent that it could not afterwards be demonstrated, but such an effect
should be equally well demonstrable under in vitro conditions. Some
destruction of virus does occur under in vitro conditions, and this effect
is produced by some constituent of the cell stroma. If a frozen and
thawed suspension of chorio-allantoic membrane is centrifuged the
supernatant fluid does not destroy virus but the resuspended sediment
does. However the destruction demonstrable in vitro is very much less
complete than in the living egg, suggesting that the effect is not solely
due to adsorption to some cell constituent but is an active process
involving energy changes.

It has sometimes been suggested that the union of virus with a cell is
similar to the fertilization of an ovum, in that only one particle can enter
the cell and that this produces some change in the cell surface which en-
sures the destruction of particles arriving later. But there is no evidence
of the survival of even one particle per cell. The allantoic sac is lined by
some 100-200 million cells so that even if only one particle entered each
cell, virus should be readily demonstrable in membrane extracts. There
is however a limit to the number of particles which will unite with the
cells, and this may possibly be due to destruction of receptors on the
cell surface.

Adopting the ideas of Northrop, Kunitz & Herriot it is possible to
offer the following very tentative explanation of the disappearance of the
original inoculum. We may suppose that in the normal cell the nucleo-
protein proteinogen is synthesized from nutrient materials by a catalytic
reaction which is non specific in that it can potentially produce any
nucleoprotein. Synthesis is probably effected by some relatively large
aggregate of interdependent enzymes. The cell proteinogen will consist
of two parts, one of which is combined with the synthesizing mechanism
and is directing the synthesis to produce replicas of itself, while a second
part is freely distributed through the cytoplasm and is being converted
into the various native proteins of the cell. It is known that the ribonu-
cleic acid of cell cytoplasm is partly concentrated in the relatively large
mitochondria, and partly distributed in much smaller particles—the
microsomes. As a result of the fusion of its surrounding membrane with
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the cell membrane the elementary body on entry into the cell disinte-
grates into soluble antigen and agglutinin particles. The soluble antigen
is a replicating nucleoprotein and may be expected to compete with the
cell proteinogen for the protein synthesizing mechanism. If the amount
of virus proteinogen (soluble antigen) introduced is sufficiently large the
cell proteinogen will be displaced from its directing role and the subse-
quent nucleoprotein synthesis will be directed by the virus. The disap-
pearance of soluble antigen is therefore due to its entering into firm union
with the nucleoprotein synthesizing mechanism. If the hypothesis of
Burnet & Lind is accepted both agglutinin and soluble antigen are re-
garded as replicating units and the disappearance of both units would be
accounted for. On the writer’s theory the disappearance of the agglu-
tinin cannot be accounted for in this way. However if it is supposed that.
agglutinin is derived from soluble antigen these two agents are probably
normally in equilibrium in cell cytoplasm so that the removal of soluble
antigen from the system by adsorption to the nucleoprotein synthesizing
mechanism will result in the conversion of agglutinin into soluble anti-
gen, a reversal of the normal reaction. This reversal would require
energy and might therefore only occur under in vivo conditions.

Maintenance of strain type on passage

There is no difficulty in accounting for the persistence of similar bio-
logical characters such as serological type on serial passage, if each
character is supposed to be carried by a special replicating unit. If how-
ever there is only one replicating unit which is potentially able to produce
all the different types of agglutinin, etc., then it becomes necessary to
explain how the strain maintains the same characters on passage. The
characters of the original inoculum must in some way be carried over to
reappear in the newly-formed virus. It may be that a small amount of
the agglutinin of the original inoculum survives and acts as a pattern for
the production of agglutinin later, or alternatively the enzymic activities
of the original inoculum may cause the appearance in the cells of pro-
ducts of enzyme action which stimulate the production of the same en-
zyme later. The production of adaptive enzymes in bacteria may be
stimulated by the presence either of the substrate or the products of the
enzyme action.

Incomplete growth cycles

Most of the work on the virus growth cycle has been done with strains
of virus highly adapted to growth in the host cell used, but very interest-
ing results may be obtained in experiments in which the strain is not
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well adapted to the host cell. In such cases an incomplete growth cycle
may be encountered in which the preliminary stages of multiplication
may occur but the cycle is arrested before the appearance of fully in-
fective virus. Schlesinger (1950) showed that when mouse brain was
inoculated with a non-neurotropic strain of virus production of com-
plement fixing antigen and haemagglutinin occurred but there was no
production of infective virus. The yield of incomplete virus was pro-
portional to the amount of infectious virus originally inoculated.

Incomplete growth cycles are sometimes encountered in eggs when
the virus used is not egg-adapted. Thus when the D.S.P. strain of virus
A which has been used in most of the writer’s work was first isolated
from man at the first egg passage no virus could be demonstrated by
haemagglutination tests, but complement fixing antigen was readily de-
tected. Similar phenomena have sometimes been seen when strains of
virus B adapted to growth in the amniotic sac were transferred to the
allantoic sac. On several occasions production of complement fixing
antigen occurred in the chorio-allantoic membrane but the yield of haem-
agglutinin was negligible and the allantoic fluid failed to infect eggs on
further passage.

Even with highly adapted virus incomplete cycles may occur if the
inoculum used is large (von Magnus, 19515). The usual result of such
a procedure is the production of a large amount of non-infective
agglutinin. This probably results from a premature disintegration of the
cytoplasm of the host cell before the intracellular cycle is complete.

Problem of adaptation, variation and mutation

When influenza virus from man is introduced into a fertile egg growth
may be obtained only with difficulty, but with serial passage the strain
becomes adapted, and growth becomes more rapid and the yield of virus
increases. Definite changes in the biological properties of the virus
occur—the O-D variation. Burnet regards this process of adaptation
as due to the selection of a mutant present in small amount in the origi-
nal virus population, the mutant being better adapted for growth in the
egg than the original strain. The variation only occurs if passages are
made with large inocula, if inoculations are made at dilutions close to
the limits of infectivity the characters of the original strain are main-
tained. This suggests that the variation is not due to gradual adaptation
to a new environment but is due to the selection of a pre-existing mutant.

Burnet believes that whenever a large population of virus particles
develops from a single small inoculum a few particles are formed which
differ from the majority. If any new biological property appears this
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must indicate the appearance of a new genetic unit, and Burnet regards
the new strain as a mutant. But it is possible that the changes involved
in adaptation and variation do not involve the appearance of new repli-
cating units but represent the development from the same replicating
unit of a new type of enzyme. The new strain is not a mutant but a
variant. It would be expected that the development of a new type of
enzyme would be due to some effect of the environment, and in fact
Magill & Sugg (1948) have suggested that the O-D change is to some
extent dependent on the environmental conditions.

Recombination of strain characters, production of hybrid strains

Burnet & Lind (1951a, b) showed that when cells were infected simul-
taneously with two different strains of influenza virus, under suitable
conditions it was possible to recover a new strain the properties of which
were partly derived from one of the original strains and partly from the
other. Similar phenomena occur with bacteriophage and these observa-
tions afford very strong evidence that in the course of intracellular
growth virus becomes disintegrated into smaller units and is later reformed
by a process of aggregation or recombination of the smaller units. In
this way it is possible for the characters of one strain to become trans-
ferred to the other.

Recombination however occurs only between closely related viruses.
With viruses which are not closely related interference occurs and one
virus suppresses the other.

Burnet & Lind suggest that for recombination to occur the genetic units
which become interchanged must have allelomorphic relations with each
other. The writer’s hypothesis offers perhaps a better explanation. It
might be that recombination of characters is only possible between
strains having a common replicating unit, while if the replicating units
are different interference occurs. It may be possible to classify viruses
in this way, viruses showing the phenomenon of recombination being
regarded as variants of the same species.

The interference phenomenon

The interference phenomenon is one of the most remarkable charac-
teristics of virus growth and must be accounted for by any satisfactory
theory of virus multiplication. It is becoming increasingly evident that
interference between viruses is a complex phenomenon. The initial union
of virus and cell is due to the union of viral agglutinin with cell receptors.
Destruction of the cell receptors will prevent infection of the cells (Stone,
1948). Inoculation of eggs with large doses of virus may result in total
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destruction or blocking of the cell receptors so that a second virus intro-
duced later may fail to infect the cells. This phenomenon probably ac-
counts for the interference between viruses inactivated by ultraviolet light
or by heat and active virus introduced later (Zeigler, Lavin & Horsfall,
1944). The non-infective agglutinin which is found in the allantoic fluid
of eggs inoculated with a large dose of virus (Gard & von Magnus, 1946)
probably interferes with the growth of active virus in the same way. In
all these cases a relatively large amount of the interfering agent is neces-
sary to prevent multiplication of active virus. But it is not certain that
destruction or blocking of cell receptors entirely accounts for the inter-
fering powers of various types of non-infective or inactivated virus with
the homologous active virus (Henle & Henle, 1947), and it seems most
unlikely that it can account for the interference between totally distinct
viruses such as influenza A and B (Ziegler & Horsfall, 1944). In these
cases the cell receptors are not identical and total destruction of the cell
receptors for one virus could not prevent infection by the other. It seems
necessary to look for some intracellular effect and it seems probable that
the phenomena are to be explained by the interference between replica-
ting units discussed above. Active virus introduced into a cell appears
to combine with the nucleoprotein synthesizing mechanism and a second
virus introduced later may be unable to displace the first virus from its
role in directing the course of nucleoprotein synthesis.

A third method of interference is also possible. Infectivity appears
to be to some extent a function of the size of the infecting particle. Thus
although infected allantoic fluid contains a large range of particles of
virus protein from 120 A.U. diameter and upwards, it appears that parti-
cles of less than about 800 A.U. are non-infective. If active virus is
growing in the cells and a large amount of a second virus is introduced
later the enzymic effects of the second inoculum may produce so great a
mechanical weakening of the cell wall that the cell begins to disintegrate
prematurely and particles are released from the cell before much aggrega-
tion has occurred and before the normal intracellular cycle is complete.
The effect would be similar to the phenomenon of ‘lysis from without’
shown by bacteriophage. The active virus would be released in the form
of incomplete particles too small to show infectivity. The phenomenon
of auto-interference, in which the yield of infective virus becomes re-
duced if the original inoculum is too large may be explained in this way.

Possible fusion of the theories of Hoyle and of Burnet & Lind

The two theories, although differing in some respects, have a great
deal in common and it might not be too difficult to effect a compromise
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between them. One might suppose that each of the genetic units of
Burnet & Lind existed in two states, a non-specific replicating state and
an enzymically active but non-replicating state. On entry of the virus
into the host cell the genetic units would be converted into the non-
specific replicating state, in which they would be serologically indis-
tinguishable but capable of replication. This state would correspond to
the soluble antigen. Later the units would undergo a change of state,
becoming enzymically active and serologically specific but losing the
ability to replicate. Agglutinin would then appear in the cells.

However it is probably best to regard both theories as working hypo-
theses which suggest further lines of work rather than to attempt on in-
adequate data to decide between them or effect a compromise. This is
especially so as the theories involve some rather different philosophical
concepts.

Nature of the influenza virus

The writer regards the influenza virus elementary body as a detached
fraction of the cytoplasm of the infected host cell. The detaching of
portions of cytoplasm from cells may well be a very frequent or even a
normal phenomenon in the course of the life of the cell, but not all such
fractions will show virus activity. In order to show the activities of a
virus the cell fragment must fulfil two conditions, it must be able to enter
another cell and it must contain a sufficient amount of a replicating
nucleoprotein to be able to reproduce itself on entry into that cell.

These conditions will be best fulfilled if the replicating nucleoprotein
is itself able to produce an enzyme attacking the cell wall. The produc-
tion of such an enzyme will enable the replicating unit to escape from
the cell and will facilitate its entry into a second cell. It is becoming in-
creasingly clear that very many viruses fulfil these two conditions. All
viruses appear to consist largely of nucleoproteins, and the production
of ‘soluble antigens’ in the infected cell is an outstanding characteristic
of virus multiplication. The production of enzymes attacking cell walls,
at first thought to be peculiar to the influenza group of viruses, is steadily
being extended to other viruses and may well prove to be a general
phenomenon. The toxic and disease producing activities of viruses may
be largely a result of the actions of these enzymes.

SOME PHILOSOPHICAL CONSIDERATIONS

We have seen that Burnet regards the process of adaptation and varia-
tion as due to the selection of pre-existing mutants, and that the pro-
duction of such mutants in small numbers is characteristic of virus
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multiplication. Such a process of mutation must represent the appear-
ance from time to time of entirely new types of genetic unit, since it can
scarcely be believed that every virus elementary body includes at least
one example of all possible genetic units. In the general field of bio-
logical evolution also new types of genetic unit must appear from time
to time, the only possible alternative being to believe that the original
‘primeval cell’ included one molecule of every possible replicating nucleo-
protein.

There are only two ways in which a new type of genetic unit or a new
type of replicating nucleoprotein can appear. It might be produced by
modification of a previously existing unit as a result of some interaction
with the environment, or it may be created de novo.

It may be impossible to decide between these two alternatives. Thus
in order to demonstrate that a virus population includes a small number
of mutant forms it is necessary to carry out some experiment designed
to isolate the mutants, and it is impossible to be sure that the experiment
does not itself cause the appearance of the mutant. This is of course the
old difficulty that the act of observing a phenomenon is itself a part of
the phenomenon, and that the observer is himself a part of the world he
observes. However Burnet specifically denies that mutants are pro-
duced by an adaptation to a new environment, and it would seem that
his concept involves the idea of the continuous creation of new types of
genetic unit. Mutation is elevated to the status of a natural law. But
if we are to believe that, whenever a large number of virus particles de-
velops from a single original one, one particle is different from all the
others, we are then faced with the tremendous problem of who or what
decides which one.

The writer suggests that adaptation and variation is not due to the
appearance of new types of replicating unit, but to the development from
the same replicating unit of new types of enzyme or other active mole-
cule as a response to environmental conditions. The concept of self-
replication becomes meaningless if the new units produced are not in
fact replicas of the original. Some form of constant invariable basic
unit seems to be necessary to introduce order into the biological world,
in the absence of such units the living world would become a chaos. In
contrast with Burnet’s view the writer’s suggestion is to some extent in
conflict with Darwinian theory. If new characters appearing in the pro-
cess of adaptation are produced in response to changes of environment
and are maintained on passage we have an example of the inheritance
of an acquired character.

The idea, while admitting the possibility of great variation in indi-
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vidual viruses or in individual biological species, seems to deny the
possibility of mutation. It might be possible to classify the various
biological species in terms of types of replicating nucleoproteins present
in their cells, but if these molecules are normally invariable it may be-
come necessary to invoke creation to account for the existence of differ-
ent species. But in this case creation is not a continuous process but an
occasional or intermittent one.

Biological multiplication is a phenomenon which is only found in cells.
Cells must contain self-replicating molecules, but these molecules do not
themselves carry all the enzymes necessary for their own synthesis. We
are faced with a system in which nucleoprotein synthesis is dependent
on the presence of enzymes which can themselves only be produced from
previously synthesized nucleoprotein precursors or genes. Such a system
can only persist if the various interdependent units and the nutrient
materials from which they are built are kept in close association by
being enclosed in some form of semi-permeable membrane, and the
membrane itself must be produced by preformed enzymes. All eternity
might not be long enough for such an extraordinary system to arise by
chance in an inanimate world, and we are forced to the conclusion that
somewhere at some time a cell must have been created. It is difficult or
impossible to visualize any simpler system than the cell which could
show all the characters of living matter. Viruses and enzymes show some
of the characters of life but are incapable of independent multiplication
and cannot be regarded as intermediate stages in the evolution of living
from non-living matter, but must be regarded as fractions of living cells.
Between the living cell and inanimate matter there exists a gulf over
which creation affords the most intellectually satisfying bridge.
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DISCUSSION

L. HOYLE in introducing his printed paper: I apologize for the use of
the term ‘soluble antigen’. The antigen was first demonstrated in 1936
and the term ‘soluble’ was used because the antigen could not be sedi-
mented in the high speed centrifuges available at that time. The antigen
has a particle size of 120 A.

The disintegration of the infective elementary body by ether treat-
ment produces particles of 120 A of two types, one identical with soluble
antigen and one with red cell agglutinating properties. The soluble
antigen appears to be a ribonucleoprotein while the agglutinin is an
enzyme.

In growth cycle experiments infective virus entering the cells of the
chorio-allantoic membrane rapidly disappears and no infective virus
can be found in the cells until six hours later when from 30 to 100 times
the original amount is excreted into the allantoic fluid. It is therefore
evident that there is a non-infective intracellular phase distinct from the
infective elementary body.

There is an initial phase between 1 and 2 hours after inoculation in
which no virus can be demonstrated in the cells by any method, followed
by the appearance at 2 hours of soluble antigen in the cells. This soluble
antigen rapidly increases but my statement that the increase is at first
logarithmic has been questioned by Dr Gard who pointed out that a
regular linear increase fitted better with the observations. I agree that

16-2
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Dr Gard is right and withdraw the statement that the increase is
logarithmic.

There is an appearance and increase in amount of non-infective
haemagglutinin in the cells 1-5-2 hours after the appearance of soluble
antigen. Liu and Henle have maintained that non-infective haemagglu-
tinin really appears at the same time as soluble antigen but that an
inhibitor of red cell agglutination present in the chorio-allantoic mem-
brane prevents the detection of haemagglutinin in the early stages.
Treatment of the membranes with R.D.E. removed this inhibitor effect.
I am unable to accept this view. I have studied the matter:—

(a) by determining the amount of inhibitor in normal C.A.M. and the
effect which this has in preventing recovery of haemagglutinin.

(b) by determining the length of time necessary to incubate the mem-
branes in vitro in order to get the maximal release of haemagglutinin.
A period of 6 hours permits the haemagglutinin present to destroy the
inhibitor.

(¢) by the use of R.D.E.

After the use of all three methods I still found that the soluble antigen
appeared first. It is necessary to make some allowance for the very great
sensitiveness of the haemagglutination test in relation to complement
fixation and this is best done by measuring the amounts of the various
agents in terms of the amounts present in the original virus inoculum.

Whereas in the chorio-allantoic membrane at 5 hours soluble antigen
and non-infective haemagglutinin are present as separate units, in the
allantoic fluid at 7 hours these agents are present in a single unit—the
elementary body. This is to be explained by the release from the cell at
6 hours of small portions of cytoplasm enclosed in cell membrane. These
become converted into elementary bodies by loss of water.

The advantage is obvious of accepting as the intracellular phase of the
virus, something—the soluble antigen—which really is there at the
relevant time, rather than inventing some hypothetical unit for which
there is no evidence.

It is unnecessary to suppose the existence of a large number of different
genes in the virus. The elementary body contains two units, the nucleo-
protein soluble antigen which is always the same, and the enzymically
active agglutinin which varies in different strains. With the aid of these
two units it is possible to explain almost all that is known about influenza
virus.

s. GARD: Experiments on Theiler’s virus have shown that virus can be
firmly fixed to the tissue debris in which case only a minor part of the
total amount of virus can be eluted by extraction with ordinary saline.
However, after treatment of the residue with proteolytic enzymes like
ficin or with M NaCl large amounts of virus are liberated. Pheno-
mena of this type might make the assay of intracellular virus in the course
of multiplication technically difficult. The fact ought to be borne in
mind in discussions concerning the time relationships in the develop-
ment of different stages of a virus.
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H. J. F. CAIRNS: Before accepting the idea that soluble antigen is a
precursor of the influenza virus particle, it is necessary to consider what
legitimate methods are available for comparing the times of appearance
of different virus activities. For purposes of the present argument, the
appearance of virus can be compared to the discharge of billiard balls
from a sack. Suppose that, in this sack, there are 100 red balls for every
white ball. When the sack discharges its contents, the first detectable
change observed outside the sack will probably be the appearance of a
red ball, since red balls are in a great majority; this finding, by itself,
would be insufficient basis for the conclusion that red balls are discharged
before white balls and thence that red balls become white balls some
time after their discharge. If an observer wishes to state that the dis-
charge of red balls tends to precede that of white balls, he must first
show that the proportion of the red balls, which is discharged during
the early stages, is greater than the proportion of the white balls, dis-
charged in the same period; in this particular case, the number of red
balls discharged in each period would have to be divided by 100 before
direct comparison could be made between the number of balls of each
colour discharged in each period. Translating this principle into terms
of virus multiplication, the number of billiard balls of a particular colour,
determining as it does the sensitivity of the observer’s test for release of
balls of that colour, is equivalent to the magnitude of the single cycle
rise in titre of a particular component above its base-line. Where titres
are plotted logarithmically, as is usually the case, it is sufficient to set all
scales so that the final first-cycle yields of all components coincide; any
level below this final yield (now common to all components) will repre-
sent the same proportionate yield for each component. When this pro-
cedure is applied to the results published by Hoyle, Henle, and others,
it becomes quite obvious that the same proportions of the final yields
of all components appear in each time interval. Here, it is sufficient to
demonstrate the point using the figures, published by Hoyle (J. Hyg.,
1950, 48, 277), for the appearance of soluble antigen and virus antigen
in the allantoic membrane (see Fig. 1 on p. 246). Results dealing with
the appearance of haemagglutinin and infective virus can be found else-
where (Henle & Henle, J. Exp. Med., 1949, 90, 23).

Thus the completion of influenza virus multiplication is marked by the
synchronous appearance, on the one hand, of soluble antigen, on the
other, of infective haemagglutinin and, in certain instances, non-infective
haemagglutinin (the incomplete ‘precursor’ of Gard and Magnus). There
is no more evidence for believing that either soluble antigen or incom-
plete haemagglutinin is a normal precursor of the virus particle than
there is for believing, for instance, that the virus particle, once completed,
forms soluble antigen. Perhaps the most reasonable hypothesis to hold
at the moment is that incomplete haemagglutinin and soluble antigen
are, like the virus particle itself, products of virus multiplication, the
former being the end-product of a particular type of defective virus
multiplication, the latter being mainly an inevitable by-product whose
subsequent function, if any, remains unknown.
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Upper Graph: The appearance of soluble antigen and large particle (virus) antigen in the
allantoic membrane (after Hoyle, 1950). These results were taken to indicate that the pro-
duction of soluble antigen occurs about one hour in advance of the production of virus
antigen. As plotted, the base-line represents about 2:5 % of the yield of soluble antigen and
17% of the yield of virus antigen.

Lower Graph: The same results plotted so that the final yields of both components
coincide. It can be seen that approximately 75 % of the first-cycle yield of both components
appears between the 3rd and 4th hour.

J. B. BROOKSBY: I refer to work carried out with my colleagues at
Pirbright on the application of more precise ultracentrifugation methods
in the analysis of the virus system in foot-and-mouth disease. Detailed
discussion of these methods and some of the results will be published
shortly (Bradish, Brooksby, Dillon & Norambuena, Proc. Roy. Soc. B.,
1952, in the press). It has been found possible to estimate the sedimen-
tation constants of the components present in virus preparations by
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centrifugation in inclined tubes in angle rotors and the results have been
correlated with those obtained in radial tubes. It follows that it is
possible to determine theoretically the conditions for separation of two
components on a preparative scale, when the sedimentation constants
are known.

In the case of foot-and-mouth disease there is evidence for the exis-
tence of two particles, the first having a sedimentation constant of 70 S
and being associated with the infectivity of the material and up to half
of the total complement-fixing activity. The second particle has a sedi-
mentation constant of 8§ S and is associated with the remaining com-
plement-fixing activity and certainly not more than 1 : 10,000 of the in-
fectivity. A single centrifugation under appropriate conditions in either
radial or inclined tubes will give an estimate of the proportions of the
two components, or what has been termed the ‘partition’ of the material.
This accurate analysis of the partition of a biological activity between
the components should contribute much to the study of both growth and
disintegration of the virus.

It has been found, for example, that storage at —20° or heating at
56° both lead to a breakdown of the larger component to the smaller.
In Table 1 is shown the result of heating on the products of partition of a
virus suspension.

Table 1. Influence of heating at 56° on complement-fixing components
in the virus of foot-and-mouth disease

Initial Activity after heating
Activity for
(per cent 15 and 30 land 2
of original) minutes hours
Starting material ... 100 — —
Supernatant (smaller component) 50 34 30
Deposit (larger component) 55 71 76

After heating, the activity of all samples, shown in columns 3 and 4, was
due to small component. Itis apparent that heat treatment has decreased
the activity of the small component by about 409, while the activity of
large component on conversion to small has increased by about the same
amount.

Work so far on growth and multiplication has been limited. Two
growth curve experiments carried out in cattle have demonstrated the
similarity of the curves obtained for the development of infectivity and
total complement-fixing activity. When the latter was partitioned, it was
found that during the first 12 hours after inoculation (that is, until the
maximum infectivity is reached) the ratio of the amount of smaller com-
ponent to larger did not vary significantly from 359;. It is remarkable
that the constant proportion of smaller component to larger should per-
sist over the range of 10,000-fold increase in infectivity which took place
during growth.
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L. HOYLE: The suggestion made by Dr Fulton that the soluble antigen
is the surface antigen of the infective particle must be wrong. The soluble
antigen has no affinity at all for red cells and it would be impossible for
the virus to agglutinate red cells if it was covered with a layer of soluble
antigen 120 A thick. The agglutinin must be on the surface.

Dr Cairns’ argument is based on incomplete data and false premises.
The total final yield of virus components cannot be assessed from
measurements of the amounts present in the chorio-allantoic membrane,
since much of the products are excreted into the allantoic fluid. This
material must be included, and as the relative proportions of soluble
antigen, specific antigen, agglutinin and infective virus are very different
in the allantoic fluid and in the membrane, the inclusion of the excreted
material will completely alter the proportions found.

There is also no reason to suppose that the specific complement-fixing
antigen is specially characteristic of a complete virus particle. The infec-
tive elementary body includes both specific and soluble antigen, and both
these antigens may be found in non-infective particles of smaller size.
The specific antigen is closely related to and probably identical with the
haemagglutinin.

The growth of virus in cells is in no way comparable to the discharge
of billiard balls from a sack. It is a quite unjustified assumption that the
ratio of the various components present at the end of the cycle is the
same as that in the original inoculum. The ratio in the elementary body
is the same, but the elementary body is not the only product of virus
multiplication. The main product is soluble antigen, much of which is
never incorporated into elementary bodies at all.

The ratio of soluble antigen to specific antigen in the original elemen-
tary bodies entering the cells is about 5: 4. If Dr Cairns’ argument is
correct this ratio should be maintained throughout the cycle. But at
three hours in the membrane the ratio is 8 : 1 and at 6 hours it is 6 : 1.
This indicates that the soluble antigen is produced first.

We are dealing with observed facts and not with statistical theories,
with living virus protein and not with balls. Dr Cairns’ statement that the
completion of virus multiplication is marked by the synchronous appear-
ance of soluble antigen and infective haemagglutinin is untrue. No
statistical analysis will alter the fact that an extract of the chorio-allan-
toic membrane made 3-4 hours after inoculation contains an amount of
soluble antigen much greater than in the original inoculum, while it
contains an amount of infective haemagglutinin less than 19 of that
originally introduced.

Dr Brooksby’s demonstration of the presence of complement-fixing
antigens of different particle size in foot-and-mouth disease, and that
the smaller component can be derived by disintegration of the larger
infective unit affords an interesting parallel with influenza.

His growth curve experiment fails to demonstrate any time difference
in the appearance of these units, but such a difference can only be demon-
strated in single cycle experiments, and an experiment in which the infec-
tivity rose 10,000-fold is almost certainly a multiple cycle experiment.



GROWTH OF VIRUSES OF THE
INFLUENZA GROUP AS REVEALED BY
ELECTRON MICROSCOPY OF INFECTED

CELLS ‘

T. H. FLEWETT
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The advent of new techniques by which tissue cells could be examined
by the electron microscope has opened new lines of investigation of virus
multiplication. Whereas until recently influenza and related viruses could
be examined only after they had been purified by differential centrifuga-
tion, with the selection of the small range of particle sizes which differ-
ential centrifugation involves, they can now become adsorbed onto the
membranes of haemolysed erythrocytes and photographed (Dawson &
Elford, 1949). Likewise the components of tissue cells—mitochondria,
microsomes, neurofibrils, cell membranes—can now be studied in their
proper place within the cell, either when it has been cut into thin sections
(Newman, Borysko & Swerdlow, 1949; Hillier & Gettner, 1950) or when
it has spread its cytoplasm thinly in tissue culture on a plastic membrane
(Porter, Claude & Fullam, 1945). 1t seemed feasible, using these various
techniques, to try to get some direct evidence, in the form of photo-
micrographs, of how influenza and fowl plague virus behave during their
growth, and if possible to obtain direct evidence either to confirm or
deny the ingenious hypothesis advanced by Hoyle (1948, 1950) that in-
fluenza virus elementary bodies break up within the cell into large
numbers of smaller self-replicating units which subsequently recombine
to form fresh elementary bodies. This article describes work carried out
by the author with Dr C. E. Challice at the National Institute for Medical
Research during the last three years.

For these investigations the virus of classical fowl plague has chiefly
been used. Its advantages are: (1) it is extremely pathogenic for the
chick embryo; (2) it produces intranuclear inclusions which can easily be
seen in living cells with the phase contrast microscope; (3) it produces in
the egg elementary bodies and filaments of various lengths very similar
in size and morphology to those associated with recently isolated strains
of A-prime influenza virus (Dawson & Elford, 1949). The Melbourne
Egg, PR8, A/Nederland 1/49 and A/Madrid 3/51 strains of influenza
virus A were used for comparison.



250 T.H. FLEWETT

TISSUE CULTURE EXPERIMENTS

Cultures of amniotic epithelium were made on plastic membranes moun-
ted upon coverslips, which were inverted over hollow-ground slides and
incubated as ‘lying-drop’ cultures. The nutrient medium used was nor-
mal amniotic fluid of 10-12 day-old chick embryos. This had the advan-
tages of being optically clear and of having a very low protein content,
so that when the preparations were eventually fixed with osmic acid
solution, there was very little precipitation of protein upon the cells. The
details of the method of preparing these cultures have been described by
Flewett & Challice (1951a); their method was a modification of that ex-
tensively used by Wirth & Barski (1947) and Barski, Maurin & Croissant
(1949). The cultures were incubated for two days to allow migration of
cells around the explant. This migration was nearly always epithelial,
fibroblasts in any number being rare. Some cultures of pieces of chick
embryo lung were also made, and served as sources of fibroblasts. The
preparations were then opened and inoculated with amniotic fluid from
an egg inoculated amniotically 24 hours previously with the virus in
question. In order to remove most of the filaments present in the fluid
(Chu, Dawson & Elford, 1949) it was passed through a collodion filter
of average pore diameter 700 mu. The filtrate was found to contain ele-
mentary spherical bodies, cocco-bacillary particles, and short filaments
up to about 0-5u in length. The cultures were then inoculated with this
filtrate, and their development followed by phase-contrast microscopy.
They were fixed by a solution of osmic acid after various intervals and
mounted for examination by electron microscopy.

For comparison, roller tube cultures were made in tubes of 30 ml.
capacity and about 2-5 cm. diameter. Each tube contained about one-
third of a minced chorio-allantoic membrane and 4 ml. of White’s syn-
thetic medium (White, 1946). The tubes were rotated at 12 revolutions
per hour within a closed box. ‘Gassing’ was done by passing various gas
mixtures into the box, the constricted necks of the tubes being plugged
with cotton-wool. The inoculum consisted of one drop of the filtrate
used to inoculate the hanging drop cultures.

The appearance of living cells by phase-contrast microscopy closely
resembles the appearance of the same cells when fixed with osmic acid
solution and examined in the electron microscope. Contrast observed
in phase-microscopy is due to optical path differences (usually refractive
index) in the object, and in electron microscopy, contrast is due to differ-
ences in electron scattering (mass of atoms multiplied by number of
atoms per unit area of specimen). Electron optical ‘staining’ by the heavy
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osmic acid used as fixative, of fat and other refractile cellular material
makes the electron micrograph usually resemble the phase-contrast
image in general intensity distribution.

The earliest change visible by phase-contrast microscopy after inocula-
tion of cultures with fowl plague virus was an increase in the size of
nucleoli in some of the cells after about 24 hours (Fig. 2; compare
with the normal, Fig. 1). They become refractile and granular and fur-
ther increased in size on continued incubation, until after 48 hours nearly
all the nucleoli showed this change. Later still, numerous refractile gran-
ules appeared in the nucleoplasm (Fig. 3). At this stage, many small
vacuoles, 2-3 p in diameter, appeared in the cytoplasm, most of them
around the nucleus. The enlarged nucleoli finally broke up more or less
completely into granular fragments.

Up to the stage of the appearance of the refractile granules in the
nucleoplasm, the mitochondria showed little change. In the first 24
hours after inoculation, they tended to become longer and thicker, and
then smaller and shorter. When the vacuoles appeared they became less
refractile, and finally, as the intranuclear inclusions broke up, they dis-
appeared.

Forty-eight hours after inoculation some cells had disappeared from
the outgrowth, and after 72 hours they had nearly all disappeared.

Similar cultures were inoculated with A/Nederland 1/49 influenza
virus. No intranuclear inclusions were formed, but granular refractile
structures appeared in the cytoplasm of some of the cells. These stained
red with haematoxylin-eosin preparations of fixed cultures. Similar
structures were however often found in control preparations.

No fowl plague virus was found in cultures examined by electron
microscopy until 36 hours after inoculation, by which time intranuclear
inclusions were already present. It was mainly in a filamentous form,
the filaments frequently being in bundles; a few of them showed segmen-
tation into elementary bodies. Fig. 4 shows filaments apparéntly either
emerging from the nucleus or overlying it. It was difficult to be sure
whether the filaments were within the cell or upon its surface, since when
the cell was thin enough for virus to be resolved, it was thinner than the
depth of the focus of the microscope. A few preparations were shadowed;
but as Porter, Claude & Fullam (1945) showed, the cytoplasm of a thinly
spread cell, when finally mounted, may be thinner than a virus filament,
so that the presence of a shadow need not mean that the virus was upon
the cell surface rather than within it. However, the way in which the
contents of the vacuole (Fig. 4) have contracted away from the virus on
drying strongly suggests that the virus here was actually intracellular.
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Other preparations of both fibroblasts and epithelium 48 hours after in-
oculation showed filaments apparently undergoing segmentation into
elementary bodies (Fig. 5). Similar pictures of influenza virus both in
tissue cultures and sections have been published by Murphy, Karzon &
Bang (1950), Eddy & Wyckoff (1950), and Wyckoff (1951), who also
believed that the filaments underwent segmentation.

EXAMINATION OF THIN SECTIONS:
STRUCTURE OF FOWL PLAGUE INCLUSIONS

No matter how well-spread a tissue culture cell may be, its nucleus re-
mains much too thick for the electron beam to penetrate it well enough
to give a satisfactory image. In order to investigate further the nature
of the fowl plague intranuclear inclusions, a technique of preparation of
thin sections was developed (Flewett & Challice, 1951). The membranes
of infected eggs were used, usually the amnion, which could easily be
infected on both its amniotic and allantoic surfaces, by inoculation into
the appropriate cavity.

The inoculum used was 0-05 ml. of pooled allantoic fluid harvested
from eggs 18 hours after inoculation with 1/1000 dilution of allantoic
fluid from another fowl-plague infected embryo (24 hours after in-
oculation in the case of influenza). This dose usually contained 108-10°
infective particles. Assuming the average free fluid-washed surface of an
allantoic or amnion lining cell to be 25 p square, and that the infective
particles distributed themselves randomly over the exposed surface,
then 10® infective particles should suffice to infect the majority of the
cells in the membrane.

0-2 u sections were cut for electron microscopy, and at 0-6 u for ultra-
violet microscopy. Sections of membranes fixed in Carnoy’s solution
were stained by a pyronin-methyl green mixture (Bate, 1950).

Intranuclear inclusions appeared simultaneously in almost 1009, of
the cells lining the infected cavities about 10 hours after inoculation.
They could easily be seen by phase-contrast microscopy in cleared un-
stained sections and could be demonstrated by haematoxylin and eosin
or by Lendrum’s stain (Lendrum, 1947) if differentiation was not carried
too far. They presented the general features of Cowdry’s type ‘A’ in-
tranuclear inclusions. When stained by a methyl-green-pyronin mixture
the inclusion consisted of a red centre, surrounded by a thin rim of green-
staining material, while the bulk of the chromatin (staining green) lined
the nuclear membrane. Direct and phase-contrast ultraviolet pictures
(A=276-5 my) taken of 0-6u sections of material fixed in osmic tetroxide
solution showed inclusions consisting of a centre with low absorbing
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power surrounded by a granular rim of highly absorbing material, essen-
tially. similar to the picture given by the methyl-green-pyronin stain
(Figs. 6 and 7).

Sections were cut at 0-2u and, after the wax had been caused to
sublime away by gentle heating in vacuo, these were examined without
shadowcasting in the electron microscope. Most of the preparations
made were of tissue 17 and 22 hours after infection. The inclusions al-
ways showed a granular structure, the particles being of the same order
of size as the elementary bodies, usually 50-200my (Fig. 8). In some
nuclei, short filaments of about 100 my. diameter were seen, and Fig. 8,
shows a micrograph of a section which apparently went through the
centre of an inclusion, suggesting that it consisted of one, or possibly
two nucleoli close together, closely invested by a mass of particles be-
tween 50-150 my in size, some being oval in cross section, with dimen-
sions about 80 x 120mu. These structures would appear as a single
inclusion body with the light microscope. No granular inclusions were
seen in tissue less than 8 hours after inoculation, though the nucleoli
sometimes appeared rather larger than normal.

CYTOPLASMIC CHANGES IN INFECTED CELLS

The first appearance of virus in fowl-plague infected cells was 5 hours
after inoculation, when a few filaments were seen projecting from the
surface. After 8 hours (Fig. 9) in sections of membranes infected either
with fowl plague or A/Madrid 3/51 viruses, numerous filaments were
seen projecting from the free surface of most of the cells and at about
right angles to it. The filaments, as seen in section were usually up to
about 0-5u long; a few spherical structures were seen but may have been
filaments cut transversely. Generally it was impossible to trace the
filaments beneath the surface of the cell; the cell membrane was usually
ill-defined and often could not be distinguished. A similar appearance was
presented later; after 17 hours filaments were very numerous in sections
of fowl-plague material. Fig. 10 shows the appearance 22 hours after in-
fection with fowl plague; it is the only picture we have in which filaments
were distinctly visible beneath the cell surface. At this stage the embryo
was usually moribund, and most of the cells lining the allantoic and amni-
otic cavities had sloughed off. Elementary bodies were scanty in these
sections, possibly because they were liberated more readily into the allan-
toic and amniotic fluids than were the filaments. Fig. 11, however, shows
the surface of cells infected 48 hours previously with the Melbourne Egg
strain of influenza virus A. This strain when examined after adsorption
from allantoic fluid upon laked chick erythrocytes had few and short
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filaments compared with recently isolated A-prime influenza strains.
Upon and just beneath the cell surface large numbers of elementary
bodies and a few short filaments were seen, but no filaments could be
made out in the depths of the cytoplasm. The cell membrane could not
be made out, but in the cytoplasm there were filamentous mitochondria.
The nuclei and cytoplasm otherwise showed no detectable difference
from those of normal cells. Fig. 12 shows the appearance 64 hours after
inoculation. The number of filaments relative to elementary bodies was
greater; the nucleoli sometimes appeared larger than normal and some
of the cells showed the presence of a cell membrane.

The fringe of virus filaments on the edge of infected cells could just be
detected both in the direct and phase-contrast U.V. photomicrographs,
although it could not be seen by visual phase-microscopy of the same
sections.

Bate (1950) has described the occurrence of pyronin-staining granules
in influenza-infected cells fixed in Carnoy’s solution or alcohol. These
granules appeared about 15 hours after infection, and grew in size and
coalesced as the infection proceeded. The degree of granulation could
be correlated with the amount of virus growth. It was thought that they
represented an accumulation of ribosenucleic acid in the cytoplasm of
infected cells. These results have been confirmed; it was found also that
fowl-plague infected cells showed a very marked granulation when
stained in this way. However, the granules could not be seen in any of
the electron micrographs or in the osmic-fixed sections by visual or
ultraviolet phase microscopy. Ribose nucleic acid strongly absorbs
ultraviolet light, and produces strong phase retardation of visible light.
It seems likely, therefore, that the granular appearance is an artefact
due to coarse precipitation of ribose nucleic acid by certain fixatives.

It was impossible, from the micrographs described above, to be sure
that they represented virus being liberated from infected cells, and not
virus already liberated into the allantoic cavity entering fresh cells. In
order as nearly as possible to reproduce the conditions obtaining in the
cavities of an embryo 8 hours after inoculation by the method described
above, eggs were inoculated as before with 0°05 ml. undiluted allantoic
fluid and incubated for 8 hours. The allantoic and amniotic fluids were
harvested separately. The amniotic and allantoic fluids from normal
eggs were removed as completely as possible, and the amniotic and
allantoic fluids from the eggs which had been infected for 8 hours were
substituted. These eggs were then incubated for 1} hours, when their
membranes were fixed, embedded, and cut in sections 0-2u thick. The
results are shown in Fig .13. The cytoplasm appeared to have flowed
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ompletely or partly over the virus particles, and no cell membrane
ould be clearly distinguished. Only a few such preparations have been
nade, so one cannot say that this is a constant feature, or that virus
ntering a cell can be distinguished from virus leaving a cell. It does,
lowever, suggest that filaments may enter a cell, at any rate under
onditions of an enormous infective dose as was given here. Fazekas de
it. Groth (1948) suggested that this type of result might have been
xpected, and gave the name ‘Viropexis’ to describe his hypothesis of
iow influenza virus entered the allantoic cell.

GENERAL CONSIDERATIONS

t has always been found wise, when making observations with the light
nicroscope to check the results of one staining procedure against those
f another, and against the appearance of living cells. No such check
an be made of electron micrographs of objects below 250 my in size,
nd interpretation of micrographs of such complicated structures as thin
ections of virus infected cells cannot be made with any certainty.

There are two discrepancies between the results of tissue culture experi-
aents and the investigations on infected membranes in the egg. (1) The
ime for new virus to appear, as seen by electron miscroscopy, was
bout 36-48 hours in tissue cultures, and in eggs 5 hours. In tissue
ultures intranuclear changes first became visible 24 hours after in-
culation, whereas in eggs only 10 hours incubation was needed. This
iscrepancy does not appear, at any rate to the same extent, in roller
ube cultures of fragments of either chorio-allantoic membrane or
mnion inoculated with similar doses of fowl-plague virus. Here, the
mount of supernatant fluid and especially the volume of air were very
wuch greater than in the case of hanging drop cultures on a coverslip,
nd the rate of growth of virus (measured as haemagglutinin) was not
wuch slower and the length of time taken to produce extensive necrosis
f the infected cells was not much longer (24-36 hours) than in the egg.
2) Virus as seen in tissue cultures with the electron microscope was
Imost entirely filamentous, few elementary bodies being seen, and then
nly in association with filaments, whereas in the allantoic fluids of eggs
nd the supernatant fluids of roller-tube cultures both elementary bodies
nd filaments of varying length could be discovered by the method of
dawson & Elford (1949).

Similarly, in the few hanging drop cultures successfully infected with
\/Nederland 1/49 influenza virus, filament formation was extensive and
:w elementary bodies were seen (Flewett. & Challice, 1951a). Murphy,
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Karzon & Bang (1950) found many long filaments in hanging drop cul-
tures infected with the PRS strain of influenza A virus, which produces
few and short filaments when growing in the egg, although I have been
unable to repeat their results with this strain in tissue cultures.

The first appearance of fowl plague virus in sections was 5 hours after
inoculation, and was in the form of filaments. At this time the first in-
crease of haemagglutinin could be found in the allantoic fluid. Segmen-
tation of filaments into elementary bodies was not seen in these sections,
although Eddy & Wyckoff (1950) described segmented filaments in sec-
tions of mouse lungs infected with PR8 virus. Elementary bodies were
rarely seen except in tissue infected with the Melbourne Egg strain of
influenza A. One cannot however distinguish between spherical elemen-
tary bodies and transversely cut filaments as seen in sections.

The surface of the normal cells lining the allantoic and amniotic cavi-
ties of normal eggs is fairly smooth. Here and there can be seen small
elevations of cytoplasm, conical in vertical section, rising to a height
of up to 1 p (Fig. 14). They are not easily confused with virus filaments,
which are somewhat denser to the electron beam, and which have
a constant diameter. The suggestion has been made by Wyckoff (1951)
that influenza virus filaments might be built up on a scaffolding of nor-
mal cell components. Hoyle (1950), on the basis of observations made
with the dark-ground microscope, has put forward similar suggestions.
His observations were on normal and infected cells scraped off the lining
of the chorio-allantoic membrane and suspended in saline, a procedure
likely to damage them and to allow the outflowing of cytoplasm which
might be seen as long thin threads. The studies here described do not
support either hypothesis. A complex system of what looked like canals,
about 100-150 my wide—possibly Golgi apparatus—was seen in the
depths of the cytoplasm in normal cells lining the amniotic cavity, but
it did not come to the surface where distinctive filaments are seen only
in infected cells. A/l filaments are not virus, as Angulo (1951) pointed
out, but it seems hard to doubt now that some filaments may be, and
that the particles seen on the surface of infected cells are structures in
their own right.

Our investigations have rarely demonstrated virus within the cyto-
plasm, whereas the brick-shaped elementary bodies of herpes simplex
(Bang, 1950), fowl-pox (Lépine, Athanasiu & Croissant, 1948; Bang &
Gey, 1950; Morgan & Wyckoff, 1950; vaccinia (Bang, 1950), and mollus-
cum contagiosum (Banfield, Bunting, Strauss & Melnick, 1951) all have
been demonstrated in the depths of the cytoplasm, where they appear
to multiply. Distemper virus induces inclusions both in nuclei and cyto-



Fig. 1. A normal epithelial cell. Phase
contrast, x1,500. Photograph by
Mr J. Smiles.

Fig. 2. Epithelium, 36 hr. after in-
oculation with fowl plague. Phase
contrast, x 1,500.

Fig. 3. Epithelium, 48 hr. after inoculation with fowl
plague. Phase contrast, x 1,500.
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Fig. 4. Epithelium, 48 hr.after inoculation with fowl plague ; filaments overlying or emerging
from a nucleus. The arrow indicates a mitochondrion. x 10,000.



Fig. 5. Fibroblast,48 hr.after inoculation
with fowl plague: filaments show seg-
mentation. The significance of the large
round structure is unknown. x 22,000.

Fig. 6. Unstained section of amnion, 17 hr. after
inoculation with fowl plague virus. Direct U.V.
photomicrograph. x 2,500.

Fig. 7. The same; phase contrast ultraviolet photo-
micrograph. Figs. 6 and 7 by Mr J. Smiles.
% 2,500.



Fig. 8. 0-2 4 section through intranuclear inclusion; am-
nion, 17 hr. after infection with fowl plague. % 9,000.



Fig. 9. Amnion, 0-2 u section, 8 hr. after inocu-
lation with influenza A Madrid 3/51. x 7,000.

Fig. 10. Amnion, 0-2 p section, 17 hr. after inoculation
with fowl plague. x 6,000. Some filaments apparently
in cytoplasm.

Fig. 11. Surface of allantoic cell, 48 hr. after inoculation with
influenza A (Melbourne Egg). x 10,000.



Fig. 12. Amnion, 64 hr.,, Melbourne Egg
virus. A cell membrane appears to be present
on part of the surface, x 7,000.

Fig. 14. Normal amnion. This cell more closely
resembles one infected with influenza than any
other examined. x 7,000.
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plasm of infected cells, and so does yellow fever. It would not be possible
to deduce from a few pictures that no virus is present in the form of
particles or filaments within the cytoplasm of the cell. A filamentous
structure is, of course, more distinctive than a spherical particle, but in
the same way that it is unlikely that a filament will be sectioned along its
length when it is protruding from the cell membrane, so the likelihood
of sectioning along a filament orientated completely randomly within
the cytoplasm is considerably less. Furthermore, the diameter of a
structure such as a particle within a medium such as the cytoplasm as
observed by electron microscopy is considerably less than when the
particle is isolated (compare Fig. 4 in which filaments cross from a
vacuole into cytoplasm). Nevertheless, from an examination of many
sections of such material, both normal and infected, we are led to sug-
gest that the influenza or fowl plague virus is not present in any great
amount in the cytoplasm, at least not in the same form as when it is
isolated from the host cell.

If one accepts this, i.e. that the virus is present only at the cell mem-
brane, then one is led to seek some explanation. It seems possible that
there may be some factor present in or about the cell membrane which
is necessary for the growth of new influenza elementary bodies and
filaments. This theory was proposed by Hoyle (1950). If so, it would
allow the filaments observed in tissue cultures to be actually within the
cell, for no object present in such a thin preparation could be far from
the cell membrane.

Another discrepancy remains to be accounted for. Fowl plague virus
began to be liberated into the allantoic cavity 5 hours after inoculation
with the large dose of virus used in the experiments described, but intra-
nuclear inclusions appeared in all the cells lining the allantoic cavity 10
hours after inoculation, where the virus haemagglutinin titre was al-
ready high in the allantoic fluid. Either the cells infected with the inocu-
lum have liberated some virus and then, some 4-5 hours later, developed
inclusion bodies, which implies that infected cells may liberate fowl
plague virus without being immediately destroyed, or else the cells in-
fected with the inoculum fail to develop inclusions and only those cells
infected with freshly liberated virus develop inclusions. It may be that
fowl plague virus kills the cells it infects by producing gross alterations
within the nucleus, but how and why influenza virus kills the cells it
infects remains open to conjecture. The use of the electron microscope
has’ confirmed some theories previously suggested by work done by
serological and other methods ; it may help to indicate further investi-
gation along these lines.

NV M 17
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DISCUSSION

N. W. PIRIE: The suggestion that you make that much of the virus is
located in the cell wall interested me greatly. It was in fact the idea that
virus multiplication might sometimes go on in the cell wall that led me
to suggest the earlier Symposium ‘The Nature of the Bacterial Surface’
and the point was raised in the Introduction. Bawden and I find (Briz. J.
Exp. Path., 1946, 27, 81) that as much as three-quarters of the anomalous
nucleoprotein in the leaf of a tobacco plant infected with tobacco mosaic
virus may be anchored to the cell stroma. It is not released by proteases
but is by enzyme preparations containing cellulase. Would you have any
means of refuting the suggestion that influenza virus multiplies in the cell
wall and then diffuses from it, partly into the body of the cell and partly
into the surrounding fluid? I realize that there is no clear evidence for
such a mode of multiplication but can it be excluded?

T. H. FLEWETT: The suggestion that viruses of the influenza group
multiply in or near the cell wall cannot be refuted on the evidence of
electron micrographs. But the fact that mature virus particles are not
seen in the depths of the cytoplasm does not mean that virus is not
multiplying there in a form which is less electron optically dense, and
therefore undetectable in sections of tissue, than the virus as it is found
in the allantoic cavity after liberation from the infected cells. The
electron micrographs of influenza-infected cells suggest that if the surfaces
of the cells could be stripped off, as Dr Bawden and Dr Pirie have been
able to do with plant cells, most of the infectivity would be found in the
surface. It does not follow that most of the virus antigen would also be
in this fraction.

These remarks only apply to influenza and fowl plague viruses. Some
other viruses, e.g. Vaccinia, Molluscum contagiosum, Herpes febrilis, do
appear to grow all through the cell cytoplasm.

17-2
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M. H. SALAMAN: I should like to describe an investigation of the develop-
ment of psittacosis in chick embryonic tissues by methods somewhat
similar to those used by Dr Flewett.

Dr Barwell and I, in Professor Bedson’s Department at the London
Hospital, have followed the development of the virus in living chick
cells by phase contrast and ultra-violet light microscopy. In whole
mounts of amniotic membranes from infected eggs, and in tissue cultures
of amniotic epithelium and of fibroblasts infected in vitro, large spherical
bodies, 1 to 3 u in diameter, were first seen in the cytoplasm 13 to 17
hours after infection. They were difficult to detect at first, as their re-
fractility was low, and their ultra-violet absorption very similar to that of
mitochondria. They usually occurred in small clumps of 2 to 8, but were
sometimes arranged in extended groups. Neither phase contrast nor
ultra-violet revealed any containing envelope at this stage.

During the following 36 hours these bodies increased greatly in
numbers and decreased in size, and formed definite colonies surrounded
by well-defined envelopes. The enclosed bodies formed a tightly packed
layer inside this envelope, but there often appeared to be empty spaces in
the depths of the colony.

Up to about 24 hours after infection no general changes in the host
cell were noted. Nucleus and nucleoli, and mitochondria, appeared
healthy, even in cells containing two or more large colonies of virus
occupying as much as half the cytoplasmic volume. The colonies did not
appear to be in any fixed relation to any intra-cellular structure, nor to
the cell membrane.

After this time, the colonies increased still further in size, and the
enclosed virus bodies became smaller and more numerous and began
active Brownian movement.

Meanwhile the nucleus and cytoplasm of the host cell became more
and more transparent, until little but the cell membrane could be seen.
Virus colonies often escaped from the tissue after about 48 hours, and
floated about as compact spheres.

It will be noted that these observations correspond very closely to
those made by Bedson and Bland on both stained and living prepara-
tions, Virus forms are detectable a little earlier in the former. The appear-
ances in both, as Bedson and Bland pointed out, strongly suggest multi-
plication by binary fission from the time the virus first becomes visible.

For the purpose of the present discussion, I may summarize these
observations as follows:

(1) The virus was first seen about 13 hours after infection as large
spherical bodies, of low refractility and ultra-violet absorption. They
were so inconspicuous at first that they may have been missed for some
hours before this.

(2) These bodies increased in number and decreased in size during the
following 36 hours, forming definite colonies, surrounded by an envelope,
and becoming more refractile and absorptive of ultra-violet light. This
development strongly suggests multiplication by binary fission.

(3) No alteration in the normal structures of the host cell was noted
for at least 24 hours after infection.
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HYPOTHESIS OF VIRUS MULTIPLICATION
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INTRODUCTION

It is convenient to arrange those viruses which multiply inside the cells
of animal tissues in a series according to size. Although the viruses have
never been shown to possess enzymatic activity on simple substrates,
yet it is difficult to believe that they possess no synthetic mechanisms,
if only such as to enable them to assemble complex substances into their
peculiar architecture. Therefore it is plausible to assume that such an
arrangement according to size will group together elements which possess
similar degrees of synthetic power. Because such basic synthetic powers
are the consequence of the possession of discrete genes, and because the
sizes of the smaller viruses are probably only small multiples of the sizes
of the genes, those elements with the simplest synthetic power will also
be the smallest.

We do not certainly know that the series is a simple one consisting of
like elements, for it may be that we have arbitrarily arranged in a series
a number of distinct groups. However, at present, no such discontinui-
ties are apparent.

Many bacteria which multiply in animal tissues also prefer to multiply
inside cells and it is, therefore, natural to suggest that the viruses are
merely the end of a much larger series whose upper members comprise
the bacteria (Green, 1935). This hypothesis is supported by the existence
of the rickettsiae and the members of the psittacosis group which possess
striking similarities both to bacteria and to viruses and seem to supply
a natural link.

The larger series has the obvious discontinuity that at the point where
the virus elements commence, the synthetic power of the organism has
fallen below the threshold permitting independent existence. But the
idea of the viruses as elements of a larger series has resulted in the hypo-
thesis that viruses are small bacteria which possess some but not all their
properties. In the absence of specific evidence it was further assumed
that viruses, though forced to seek the inside of a suitable cell, multiply
in the same way that bacteria multiply, by fission.
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This assumption has recently been challenged as a consequence of
experiments with bacteriophage. The idea that bacteriophages are viruses
parasitic on bacteria and members of the same series as animal viruses
has proved a very fruitful hypothesis. The detailed correspondences
which have been shown to exist between the behaviour of some of the
lytic phages and the influenza viruses have been so striking that there is
a reasonable tendency to assume that facts discovered in experiments
with bacterial viruses will be found to be applicable to animal viruses.

MULTIPLICATION OF BACTERIOPHAGE

Luria (1947) has suggested that lytic bacteriophages of the T series do
not multiply by binary fission, but that on entering the bacterial cell
they split up at once into small units which are the individual genes. The
genes then multiply independently by redirecting the cell’s enzymes to
their own replication, and only later, about half-way through the develop-
ment cycle, come together again to form a number of new phage particles.

This theory was put forward as a working hypothesis for which it was
admitted there was no direct evidence. It was evolved to account for the
very high efficiency of multiple infection with ultraviolet inactivated
phage in giving viable phage. The inactive phage particles were imagined
to have different essential genes which had been destroyed by the irradia-
tion. If a bacterium was infected with a number of inactive particles,
active phage could be produced provided that the intact gene units
brought in by the particles in the aggregate made up a complete set. This
recombination could have been supposed to take place by the reciprocal
interchange of portions of the linkage groups. However, for the emer-
gence of a particle with a complete set of undamaged genes several
exchanges would have to be postulated, and only a few viable recom-
binants would have been expected. An alternative hypothesis in which
the genes were supposed to multiply independently would provide a
simple explanation of the phenomenon and of its efficiency, and would
also be compatible with a number of other puzzling observations. It
would explain the disappearance of the infective phage particle immedi-
ately after it has entered the bacterial cell, and also the non-clonal dis-
tribution of active phage recombinants. But because the independent
multiplication of genes with their subsequent collection into new phage
particles is such a novel idea, critical consideration is necessary.

Luria has stated (1950) that in the multiplication of bacteriophage the
essential process must be the formation of replicas of the chemical con-
figurations which embody the specificity of the organism, increase in
size and division being epiphenomena. But this must also be true at the
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molecular level for any process of multiplication. The phenomena of
mutation and recombination in phage, and the results of irradiation all
seem to make it certain that the specificity of a phage particle is perpetu-
ated by discrete sub-units, and these sub-units must be the units which
are replicated. But all cells have their specificity perpetuated by discrete
sub-units called genes. In animal and plant cells these genes are physi-
cally bound together into linkage groups called chromosomes, and their
replication is not an isolated process but is integrated with the rest and is
associated with fission of that linkage group.

The specificity of a complex cell is not due to the possession of a parti-
cular gene but is due to the fact that the cell possesses a particular collec-
tion of genes; and, in the cells of animal and plant tissues and probably
bacteria, specificity is due to the possession of a particular collection of
genes arranged in the linkage groups in a particular order. The number
of genes which determines the specificity of a bacteriophage particle is
unknown but is probably of the order of one hundred. If the individual
genes of this collection break free from the others and multiply indepen-
dently there must be some force to bring the specific collection together
again: it would be necessary to postulate a vital force acting without a
material counterpart. For no random reassortment could, with such
large numbers of genes, result in the economical perpetuation of a speci-
fic bacteriophage particle. But so long as the genes are kept together
in their linkage groups their persistence as a collection is assured.

Owing, therefore, to the difficulty of any alternative idea, the hypo-
thesis that the genes are bound together into linkage groups is preferable
until it has been disproved decisively. And this hypothesis implies multi-
plication by fission of the linkage groups. As in animal and plant cells
fission of the linkage group may be followed by their random reassort-
ment, perhaps as a consequence of the formation of a multinucleate cell.
If, as seems likely, there is more than one type of linkage group, the
phage may not only show recombination between homologous chromo-
somes but also various types of polyploids may result.

The multiplication of phage by a fission process has not yet been de-
cisively disproved. For it is certain that the disappearance of the infec-
tive particle is not the same thing as the disappearance of the particle.
It is possible to argue that the disappearance of the infective particle is
an artefact due to the technical difficulty of recovery. More probably,
however, the phenomenon is a real one caused by some change in the
virus particle. But this change may be quite superficial resulting, per-
haps, in the loss of specific surface receptors.

The non-clonal distribution of recombinants of active virus may be
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explained as a consequence of recombination occurring later, after multi-
plication has taken place. This seems a reasonable assumption since re-
combination of the K-12 strain of Bact. coli occurs under conditions in
which large numbers of organisms are placed in a situation which favours
pairing. It is, perhaps, significant that there is a clonal distribution of
phage mutants. The arithmetical linear increase in phage particles can
be explained in a number of ways which do not disprove fission, and
indeed this type of increase has been observed during the multiplication
of Mycobacterium tuberculosis in some kinds of fluid media (Fisher,
Kirchheimer & Hess, 1951).

Recombination in itself does not preclude a fission process for multi-
plication of phage, though the non-reciprocal nature of genetic transfers
cannot be explained on the available evidence. However, the same prob-
lem exists in bacterial recombination. The phenomenon of photoreacti-
vation of phage inactivated by ultraviolet light (Dulbecco, 1950) has
emphasized how little is known about the inactivation process. The in-
activated particles seem still to possess a number of the activities of the
fully active phage particles.

The measurement of DNA synthesis in bacteria multiply-infected with
inactivated phage does not support the idea of a prior multiplication of
genes, for the synthesis only occurs after a long lag period and just pre-
cedes the first infective particles (Cohen & Arbogast, 1950).

A plausible hypothesis might be that the phage inactivated by ultra-
violet light is able to multiply, after a lag, by fission, but that recombina-
tion at a later stage is necessary to restore infectivity.

MULTIPLICATION OF INFLUENZA VIRUS

At the time when Luria’s hypothesis of bacteriophage multiplication
was first proposed, Hoyle (1948) suggested that influenza virus multi-
plies inside suitable cells in the same way.

The occasion which prompted this suggestion was the observation
that complement fixing soluble antigen could be detected in infected egg
tissues some hours before haemagglutinin, the latter only being known
associated with the elementary bodies. Therefore, it was argued, the
soluble antigen precedes the elementary body; therefore the soluble anti-
gen is the precursor of the elementary body. The soluble antigen was
known to be very much smaller in size than the elementary body so that
it was natural to call the soluble antigen the tissue form of the virus
particle and equate it with Luria’s gene pool. But it has been shown that
at the same time as the soluble antigen appears, the specific complement
fixing antigen which is only known associated with the elementary body
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also appears (Fulton, 1949; Kirber & Henle, 1950). Recently Liu and
Henle (Liu & Henle, 1951) have found that if the infected tissues are
treated with RDE, haemagglutinin is demonstrable as early as comple-
ment fixing antigen, the apparent difference in time being due to the
technical difficulty of demonstrating elementary bodies by haemaggluti-
nation when compared with their demonstration by complement fixation.
Thus, from the experimental evidence there is no support for the belief
that the soluble antigen precedes the elementary body in time. The two
appear together and increase in step. It is true that it is possible to sup-
pose that the conversion of soluble antigen into elementary bodies is so
rapid that they only appear to arise simultaneously, but this is a trans-
cendental idea without any empirical foundation.

Despite the dazzling successes which have stemmed from the hypo-
thesis that phage is a member of the virus series, yet this hypothesis
should not mistakenly be supposed a proven fact. On the available
evidence of lysogenicity it would be possible to state a case, however
intuitively disagreeable, in support of an alternative hypothesis that
phage is not a parasite at all, but plays some obscure role in the bacterial
economy, and so is better grouped with the cytogenes and transforming
substances.

Because of this doubt as to the true nature of phage, any fact
discovered in experiments with phage cannot be simply transferred to
animal viruses without independent proof.

MULTIPLICATION OF BACTERIA

Under optimal conditions of cultivation in the laboratory it is certain
that the multiplication of bacteria is by binary fission. In animal and
plant cells multiplication is also by fission, and in these cases the process
may be divided into two distinct phases, the fission of the nucleus fol-
lowed by the fission of the cytoplasm. The same is very probably true
also of bacterial fission, the primary happening being, in every case,
fission of the linkage groups. To assert that the linkage groups undergo
binary fission is not to imply any fundamental understanding of the mode
of replication of the genes composing the linkage group. The process of
replication, whatever that may be, is believed to occur in such a way that
the new strand of daughter genes lies, at its inception, in very close
proximity to the original linkage group, like genes in the two strands
lying immediately adjacent. Later the two strands will move apart. This
process will appear to the observer to be a thickening of the linkage
group, followed by its fission into two strands.

Under certain conditions the two phases of fission may not follow
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one another in a regular sequence, so that the first phase may proceed
at a higher rate than the second and the second may not occur at all.
In the latter case there cannot strictly be said to be multiplication since
new daughter cells have not originated from the one parent; but multi-
plication may occur later by the fragmentation of the multinucleated
filaments or spore cysts which have resulted from the fission of the link-
age groups. The L-forms of bacteria may be a type of multinucleated
spore cyst.

Thus, to believe that viruses multiply as if they were small bacteria
does not necessarily imply a belief in binary fission, though that is the
simplest hypothesis; but it does imply a belief in the binary fission of the
linkage groups. It requires a certain integrity of the virus units so that
their identity is at all times distinct from that of the host. If it should
prove that in order to utilize the enzymes and complex labile substances
of the host cell, the individual genes must part company and seek out
their special zone in the cytoplasm, only later to come together to form
new elementary bodies (Bauer, 1949), then it would have to be admitted
that viruses do not multiply like small bacteria. But there is no evidence
that such drastic fragmentation in fact occurs.

VIRUS INCLUSION BODIES

The cause of the present division of opinion as to how viruses multiply
is the lack of direct evidence. Among the rickettsiae and the members
of the psittacosis-lymphogranuloma group which seem to provide a
natural link between viruses and bacteria, it is possible, owing to their
size, to attempt direct visual microscopical examination of their modcs
of multiplication. Rickettsia mooseri adapted to grow in the lungs of
mice may be studied after intra-nasal instillation by sacrificing mice at
intervals and examining impression smears. Soon after infection a few
cells may be observed with a single rickettsia in the cytoplasm. Later
this single rickettsia appears to grow in size, and later still it is possible
to resolve the morula into a cluster of tiny rickettsiae which increase in
size and finally break out of their nest (Begg, Fulton & van den Ende,
1944). Observations of psittacosis strains growing in mouse lung or on
the chorio-allantoic membrane of chick embryos disclose a similar pro-
cess. The point of uncertainty is what exactly is happening between the
settling down of the single elementary body and the appearance of the
distinct morula. Two hypotheses seem plausible. Either the growth ob-
served is due to the binary fission of the original particle, but owing to
the close packing of the daughter elementary bodies they cannot be opti-
cally resolved until they have increased in size; or the initial period is
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confined to a multiplication of the linkage groups in a kind of spore cyst
which later, at the time the morula becomes visible, fragments into
daughter elementary bodies.

With the true viruses the direct evidence is even more equivocal,
though it is reasonable to hope that this is only a transitional state of
affairs and that eventually electron microscopy will provide indisputable
proof.

In some virus infections it is possible to find, at a late stage when much
multiplication has taken place, distinct inclusion bodies. It is very prob-
able that these inclusion bodies are colonies of virus elementary bodies
exactly analogous to the morulae of the rickettsiae and the psittacosis
group.

In other virus infections inclusion bodies have not been demonstrated.
The failure to find them may be due either to their not being there to
find or their not being demonstrable by the techniques used.

It is probable that the virus nests are only easily seen when they pro-
voke a certain grade of reaction from the cytoplasm around them,
though when such a reaction does not occur there is no need to suppose
that the multiplying elementary bodies are strictly confined to a nest.

In the case of cells infected with the influenza virus and with some
other viruses of the same group, inclusion bodies have not been demon-
strated, but instead, electron photomicrographs show that, late in the
development cycle, the cytoplasm of the cell contains many long fila-
ments. (Murphy, Karzon & Bang, 1950; Flewett & Challice, 1951).
These filaments have a cross-section which is equal to the diameter of
the elementary body, and it is reasonably certain that elementary bodies
can be, and perhaps are always, derived from the fragmentation of these
filaments (Chu, Dawson & Elford, 1949).

It is a working hypothesis, not contradicted by any known fact, that
the filaments were each derived from one elementary body by a process
of fission. It is impossible to decide the exact nature of the filament for
it could either be multinucleate or be merely a string of elementary
bodies adhering together in the plane of fission. Some electron photo-
micrographs show the virus filaments actually inside cells, others (Mor-
gan & Wyckoff, 1950) suggest that the virus may be multiplying not
inside but on the surface of cells, in the same way that members of the
psittacosis group are said sometimes to grow (Weiss, 1949). However,
this apparent surface multiplication of virus is seen in preparations in
which cell necrosis has already begun, so that it seems more probable
that the virus filaments are merely entangled in shreds of protoplasm
from cells which are beginning to break down.
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Direct observation of bacteria infected with bacteriophage has not
yet provided convincing direct evidence of the way phage multiplies,
but there is one fact which seems to be rather different from that ob-
served with animal viruses. When a lytic phage particle enters a bacterial
cell the evidence suggests that the nucleus of that cell is immediately dis-
rupted and that the fragments are scattered to the periphery. The phage
seems to usurp the place of the cell’s own nucleus so that the phage-in-
fected bacterium is a different entity under wholly new management.
The cells of animal tissues infected with a virus are not so completely
dominated. When the virus settles down in the cytoplasm or in the
nucleus of the cell, maintenance of the structure of the cell seems to be
an essential pre-requisite for virus multiplication. For if the cell is de-
stroyed there is nothing for the virus to plunder. It is possible that this
difference between the behaviour of the lytic phages and the animal
viruses is not a fundamental one but is related to the relatively very much
faster growth cycle of the phage.

Although phage seems only able to get out of a bacterial cell by burst-
ing it, there is no certain knowledge if this is the only way by which
animal viruses can get out of cells. It is possible that they may, as has
been suggested by Hoyle emerge encased in a protoplasmic thread
extruded from the main body of cytoplasm, complete freedom then
depending upon break up of the protoplasmic thread.

SOLUBLE ANTIGENS ASSOCIATED WITH VIRUSES

In tissues in which viruses have multiplied it is usual to find soluble
antigens specific for the virus concerned, the same soluble antigen being
found in the tissue of quite different hosts. They have been described
associated with the Pox group of viruses, Rabies virus, Herpes simplex
virus, viruses of the Mumps/Influenza group and with the virus of Lym-
phocytic Choriomeningitis. They have also been found associated with
rickettsiae, with members of the psittacosis-lymphogranuloma group
and with bacteriophage (Burnet, 1933). These soluble antigens are, as
their name implies, much more highly dispersed than the elementary
bodies of the virus and they can be detected by the complement fixation
technique. '

When bacteria grow in a tube of broth they not only multiply but they
add to the broth substances which diffuse away from them. Some of
these substances may be antigenic and a part of the antigenic material
will have been derived from the antigens which, at their inception, occu-
pied a position on the surface of the bacterium. It is a working hypo-
thesis that the soluble antigens of viruses are produced in the same way.
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It is known with certainty that this hypothesis is correct in the case
of the soluble antigen of Rickettsia prowazeki. 1f tissues, in which the
rickettsiae have multiplied, are ground in a mortar the antigenic material
can be divided by centrifugation into two main parts. One part contains
the rickettsial bodies, the other part contains an antigen of much smaller
particle size which is the soluble antigen. This soluble antigen is exactly
analogous to [PLAPS] of Brucella (Miles & Pirie, 1939). When a purified
suspension of rickettsiae is shaken with ethyl ether it can be shown by
electron microscopy that fragments of the surface capsule are torn off
(Shepard & Wyckoff, 1946). These fragments may be separated from the
rickettsial bodies by centrifugation and they behave in every way like
soluble antigen. It is true that without purification and exact chemical
identification it is impossible to be certain that the soluble antigen de-
rived in this way from the rickettsial bodies is identical with that found
associated with the developing rickettsiae in the tissues: however, the
two dispersed antigens behave serologically in a similar manner and it
is assumed that they are also similar chemically.

Two species of rickettsiae, R. prowazeki and R. mooseri can be differ-
entiated antigenically by their capsular material, but when this material
is torn off the rickettsial bodies with ethyl ether the resulting soluble
antigens are indistinguishable; the process of removal from the surface
has blunted their specificity (Fulton & Begg, 1946). These soluble anti-
gens may be further degraded by boiling and when the boiled antigens
are injected intravenously into rabbits they evoke antibodies which not
only react with the boiled soluble antigens but also with some com-
ponent on the surface of Proteus OX 19. Crude rickettsial suspensions
injected intravenously into rabbits evoke a whole range of antibodies
some of which react with the undamaged antigen on the surface of the
rickettsiae, others reacting with various degradations of these antigens
and with Proteus OX 19. In contrast, rabbits injected intravenously
with purified washed rickettsial bodies which have been fixed by the
addition of formalin, develop an antibody spectrum which is much sim-
pler, the antibodies being confined to the more specific fraction and the
Weil-Felix reaction is in consequence negative.

The soluble antigen of the psittacosis virus (Bedson, 1936) behaves in
very much the same way, the slight apparent differences may plausibly
be said to stem from the use of unpurified elementary body suspensions
in adsorption experiments, and the more labile nature of the surface
antigen.

With these examples in mind it is natural to assume that the soluble
antigens associated with the true viruses are of the same nature. The
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soluble antigen of the vaccinia virus is certainly derived from the surface
antigen of the elementary bodies and this soluble antigen can, like that
of the rickettsiae, undergo a sequence of antigenic degradations (Craigie
& Wishart, 1936). Of the other virus soluble antigens the only one for
which there is an adequate body of information is the soluble antigen
of the influenza virus. Its properties (Wiener, Henle & Henle, 1946)
show remarkable similarity to the rickettsial soluble antigens. Thus it is
serologically less specific than the elementary body; for the A strains are
readily distinguished from the A’ strains by the antigenic structure of
the elementary bodies, but the soluble antigens of the two groups are
apparently identical. Influenzal soluble antigens may be obtained by
shaking purified elementary bodies with ether. Patients who are in-
fected with influenza virus develop antibodies both for the soluble anti-
gen and for the elementary body; whereas those inoculated with vaccine
prepared from washed elementary bodies preserved with formalin de-
velop antibodies only for the elementary bodies. It is true that this fact
may also be explained by the hypothesis that the soluble antigen is a
tissue form of the influenza virus, but with rickettsia, when the same
facts hold, we know that such an explanation is not correct.

Two simple hypotheses which explain the facts seem worthy of con-
sideration. The soluble antigen is exactly analogous to the soluble anti-
gen of the rickettsiae and represents a dispersed and degraded form of the
surface antigen of the elementary bodies, the antigen being no longer
capable of adsorption on to the receptors of chicken erythrocytes.

Alternatively, the soluble antigen has nothing whatever to do with
the antigen of the elementary bodies. It might be supposed to be a
matrix substance similar to that making up the nest of the inclusion
body of the Molluscum contagiosum virus. The matrix substance might
be regarded as a ground substance of a spore cyst in which the linkage
groups of the infecting virus particle are multiplying by binary fission.

It has been observed that some bacteriophages of the T series, when
growing on their bacterial host in a lactate medium, have a coating of
desoxyribosenucleic acid (Cohen, 1947). This coating may be removed
with desoxyribonuclease without affecting the infectivity of the phage
particle. Itis possible that this observation provides a clue as to the true
nature of the soluble antigen of influenza virus.

INFECTIVE AND NON-INFECTIVE VIRUS

One of the main intuitive supports for the belief in a complex growth
cycle for virus multiplication rests on the apparent existence of non-
infective virus particles. If a bacterium is infected with an active lytic
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phage particle and if the bacterium is artificially broken open (Doermann,
1951) at some time in the development cycle of the phage before natural
lysis would have occurred, it has been shown that active phage cannot
be obtained immediately after infection nor until about half-way through
the growth cycle. After infection a lag occurs and then DNA synthesis
commences. Some minutes after this, infective phage particles may be
obtained. Within the interval between commencement of DNA syn-
thesis and the appearance of infective phage, the phage particle may be
demonstrated by complement fixation (Rountree, 1951).

In just the same way, influenza virus deposited on the chorio-allantoic
membrane of a developing chick embryo is immediately taken up by the
cells lining the membrane. But if the membrane is then ground in a
mortar, the infective virus particles cannot be recovered. Infective virus
appears again after a lag period and, as in the case of the phage, the pre-
sence of the particle may be demonstrated by complement fixation before
it can be demonstrated by infectivity.

The problem may be analysed by considering what happens to the
phage particle when it first gets inside a cell, and what is the nature of
the virus particle which can be demonstrated by complement fixation
but not by infectivity.

To assume that because an infective particle can no longer be re-
covered as an infective particle, that the particle itself has disappeared,
is an unwarrantable assumption. Disregarding the difficulty of getting a
virus particle out of a cell and free from thwarting entanglements, it has
just fought its way through a cell wall by an enzymatic process and it
may be in no fit state to do it again. Provided that it is not merely a
technical difficulty of recovery, the simplest hypothesis is that the sur-
face of the particle has changed.

The second part of the problem is rather different. The bacteriophage
particle which is detected in the interval between commencement of
DNA synthesis and appearance of infective phage, seems to have the
same surface antigenic structure as the final phage particle, for both
react with the same antibody. In the case of the influenza virus, the
actual surface antigen of the intact virus particle is being measured.
There is no reason to suppose that the specific antigen is in a highly dis-
persed state and it may reasonably be supposed to occupy a position on
the surface of a particle, as it does in the fully infective virus.

The question arises why the virus particles are not immediately in-
fective. Two alternative explanations are suggested. The first hypothesis
supposes that the particles are infective, but that because of their aggre-
gation no rise of infectivity can be shown until dispersion has com-
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menced. In the specific instance of the influenza virus, assuming that
the long filaments are strings of elementary bodies, infective virus can-
not be demonstrated until the long filaments have begun to fragment
into discrete elementary particles. In support of this view there is an
anomalous finding recorded by the Henles (Henle & Henle, 1949) who,
under certain conditions could demonstrate a rise of infectivity before
a rise of haemagglutinin, which is the reverse of the usual finding. The
conditions of this anomalous result were such as to make the infectivity
test more sensitive by neutralizing that part of the infective seed which
had remained extracellular.

The second hypothesis would accept the fact that the virus particles
are at first non-infective, some maturation process being necessary. As
the surface antigen of the postulated precursor particle and of the in-
fective particle appear to be similar, it must be supposed that the matura-
tion involves a change more fundamental than a surface modification or
more subtle than the serological methods of identification. With this
hypothesis the elementary virus particle capable of infecting a suitable
cell might be regarded as analogous to a bacterial spore, and the ele-
mentary virus particle multiplying inside the cell as the vegetative form.
In the specific instance of the influenza virus, assuming the long filaments
to be multinucleated cells, these are the vegetative forms from which the
spore forms develop by fragmentation into uninucleated elementary
bodies.

The main support for the maturation hypothesis is contained in the
work of von Magnus (1951). He has shown conclusively that if the
allantoic sac of a chick embryo is infected with a gross excess of infective
influenza virus particles, the resulting yield of virus consists mainly of
particles which are identical in most respects to the parent particles ex-
cept that they are non-infective. Both seem to have similar surface anti-
gens, and both cause haemagglutination. They have, by filtration, the
same size, though the non-infective particles sediment in centrifugal
fields rather differently. The interpretation has been that the overworked
host cells have become weary and have turned out half completed virus
particles. This interpretation necessarily implies that normally the parti-
cle goes through a process of maturation before it achieves its crowning
attribute of power to infect suitable cells.

The explanation is certainly plausible and cannot be refuted at pre-
sent, but it seems to be only one of a number of possible hypotheses.
Perhaps multiple infection of the cell has, by recombination, resulted in
a new genotype which evokes a pheno-typically different virus particle.
Boyd has suggested (1951) that the phenomenon may be in some way
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related to the analogous behaviour of some lytic phages which undergo
a diphasic variation to a symbiotic form. Perhaps the explanation is
that the virus clone is heterogeneous as a consequence of mutation and
recombination and that infection with a gross excess of virus results in
the selection of a fraction of the total population with a lower infectivity.
Specifically, it may be argued that the particles with a low infectivity
possess too slow a growth rate to yield a new crop of daughter particles,
or alternatively that their genotype is defective and results in a pheno-
type unable to infect. Some of the results of growing influenza virus in
eggs kept at temperatures above 36° are very curious and have appar-
ently resulted in virus clones which are infective but not haemagglu-
tinating (Blumenthal, Greiff, Pinkerton & DeWitt, 1950).

CONCLUSIONS

It is admitted that, at present, the direct evidence for the mechanism of
virus multiplication is so scanty, and the indirect evidence is so debatable
that there is ample ground for disagreement. In these circumstances
vanity enjoins caution in the explicit expression of beliefs. However, the
firm statement of a working hypothesis which can be refuted and emen-
ded in detail is so essential for progress in understanding that an explicit
statement will be attempted.

It is supposed that viruses possess genes arranged in linkage groups
and that the number of different kinds of linkage groups in a virus
particle is a small number but greater than one.

These linkage groups multiply by binary fission and, in consequence,
the mode of multiplication of viruses is, in essence, no different from the
multiplication of bacteria or indeed of any other cell.

The simplest hypothesis is to suppose that the phage particles also
multiply by binary fission in step with fission of the linkage groups, but
the formation of multinucleated cells is a distinct possibility. Recom-
bination is a very common occurrence and it normally takes place late
in the cycle, after multiplication of the virus. Assuming binary fission
of the phage particles, it is supposed that the recombination occurs by
fusion of two or more phage particles followed by segregation in which
polyploid particles of various types may result. If multinucleated cells
are formed it is possible that in some cases they arise by fusion of
several infecting units, with later recombination among the linkage
groups.

Recombination together with point mutation is the cause of the pheno-
typic variation among virus particles. It is believed that the appearance
of the non-infective particles is, in part, an illusion due to aggregation of

NVM 18
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the particles immediately following fission, but is probably also in part
a real phenomenon due to great differences in the genotype of the parti-
cles as a consequence of recombination and mutation.

It is supposed that the soluble antigens associated with viruses have
a dual origin. They are derived from the surface antigens of the particle
by fragmentation and degradation; and they represent a matrix sub-
stance surrounding the multiplying virus, formed as a direct consequence
of the active synthesis of specific virus material, not all of which is built
into the final particle.
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THE MULTIPLICATION OF INSECT VIRUSES*

G. H. BERGOLD
Laboratory of Insect Pathology, Department of Agriculture, Canada

The insect viruses occupy a unique place among all other viruses with
respect to the degree of purity with which they can be obtained. This for-
tunate circumstance is due to the fact that the virus particles are enclosed
in inclusion bodies from which they can be liberated easily. The inclusion
bodies are water insoluble and resistant to all processes occurring during
bacterial decomposition of insect larvae. They can be obtained, there-
fore, by simple centrifugation in gram quantities as a white, dry powder,
free from any foreign contamination (Fig. 1). They can be stored dry or
wet for several years without much change.

These inclusion bodies consist of about 95%; of a homogeneous pro-
tein with a molecular weight from about 275,000 to 375,000, depending on
the insect species, and of about 3 to 5% of virus particles (Bergold, 1947).
The inclusion bodies are often surrounded by a thin membrane of identi-
cal or very similar composition to the polyhedral protein (Wyatt, 1950).
The virus particles can be liberated by dissolution of the inclusion bodies
in weak alkali (Fig. 2) and separated from the inclusion body protein by
centrifugation. They do not give any serological cross-reaction with host
material, which proves their high degree of purity (Bergold & Friedrich-
Freksa, 1947).

There is another exceptional character in the insect viruses. The in-
clusion bodies containing the virus particles are in their early stage of
development apparently of a liquid consistency. Later the concentration
of the inclusion body protein becomes so high that aggregation and
crystallization occur fixing rigidly all possible stages of development or
multiplication of the virus particles. This fortunate fact, together with
the high degree of purity of the virus preparations, encourages morpho-
logical studies and may justify the interpretation of the forms seen as
steps in a developmental and multiplication cycle.

In a previous paper (Bergold, 1950) it was demonstrated that the virus
particles are not homogeneous in size and shape. A developmental cycle
and various multiplication forms were described for four different insect
viruses. Investigations of other insect viruses led to the same conclusions

* Contribution No. 53, Division of Forest Biology, Science Service Dept. of Agriculture,
Ottawa.
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and further research confirmed the presence of sub-units in the virus rods
(Bergold, 1952b) that had been postulated earlier (Bergold, 1950).

At present three different groups of insect viruses can be distinguished:

1. The classical polyhedral viruses (genus* Bollea Bergold; Steinhaus
1949; Bergold 1952a), representing rod-shaped viruses occurring in
great numbers in polyhedral-shaped inclusion bodies (polyhedral
bodies) of 0°5 to 15 micron diameter.

2. Capsule (granulosis) viruses (genus Bergoldia Steinhaus; Steinhaus
1949; Bergold 1952a), representing rod-shaped viruses occurring
singly in oval-shaped inclusion bodies (capsules, granules) of less
than 1 micron length.

3. Spherical viruses (genus Smithia Bergold; Bergold 1952a), occur-
ring in great numbers in polyhedral-shaped inclusion bodies (poly-
hedral bodies) of 0-5 to 15 micron diameter.

The life cycle and kind of multiplication are similar in the classical
polyhedral and the capsule viruses. In both groups the individual virus
particles develop within the developmental membrane from a spherical
body with a diameter of about 20-40 millimicrons, to one or several rod-
shaped particles with dimensions of about 20-27 < 200-400 millimicrons.

In the polyhedral viruses the majority of virus particles included in the
polyhedral bodies are in the rod-shaped stage, which is the ‘resting stage’
for this group. The spherical developing stages are present only in small
numbers. The rods often still carry the developmental membrane. In
some viruses of this group, for example, the virus of Bombyx mori L.
(silkworm), usually one or occasionally two rods develop within the de-
velopmental membrane (Fig. 3). In others, for example, the virus of
Porthetria dispar L. (gypsy moth), four or more rods develop in the de-
velopmental membrane in a bundle arrangement (Bergold, 1948a) (Figs.
4, 5, 6). This is not a result of lengthwise splitting of one large rod but
division takes place within the early spherical stage, in which individual
small particles can be seen. Each of these particles develops into a rod.
The mode of multiplication herein described postulates the development
of only 2-5 virus rods from one spherical particle. The individual virus
rods are surrounded by another, the intimate membrane, reminiscent of
the membranes around bacteriophage described by Anderson (1949).
One slender projection about 10 millimicrons in diameter and about 60
millimicrons long can often be observed at one end of the rods (Bergold,
19524, 1952b).

* The general use of a binominal system for viruses is at present under discussion
(Andrewes, 1951).
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In addition to this rather low rate of multiplication another more
efficient one seems to take place. Alkaline conditions not only liberate
the virus particles from the polyhedral bodies, but also cause a disinte-
gration of the virus rods (Bergold, 1952b). Small spheres of about the
same diameter as that of the rods slip out usually at the ends of the inti-
mate membrane (Figs. 4, 5, 7, 8). The number of these spherical sub-
units has not been determined; however, six or more may be present.
The disintegration of the rods is, under natural conditions, caused not
only by alkali. Other processes seemed to be involved (Fig. 9) since the
characteristic, empty, intimate membrane has been demonstrated in
virus-infected blood-cells of Bombyx mori L. before polyhedral forma-
tion, without any alkali treatment (Bergold, 1952). This indicates further
that the complete multiplication cycle—sphere, rod, spheres—takes place
in the cell nuclei and is finally arrested by the formation of the poly-
hedral bodies. Similar conclusions are drawn by Bird (1952), who ob-
served various developing forms of a polyhedral virus in gut cells of
Diprion hercyniae Htg. (European Spruce Sawfly).

The life and multiplication cycles of the second group, the capsule
virus, are not so well known. In principle they seem to be very similar.
From the spherical stage within the developmental membrane, there de-
velops usually a single rod, or occasionally a double rod. Each single
or double rod is surrounded by the oval-shaped inclusion body, the so-
called capsule (Fig. 10) (Bergold, 1948b) or granule (Steinhaus, Hughes
& Wasser, 1949). Occasionally several rods become enclosed forming
larger inclusion bodies of varying shape. The majority of the virus parti-
cles enclosed in the capsules are in the rod-shaped stage which is the
‘resting stage’ for this group of insect viruses also. Only a few are pre-
sent in the spherical developing stages (Fig. 11) (Bergold, 1950).

The rods are usually slightly curved and since they do not shed their
developmental membrane readily it gives them a wider appearance.
They are much more resistant to alkali and the disintegration of the rods
to spheres has been observed only occasionally (Fig. 12). The rods in
this group also show the slender projection at one end (Bergold, 19525).

There is very little known yet about the third group of spherical viru-
ses which was discovered only recently (Smith & Wyckoff, 1950, 1951).
These viruses occur in great numbers in polyhedral-shaped inclusion
bodies. Liberation of the virus particles by alkali shows that by far the
majority are spherical. This stage seems to be the ‘resting stage’ in this
group. It has been stated that no rods can be found (Smith & Wyckoft,
1950, 1951). In further investigations, rods and filamentous forms were
demonstrated (Fig. 13) (Bergold, 1952b). It is, therefore, possible that
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the development and multiplication cycles of the spherical viruses are
similar to those of the rod-shaped ones. The slender projection was also
seen on some spheres, giving these insect viruses an appearance almost
identical with bacteriophages (Bergold, 19525).

DISCUSSION

It must be admitted that the foregoing interpretations of morphological
studies are subject to criticism. The main problem is that it is difficult or
impossible to investigate the dynamic process of multiplication by rather
static observations (Luria, 1950). Yet it is felt that the insect viruses are
an exceptional subject due to the fixation of the virus particles by forma-
tion of the inclusion bodies during the process of their development.
Moreover, the dimensions of the virus particles necessitate the use of
the electron microscope for morphological studies. This means that all
observations are made on dry objects. Yet the quality and excellent re-
producibility of the virus pictures seem to justify the method employed.

Another objection which might be raised is the use of alkali. In nature
the inclusion bodies are carried into the mid gut with the food. There
they are dissolved readily by the strong alkaline reaction (up to pH 10-0)
of the gut juice and the virus particles are liberated. Yet it was shown by
intra-lymphal infection tests that virus suspensions prepared with gut
juice were much less infectious than those prepared with pure alkali.
Therefore, serious destruction of the virus particles does not occur by
the use of alkali.

A more important criticism is based on the fact that virus preparations
treated with weak alkali in order to release the spherical sub-units had a
decreased infectious activity (Bergold, 1952b). Ifthespherical virus parti-
cles are really not active, strong evidence against the validity of the multi-
plication cycle would be shown. Yet the inactivity could be explained in
two other ways: the spherical stage may be very delicate and be inacti-
vated during the treatment; or the spheres may not become absorbed by
the host cells and therefore, may not arrive at the place of development
and multiplication. Similar inactive phases during the early development
steps are known in bacteriophage and other viruses (Bawden & Pirie,
1945; Gard & Magnus, 1946; Henle, Henle & Rosenberg, 1947; Hoyle,
1948; Heinmets & Golub, 1948; Markham, Matthews & Smith, 1948;
Foster, 1948; Henle & Henle, 1949; Horsfall, 1949).

Working with rod-shaped polyhedral viruses, Smith and Wyckoff
(1950, 1951) were unable to find the spherical stages. Yet the few experi-
mental data given indicate the inadequacy of their method of virus pre-
paration. In the meantime other investigators (Wasser & Steinhaus,
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1951; Hughes & Thompson, 1951; Bird, 1952) confirmed the presence
of some developing stages. Moreover, it is interesting to note that vari-
ous developing stages, spherical forms together with rod-shaped and
filamentous forms, have been described in other viruses too (Bedson,
1933; Tang & Wei, 1937; Rake & Jones, 1942; Bang, 1948; Heinmets
& Golub, 1948; Horsfall, 1949; Hoyle, 1950; Putnam, 1950; Wyckoff,
1951; Brakke, Black & Wyckoff, 1951).
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Fig. |. Polyhedral bodies of C ‘horistoneura fumiferana Clem.). x 10,000.
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Fig. 2. Polyhedral bodies of Portherria dispar (L.) in dissolution. Virus
particles of various development stages inside and outside of the polyhedral
body. x 33,000.



Fig. 3. Polyhedral virus particles of Bomby.x mori (L.). Spherical developing
stages, single and double rods within the developmental membrane, mature
rods and empty membranes. x 33,000,



Fig. 4

Fig. 5



Fig. 6

Figs. 4-6. Polyhedral virus particles of Porthetria dispar (L.). Bundles with
and without developmental membrane, some single virus particles disinte-
grate in spherical sub-units leaving the empty, intimate membrane. Figs. 4
and 5, x50,000. Fig. 6, x 33,000.



Fig. 7

Figs. 7, 8. Polyhedral virus particles of Bombyx mori (L.). Rods
releasing the spherical sub-units, empty developmental and intimate
membranes. x 33,000.



Fig. 8
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Fig. 9. Polyhedral virus of Bombyx mori (L.) showing spherical
structure of the rods and intimate membrane after treatment with
trypsine. x 33,000.

Fig. 10. Capsules (granules) of Choristoneura fumiferana (Clem.). x 25,000.

Fig. 11. Capsule virus of Cacoecia murinana (Hb.). Spherical developing stages, single
and double rods within the developmental membrane. x 50,000,
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Fig. 14. Newecastle disease virus in water.

Fig. 15. Newcastle disease virus in 0:85 °, NaCl.



Fig. 16. Purified Newcastle discase viruses kept in
distilled water for two weeks. Note that some of the
viruses show a dense centre and a less dense periphery.

Fig. 17. The same virus preparation as in Fig. 16
after heating at 75° for 5 minutes. Note that some
very thin structures seem to have been cast oft from
the virus particles.
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DISCUSSION

A. FELIX: Is it possible to demonstrate the presence of polyhedral pro-
tein in the absence of virus? This would indicate which comes first.

G. H. BERGOLD: Yes, there are some claims (Smith & Wyckoff, Research,
1951, 4, 148) that some polyhedra in certain insects seem not to contain
any virus particles. However, these are exceptional cases and need
confirmation.

T. E. MITTLER: With regard to the possibility suggested by Dr Bergold
that the various particle sizes of insect viruses represent cyclical stages
in the development of the viruses (rather than the simultaneous produc-
tion of virus particles having a different expression of form) does any
one form predominate in any one cell at a certain time after infection?

G. H. BERGOLD: This question is difficult to answer for two reasons:
(1) The life and multiplication cycle of the virus—sphere, rod, spheres—
takes place more than once in a single cell, (2) the shape of virus particles
at intervals of time after infection is very difficult to investigate in an
insect larva, since different organs and cells of one organ arenot attacked
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simultaneously. One blood cell nucleus may show chiefly spherical forms
but other blood cells at the same time are not affected or display spheres
and rods. This problem can only be investigated in tissue cultures which
are in progress in our laboratory.

N. W. PIRIE: The facets that appear on these polyhedral bodies resemble
in many ways the facets that are found on starch grains in plants.
Reichert (Publ. Carnegie Instn., 1913 & 1919) found that each plant pro-
duced a characteristic shape of grain and that only a few produced the
quasi-rhombic-dodecahedron which is the shape that would appear if
plastic spheres were squashed together. He could not discover what con-
trolled the precise shape and I wonder whether you find that the shape is
characteristic of the virus and of the host and have any explanation of it.

G. H. BERGOLD: The shape of polyhedral bodies is rather characteristic
of each host insect. This cannot be decided definitely since it is not
certain whether insect viruses are transmitted to other than their specific
hosts. Occasionally the shape of polyhedra is in a few nuclei quite
different from that of the majority of the same individual insect larva.

Concerning the shape of the polyhedra, one might suggest that its
crystal form may depend on the different shape and size of the poly-
hedral protein molecules (Bergold, Z. Naturforsch., 1947, 2b, 122).

H. P. CHU: Recently we have been interested in the effect of salt concen-
tration on the morphology of the Newcastle disease virus first described
by Bang (J. Exp. Med., 1948, 38, 291), who found that Newcastle
disease viruses appeared spherical in water but became tailed and fila-
mentous in form when suspended in saline. In recent years much interest
has been directed to the filamentous form of animal viruses and its im-
portant implication on the mode of virus multiplication. It seems worth-
while to investigate more thoroughly how far the morphology of a virus
is subjected to the change of the suspending fluid and why. We have
therefore repeated Bang’s work. Figs. 14 and 15 show how striking the
Newcastle disease virus changes reversibly from the rod form in 0-85%;
NaCl solution to the spherical form in water. In order to see how much
the osmotic pressure is responsible for the change we have examined the
virus in 6% glucose solution which is isotonic to 0-859; NaCl. In this
case also the viruses appear mainly as rod forms. The result shows that
the osmotic pressure at least plays an important part in this morpho-
logical transformation. The additional fact that the change is reversible
seems to suggest that there might be some limiting membrane in the
Newcastle disease viruses.

It is interesting to note that mitochondria also change from rod form
to spherical form when the salt concentration or osmotic pressure of the
medium is reduced. It is generally believed that there is a limiting mem-
brane in mitochondria which has a high content of phospholipids. One
wonders whether Newcastle disease viruses and influenza viruses have a
limiting membrane of the same nature. If so, would this membrane be
reproduced in the same way as the membrane of the mitochondria, or
is it simply a bit of the host cell membrane carried away by the virus
particles when they leave the host cell as was suggested by Hoyle? What
is the biological function of the membrane?
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Some of our electron micrographs of purified Newcastle disease virus
(Fig. 16) do show a distinct differentiation of a dense centre and a less
dense, rather flat periphery. Elford et al. (Brit. J. Exp. Path., 1948, 29,
590) have also observed that some Newcastle disease virus has a shghtly
raised centré surrounded by a flat structure which they regarded, how-
ever, as mucinous substance rather than as a membranous structure.
We have attempted to see if one can strip off this surface layer or mem-
brane from the rest of the virus particle. Salton & Horne (Biochim.
Biophys. Acta, 1951, 7, 19) have recently succeeded in rupturing and
separating the cell wall of bacteria by sudden heating. We have just
treated a Newcastle disease virus preparation in the same way and
obtained some rather encouraging results. Fig. 17 shows that some very
thin structures seem to have been cast off from the virus particles after
being heated at 75° for S minutes. If this preliminary finding can be
substantiated by further observation, it would strongly indicate that
there is a limiting membrane in the Newcastle disease virus.

K. ZINNEMANN: What happens to insect viruses during the early stages
after injection into larvae? Does the virus disintegrate as other viruses
seem to do or is it recoverable all the time?

G. H. BERGOLD: Efforts were made to demonstrate particles suspended
in silkworm serum. Up to 3 hours both unchanged and disintegrating
rods were found, but later the serum precipitates and then virus cannot
be detected.

L. DMOCHOWSKL: Have you attempted the separation of smaller
(spherical) particles from the larger (rod-shaped) particles and the esti-
mation of their respective infectivity?

G. H. BERGOLD: The separation was tried by ultracentra-centrifugation,
but without success so far.



THE MULTIPLICATION OF THE FOWL
TUMOUR VIRUSES

J. G. CARR

British Empire Cancer Campaign Unit, Poultry Research Centre,
Edinburgh

Most of the studies on virus multiplication have been made on the necro-
tizing viruses, where the cycle is simply infection—virus multiplication—
cell death and virus release. But many viruses also stimulate cell pro-
liferation—e.g. vaccinia—and Andrewes (1934) has called attention to the
fact that a series can be drawn in both the epithelial and connective
tissue infections which starts with purely necrotizing viruses, through
those causing both necrosis and proliferation in various degrees, to others
causing an almost pure malignant growth. In these last examples an
exceptionally close relationship between the cell and virus multiplication
cycles must hold: for if the virus multiplication rate were excessive the
increasing accumulation of it should eventually overwhelm the cell and
cause death, while if the cell were to outgrow the virus it would promptly
be halted by lack of the stimulus to growth. This balance may not ncces-
sarily be a fine adjustment, for an alternating equilibrium of either type
or both would serve to give the unrestrained proliferation of cells found
in these infections.

This should not be regarded as implying that the cycle of virus multi-
plication is controlling or controlled by the nucleus of the cell directly,
for an indirect link-up through the mitochondria, for example, could
give the same result as far as our present knowledge goes.

There is even greater difference between the necrotic viruses and some
of the proliferative ones such as the Shope papilloma virus and the avian
sarcoma group, and that is that the latter will not infect a susceptible
cell when they come into contact with it. Injury is necessary before in-
fection takes place, and the resulting cycles of virus multiplication are
necessarily entirely intracellular.

YIELD OF VIRUS FROM TUMOURS

The mass of tumour cells produced by the avian sarcoma viruses pro-
vides excellent material for studying the yield of virus per infected cell.
When this was done (Carr, 1947) the best yield of virus reported was
3-75 x 107 infective doses per gramme of tissue for the Rous 1 tumour
(Claude & Rothen, 1942). Taking the volume of a tumour cell as (10)3
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a cell content of 10° cells per cm? or per gramme of tumour tissue is ob-
tained. This rough calculation shows that only about one cell in twenty
can contain infective virus, and this was definitely a maximum yield, for
most workess on this and the other avian sarcoma viruses report yields
corresponding to 10°-10° infective doses per gramme, i.e. one infective
dose from several thousand cells. On the other hand, calculation from
the amount of particulate material that was chemically, physically, and
immunologically like the virus that was obtained corresponded to a dry
weight of 4 x 1072 g. per infection. The weight of the virus, calculated as
a 70 my diameter sphere of density 1-3 should be 23 x 107 g. This corre-
sponds to 1 infective particle to 574 similar but non-infective particles,
or an average of about 28-7 such particles per cell. Rather better yiclds
of virus since reported by Carr & Harris (19515) still fall below one
particle per cell, and only modify the calculation slightly.

It is now much easier to appreciate that this finding is in line with the
general picture of virus multiplication. The proportion of 0-29 of the
‘purified’ virus that was actually infective was a strong discouragement
to any investigation of the cause of the induced malignancy by chemical
analysis of the virus. If the average content of all cells in the tumour is
28 particles, then it seems likely that this implies that cells about to
divide into two will contain more than 28 particles and those which have
just divided will contain less. Furthermore, if there is a soluble phase
or disaggregated stage during the virus multiplication cycle, cells con-
taining such would not contribute to the total of particles isolated, and
therefore the particle content of the rest would have to be correspond-
ingly higher. Even if no allowance is made for such a stage, the propor-
tion of infective to non-infective particles is about 1:574, and this should
also indicate the proportion of the life cycle of the virus, and of the cell
mitotic cycle, in which fully-formed infective virus is present. This is such
a short period of the cell mitotic cycle (1/574th of a 24-hr mitotic cycle is
about 2% minutes) that it is at once suspected that the stimulus to cell
division is not only the fully-infective virus, but also some portion of the
earlier stages of virus synthesis. It is not therefore possible to decide
from this type of data how many particles are needed to cause a given
cell to become malignant.

LOCATION OF VIRUS IN THE CELL

The fowl tumour viruses are below the resolution limit for ordinary
optical microscopes, and inclusion bodies are not formed. Claude, Por-
ter & Pickels (1947) detected bodies of the size of the virus in Tumours
1 and 10 by the use of the electron microscope. These particles were
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found in the cytoplasm of 48-hr tissue cultures, though because of
thickness of the central region it could not be ascertained whether t!
were also present in the nucleus. They did not state whether all ¢
contained the virus, and the large number found is very much above
average found by direct isolation, though not necessarily above the
pectation if a prolonged soluble phase occurs. Immunological exp
ments (see below) suggest that some nuclear material is incorpora
in the virus, which perhaps points to a nuclear origin.

COMPOSITION OF THE VIRUS

It was shown by Gye & Purdy (1931) and confirmed by Amies (19
that antisera to normal fowl tissues would neutralize the tumour viru:
Using the Fujinami virus, which will grow in both fowls and ducks
was possible to demonstrate that fowl-grown virus had a fowl cc
ponent, while duck-grown virus had a duck component and not a fi
component (Gye & Purdy, 1933). Amies & Carr (1939) showed t
the normal tissue component was present in the (nucleated) red c
and not in the plasma (the statement by Haddow (1944) that the cc
ponent is in the serum cannot be substantiated). When this was the o
example known of this participation of the host tissue in the virus it \
used to produce a number of highly complex hypotheses about a ‘d
nature’ or cytoplasmic origin of the virus. Since this participation
host material has been found in other viruses, it can no longer be u
for separating the avian sarcoma viruses into a separate class of entit
or for supposing that the tumour viruses have a special mode of creati

MULTIPLICATION OF VIRUS AFTER INFECTION

In discussing the evidence available from past work, it has been assun
that the multiplication of the sarcoma viruses in the cell follows the sa
mechanism as other viruses. I have recently been able to secure evide
that this is so (Carr, unpublished). The method used resembled that u:
for other viruses and may be briefly described. The host employed +
a newly-hatched chick, and an injection of about 1000 infective do
was made into one leg. Larger doses were considered inadvisable, as

host cell, probably the macrophage, might not otherwise appear in su
cient number to deal with all the virus. At stated intervals, the chi
were killed, and the leg muscles minced, extracted in 4 ml. distilled wa
(which lyses all cells) in a small macerator, cleared by light centrifu
tion, and titrated in more young chicks by the method described by C
& Harris (1951a). It was found that recovery of virus added to extra
of normal muscle, and the virus recovered a few hours after inject
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into the leg was complete, within the accuracy of the assay. Despite the
unhandy nature of the material, the transience of the infective stage, and
the difficulties associated with the large number of chicks needed at once,
a consistent 3tory emerged from the later assays.

Table 1. Infectivity of 0-2 cc. leg extract after hours:—

Initial

Injection |
Expt. Infective 0 6 12 |18 24 | 36 | 42 48 | 60 66 72 84 \ 108
No. Dosesin ] i

02c.c. ! ;

extract

i !
1. 400 — e — — Ry = — e - | — —  10%(5/5)
2. 400 — | — @2 [am|em| — 10e) 63| — | — 1022 —
3. 400 |102(1/3)] — | — @6 — |G| — | — | 1005 1005/5)] — | —
4.

40 [1023)| — | — — | — | = i(2/3) — (2/3)i - = |-

The figures in brackets indicate the number of animals injected (denominator) and number of
tumours produced (numerator). The preceding figure (if any) indicates the dilution of the
extract which produced these tumours.

— Indicates no virus detected in undiluted extract.

A summary of the results is given in Table 1. Within 6 hours after in-
jection of virus into the leg the titre of the leg extract fell to about 1%
of the amount of virus injected, and remained at this level for about 66
hours, when a sharp risc occurred. There are sufficient data in the litera-
ture to indicate that extractable virus is present thereafter. This fits in
well with the histological findings (e.g. Levine, 1939) that the first de-
tectable signs of malignancy (as opposed to the ordinary foreign body
reaction) become recognizable at a period of about 55 hours or rather
later. The subsequent histological data indicate a varied response of the
cells, which discourages the hope of obtaining a ‘second step’ increase
of virus. All pathologists seem to be agreed that subsequent increase is
by cell multiplication, and not cell infection (which would anyhow need
a renewal of the injury stimulus), and although there is a small amount
of virus in the bird, this can easily be attributed to liberation as a result
of the usual necrosis of tumour cells; in fact, the amount of virus in the
whole of the normal tissues amounts to that in about 1 mg. of tumour
tissue (Carr, 1944a).

FACTORS INFLUENCING VIRUS CONTENT OF TUMOURS

The yield of virus from a tumour therefore depends on the continued
multiplication both of virus and cells. It seems that three main factors
control the yield of virus from a tumour:

1. The serum antibodies which will neutralize the virus when ex-
tracted from the cells. These only become effective in highly-
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immune birds, which in practice means only after 30 days growth
of the tumour (Carr, 1943a).

2. The age of the host. Duran-Reynals (1946a) made the important
observation that tumours in old birds produce little or no virus.

3. The rate of growth of the tumour, as slow tumours are likely to
have fewer cells at the stage at which fully-formed and infective
virus is present.

Evidence for the effect of the last two factors is provided by an analysis
of the results of assay of thirty-seven Rous 1 tumours carried out between
March and November 1951. All wereinduced by a large inoculum of cells
and virus, so that growth-rate was mainly determined by the susceptibility
of the host. All were assayed after 13-29 days of growth, i.e. at tumour
ages where antibody has little effect. No relation between effect, activity
and age was in fact found. Some of the experiments were from other
lines of work, and some were from tumours chosen deliberately to in-
vestigate these effects.

The yield of virus is that given by a 109/ extract, decimal dilutions of
which were inoculated (0-2 ml.) into young chicks. The figures are
rounded off to the nearest active decimal dilution. Both age of host and
size of tumour were effective. In Table 2, the effect of age of host is
shown, while the tumours are roughly classified in size.

Table 2. Effect of age of host and tumour size
on virus content of turmours

Age of host ! Activity of extract
(Days) . Upto10® | 10¢ 10% and over
L S l L S L S
Up to 69 b~ 1 6 3 8 2
70-79 [ 3 —
Over 80 P42 1 — 2 —

The figures indicate the number of hosts falling in each group.
L, S == large and small tumours respectively.

The size of the tumour is, of course, only an approximate reflection of
the growth-rate at the moment when the tumour was taken, and it has
been necessary to ignore any variation due to the other factors of the
host. It is clear that the tendency is for large and small tumours of old
hosts to have a reduced virus content (except in very rapidly growing
tumours) while conversely small tumours have a low virus content ex-
cept in the younger birds. The experiments included eight pairs in which
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two birds of equal age received identical injections. In two pairs, the
tumour size and virus yield were similar, while in the others the smaller
tumour always contained less virus. One experiment involved two such
pairs and summarizes all the findings.

Table 3. Effect of age of host and tumour size
on virus content of tumour

Age of host Tumour size Virus yield
(Days) of extract
87 Large 104
87 Small 10t
34 Large > 108
34 Small 10°

As previously mentioned, all birds had received a large inoculum and
the tumours were taken within a relatively narrow time range, so that
the tumour size was an approximate reflection of the rate of growth of
the tumour. That this really was the case was shown by other experiments
where two inoculations of different amounts of virus (approximately
1:1,000) into the same bird gave both a large and a small tumour, but
the relative growth-rates were similar (the size of tumours in the same
host is proportional to the amount of virus injected). Extracts of the
tumours gave the same yield of virus per gramme of tumour from both
the large and small tumours in the same host. The size of the tumour
is therefore not the critical factor, but its rate of growth.

It might be suspected from this that the actual virus content of a
tumour is not identical in all parts, but that small pieces might have
different contents depending upon local conditions in the tumour. It is
interesting to note that Duran-Reynals,(1946b) has shown that mutations
of the Rous virus are more frequent in older birds. A possibly similar
aspect of the age effect is the finding of Gye (1931, 1932) that the Fuji-
nami sarcoma grows readily in young ducklings but not in older birds.
It is uncertain to what extent this is a general characteristic of viruses.
Though they usually produce disease more often and more severely in
young animals, some of this at any rate is probably due to the produc-
tion of antibodies in adults. A summary of the relationship of age and
infection is given by Duran-Reynals (1946¢).

SUSCEPTIBILITY OF HOST

Once infection is established, the final outcome usually depends upon
the genetic susceptibility of the host, antibodies having no effect upon

NV M 19
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intracellular virus. In the majority of cases some at least of any species
will survive any infection. A small percentage of fowls will usually sur-
vive the Rous 1 sarcoma virus, and it has been shown (Greenwood, Carr
& Blyth, 1948) that this is an inherited condition. Infection by the virus
undoubtedly occurs, but the tumour fails to progress very far and usu-
ally regresses quite suddenly. It has been proved that the virus remains
latent in such birds, which remain carriers with a high antibody content
in their serum (Carr, 1943b). This resistance may break down, and de-
velopment of normal virus-containing tumours occur years later. Such
tumours recur at the site of inoculation, indicating that the carried virus
is not disseminated among the tissues of the host (Carr, 1942a). The
amount may be considerable, as laying carriers will pass large amounts
of antibody through each egg (Carr, 1944b). There is as yet no informa-
tion about the rate of virus multiplication in such birds.

NON-MALIGNANT CONDITIONS

The chick tumour viruses do not always produce malignant growth.
Milford & Duran-Reynals (1943) have shown that in very young chicks
and in embryos a necrosis of some cells of the blood vessels may result,
seen as a haemorrhagic spot or large haematoma. They have succeeded
in transmitting the virus as a purely necrosis-inducing form for several
passages. The yield of virus from such lesions is small, but it isimpossible
to decide how many cells are involved, and even a small injury to a
blood-vessel will produce a spectacular haematoma in the fowl. This
finding seems to be in line with the previous suggestions, that virus multi-
plication is greater in the cells of young animals, and that excessive
multiplication will result in necrosis of the host cell.

For many years, most poultry pathologists have been convinced often
from purely clinical observations, that fowl paralysis or avian neuro-
lymphomatosis is a manifestation related to the sarcoma-leukaemia
group of avian viruses. Vasquez-Lopez (1936) suggested that involve-
ment of the nervous system follows intracerebral inoculation of Rous 1
virus, and Duran-Reynals (1947) has produced a neurotropic variant of
the Rous 1 virus. Greenwood & Carr (1951) consider that a mutation of
the Rous virus can occur in fowls that are carriers of the virus and under
certain conditions give rise to neurolymphomatosis in birds hatched from
their eggs. In keeping with the low rate of reproduction of nerve cells,
such neural infections always result in tissue destruction rather than pro-
liferation, but the techniques of handling those neurotropic forms are
not sufficiently advanced for any quantitative data on virus multiplica-
tion to be available.



MULTIPLICATION OF FOWL TUMOUR VIRUSES 291

ACTION OF CHEMICALS ON VIRUS MULTIPLICATION

Attempts to modify the yield of virus by treatment of the tumours with
colchicine, cyanide, or by maintaining isolated pieces of tissue at 37° or
0° for many hours have not had any success (Carr, unpublished). Until
a blockage leading to the mass production of infective virus can be
evolved, investigations of the virus as isolated from tumours by chemical
methods seem pointless. A more interesting effect is that produced by
treating a ‘carrier’ bird with methylcholanthrene (Carr, 1942b). A vio-
lent local reaction occurs, leading to the production of a large typical
Rous tumour in about 10 days. Grafts of such tumours contain infective
virus. This stimulating effect of the carcinogen on the host cells of the
virus and thus on the virus itself is perhaps similar to the action of oestro-
gens on the host cells of the mouse mammary virus.

It is interesting to speculate on the possibilities of producing ‘incom-
plete’ virus by such means. If infection were followed by the establish-
ment of a carrier state, with the latent virus losing the potentialities of
forming complete infective virus, then stimulation by a chemical carcino-
gen might set off multiplication of the host cell and non-infective form
of the virus, giving a virus-induced tumour from which no infective virus
can be isolated. This may have happened in the case mentioned pre-
viously of the old fowls of Duran-Reynals bearing non-infective tumours;
perhaps also in the Shope papilloma where it has been shown that carci-
nogens will stimulate the malignant transformation in domestic rabbits
(Rous & Friedewald, 1941). Such tumours contain something immuno-
logically resembling the virus though infection cannot be demonstrated
(Kidd, 1942).

Many years ago, Andrewes (1939) postulated ‘toothless’ viruses as one
aspect of cancer causation, i.e. viruses which can cause proliferation
but will not infect new cells. It is now easier to see that such viruses
might arise from infective forms as a result of the mode of reproduction
of viruses. Such a concept can be extended beyond the true cancer
viruses, for Duran-Reynals (1950) has some indications that fowl-pox in
carrier birds may result in an abnormal response to chemical carcinogens.

Such multiplication of ‘incomplete’ virus recalls the ‘neoteny’ of zoo-
logists, where a larval form develops the ability to reproduce. But a virus
reproducing without the property of infectivity is a difficult subject for
experiment, especially if an outside stimulus is also involved. This is not
a new problem to be faced, for in 1928 Boycott said ‘we have no proof
that the particles we get out of a lesion are the direct descendants
of those we put in. In other words, we have to reopen the discussion

19-2
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question which most of us regarded as settled: is the agent the cause of
the disease or the disease the cause of the agent?’
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DISCUSSION

L. DMOCHOWSKI: In connection with Dr Carr’s remarks on the multi-
plication of fowl tumour viruses as well as with comments made by other
speakers, it may be of interest to mention some of our observations on
the mammary tumour inducing agent of mice or the Bittner virus.

The first observation relates to the development of spontaneous breast
tumours in mice of a subline of C57 black low-breast-cancer strain after
six years of observation during which no breast tumours were recorded
in any of the four hundred breeding females of this strain. As already
reported (Dmochowski, Acta Union Intern. contre le Cancer, 1951, 7,
230), the first two C57 black strain female mice which developed breast
tumours, as well as the subsequent tumorous females, were found to be
descendants of the same original C57 black female, whose ancestry was
free from cancer. The first two breast tumours when tested for the pre-
sence of the Bittner virus in suitable test mice failed to reveal the presence
of the virus. It was then concluded that the genetic and hormonal factors
may have been responsible for the appearance of breast tumours in these
low-cancer-strain mice.

Shortly after the development of the first two breast tumours, more
tumours were recorded, gradually bringing the total of spontaneous
tumours in this C57 black subline to twelve. For purposes of demon-
stration a simplified table is shown (see Fig. 1) in which all the tumours
are demonstrated. As can be seen from this table, not only the first two
tumours, already mentioned, but also the two subsequent tumours (one
in F3 generation, and one in F4 generation) failed to reveal the presence
of the virus, when tested in similar susceptible test mice which give an
incidence of 80-90 9 of tumours when injected with material containing
the virus. Had only these four tumours been observed, the conclusion
reached after the test of the first two tumours would have been streng-
thened and perhaps made final. Contrary to expectation, however, out
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of seven subsequent breast tumours in the F6 generation five revealed
the presence of the virus. Again the tests of these seven tumours were
carried out in test mice similar to those used in the tests of the first four
breast tumours. In each test, the age of the test mice when injected with
extracts of the breast tumours, the method of preparation of the tumour

C57 black
original female

X X F1
X >l< l{] F2
X% "

r——“j | |
X X X F4

Y ¥—‘1-—| I
X X X X X X >|< X FS
S
b x
>‘( F8

X Indicates female without tumour |

[ Indicates tumour with no Bittner virus X F9
Indicates tumour with Bittner virus E"IJ £10

[7] indicates tumour not examined
Fig. 1

extracts, and the route of injection of the extracts were the same. Further-
more, the majority of the test mice in each negative test lived well above
the age at which tumours develop. The age of C57 black strain mice at
which the spontaneous breast tumours developed, the number of the
litter to which the tumourous mice belonged, and the histological appear-
ance of the tumours could not have influenced the results of the tests, as
they were approximately the same and the tumours on histological
examination revealed a similar structure. It can be stated therefore that
the tests which failed to reveal the agent in the first four tumours were
as adequate as the tests of the subsequent tumours, the majority of
which were found to harbour the agent. An interesting point should be
stressed: as can be seen from the table, sometimes three or even as many
as seven tumour-free generations may intervene between two females
which develop spontaneous breast tumours, although the tumour-free
females (marked X on the figure) of the intervening generations have
lived to an age at which tumours could have developed.

For an interpretation of this observation on the ‘appearance’ of the
Bittner virus in a low-cancer strain the following may be considered.

The virus could have been present constantly in a latent or ‘masked’
state or as symbiont in females of this strain or it could have been
present in small amounts only and appeared under the influence of
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genetic or hormonal factors or both, or the resistance of the mice has
broken down and the tumours have developed as observed by Dr Carr in
fowls carrying the latent Rous agent. It could also be argued in the
same way, as Dr Bawden and Dr Pirie do in discussing the origin of
viruses that®the Bittner virus has arisen endogenously by some acci-
dental change in a normal cell component that prevented it from filling
its normal role, but not from stimulating the synthesizing machinery of
the cell, and here again the genetic and hormonal as well as other factors
may have been responsible for the change. It is difficult to decide
whether the agent was present in females of the C57 black low-breast-
cancer strain as a symbiont or in small amounts, because female mice
belonging to the ancestry of the original female developed no breast
tumours after being subjected to intense hormonal stimulation by the
so-called forced breeding, and further because few breast tumours ap-
peared in female mice of this strain which had been treated with a
carcinogenic hydrocarbon methylcholanthrene (Dmochowski & Orr,
Brit. J. Cancer, 1949, 3, 520), and in these carcinogen-induced breast
tumours no virus was detected by means of infectivity tests similar to
those already mentioned. In carrier birds treatment with methylcholan-
threne induces Rous tumours which contain infective virus (Dr Carr).
Assuming, however, that the virus was present in the first four breast
tumours to be tested, the failure to extract the virus from these tumours
may have been due to a close integration with the tumour cells so that it
was unable to survive the death of the cell during extraction procedures.
It has been suggested by Dr Bauer that failure to detect a virus in a
neoplasm by infectivity tests need not necessarily mean its absence from
the tumour, as the virus may be present in a ‘soluble phase’ without ever
needing to assume a particulate form. This interpretation however
encounters great obstacles in the difficulty of deciding what constitutes
this so-called soluble phase, as even in the influenza virus the soluble
phase appears to be particulate (Hoyle).

Our observation on the ¢ disappearance’ of the virus from a trans-
plantable breast tumour may also be mentioned. This tumour was
originally induced in a C57 black low-breast-cancer strain female by
foster nursing by an RIII high-breast-cancer strain female. The agent was
found still to be present in the cells after 42 serial passages of this tumour
in C57 mice lacking the agent (Dmochowski: Brit. J. Cancer, 1949, 3,
246). In an attempt to ascertain whether the presence of the virus is a
permanent feature of the transplanted cells, the transplantable tumour
was tested again for the presence of the virus after 82 serial transplants.
This test failed to reveal the presence of the virus in the tumour cells. It
should be stressed that the histology of this tumour has remained un-
altered. A similar observation on the disappearance of the rabbit
papilloma virus from carcinomata which originated from papilloma cells
has been reported by Smith, Kidd & Rous (4¢4 Intern. Cancer Res. Cong.,
1947, p. 84). Serological tests in mice, similar to those in rabbits, in
order to ascertain the presence of a latent or masked virus in cells of the
82nd transplant could not be carried out because of the observation that
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the sera of mice do not have antibodies against the agent, no matter
whether the mice belong to high- or low-breast-cancer strains, whether
they bear a tumour with the virus or whether they have been injected
with material containing the virus (Dmochowski & Passey: New York
Acad. Sci., 1951, in the press). This is contrary to observatibns on fowls
which have a high antibody content when the virus is latent in these
birds (Carr). Here again several interpretations of the observed pheno-
menon could be put forward.

The virus may have changed somehow, possibly by mutation. It has
become closely associated, if not fused, with one of the particulate ele-
ments of the tumour cell. Close integration of the virus with the tumour
cells may have produced a state in which it was unable to survive the
death of the tumour cells during extraction procedures preparatory to
the test. The virus has indeed disappeared after serial passages through
low-cancer strain mice, although it is difficult to understand why. The
virus may have become ‘toothless’ as postulated by Dr Andrewes
(Lancet, 1934, ii, 63), that is, a virus which may cause proliferation but
will not infect new cells. In agreement with Dr Carr it may be stated
that a virus reproducing without the property of infectivity may be a
difficult subject for experiment.

In conclusion it can be stated that the observed appearance and dis-
appearance of the Bittner virus may possibly be connected with the mode
of multiplication of other tumour viruses. It is difficult at the present
stage of our knowledge or ignorance of the multiplication of tumour
viruses to say how it is connected. Any of the interpretations which have
been mentioned, although stimulating, need not necessarily be, or lead
to, a true explanation.

R. LATARIET: Dr Carr’s experiments and those of Duran-Reynals
and of Rous & Friedewald which he quoted, disclosing a rapid pro-
moting action of methylcholanthrene on virus-carrying animals, recall
some similar facts which have been observed with other carcinogenic
agents. Such are these strange experiments of Lacassagne & Vinzent
(C. R. Soc. Biol., 1929, 100, 249) confirmed by Burrows, et al. (Proc. Roy.
Soc. B., 1937, 123, 213), which showed that a single mild X-irradiation
(600 r) produces in rabbits a high rate of malignant tumours at the site
of the irradiation when the tissues have been previously prepared with
some non-specific inflammatory agent. I observed that mice which had
been prepared six months before by repeated localized ultraviolet irra-
diations, responded to very few, and even to a single painting with
methylcholanthrene, by developing, within one to three weeks, rapidly
growing sarcoma on the treated area.

Now, coming back to the case of virus-induced tumours, Dr Carr
suggests that the chemical might set off multiplication of cells which
would contain the virus in a non-infective form. As carcinogens usually
behave on cells as potent growth inhibitors rather than growth pro-
motors, I wonder whether such effects are not due to an action on the
growth of the virus—to some kind of unmasking process, for instance,
—rather than on the growth of the host.
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INTRODUCTION

When infectivity is the property used to measure virus sensitivity, the
assault of a virus on a susceptible cell can often be described in terms of
four successive phases: (¢) a phase of ‘adsorption’ and penetration, during
which virus particles in the extracellular, maximally infective, phase be-
come irreversibly attached to the surface of cells and somehow penetrate
within them; (b) a ‘constant’ phase, during which little or no virus infec-
tivity can be recovered from cells when they are broken and extracted in
various ways; (c) a period of rapidly increasing infectivity, the ‘rising’
phase; followed by, (d) a phase during which the new crop of infective
particles is released from the cells.

A definite succession of phases will usually only be detected when we
can follow events occurring simultaneously in a large number of similar
cells which have all been infected at the same time. Thus, most of our in-
formation concerning virus growth cycles comes at the present time from
the study of bacterial viruses, which can be propagated in suspensions of
isolated cells (Delbriick, 1947; Luria, 1950), and of influenza virus, which
grows readily in the relatively simple system provided by the chorio-allan-
toic membrane of the chick embryo (Hoyle, 1948, 1950; Henle & Henle,
1949). Such studies have given rise to the hypothesis that virus replication
takes place mainly in the constant phase, and that, in the case of the
bacterial viruses, it is preceded by the breakdown of the invading virus
particles into smaller units which in some way then organize production
by the cell of a pool of replicas of themselves which, with further constitu-
ents, will eventually be combined to make up the increased number of
new infective particles which is released at the end of the cycle. Such a
working hypothesis has been proposed for bacterial viruses by Luria
(1947), and subsequently adopted by Burnet (1951). For influenza it has
also been suggested that there is a precursor of the completed virus particle
in the form of a non-infective, ‘soluble’ phase, possibly identical with the
500 S sedimentable antigenic component (Hoyle, 1950). The details of the
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multiplication of these viruses will no doubt be dealt with by other mem-
bers of this Symposium, and I mention them here only for the reason that
if such facts can be established for viruses as remote from one another in
the scale as bacterial viruses and influenza, it becomes impdrtant to en-
quire whether replicative processes of this somewhat unusual kind are
characteristic of the family of viruses as a whole. If it can be shown that
this is so, not only will a character have been found at last by which to
distinguish viruses formally from other classes of organisms, but we may
have to think again concerning the plausibility of the Green-Laidlaw
hypothesis of the origin of viruses by degeneration of parasitic organisms
of a higher order of complexity.

This paper is concerned with attempts which have been made to find
evidence of a growth cycle of the above type in several neurotropic viruses.
We have been especially interested in a group of small viruses which,
although unrelated antigenically, have all roughly the same small size
(diameter = c¢. 10 my), and grow readily in the cells of the central nervous
system of various species. These viruses include the two types of agent
(TO; GD VII) causing the disease of mouse encephalomyelitis (Theiler,
1937; Theiler & Gard, 1940), the viruses of the encephalomyocarditis
group (Dick, 1949; Warren, Smadel & Russ, 1949), and poliomyelitis
virus. Most of our experiments have been done with the GD VII strain
of mouse encephalomyelitis virus, and with encephalomyocarditis virus,
hereinafter called EMC. Neither virus grows well in the chorio-allantoic
membrane of the chick embryo, and we have had to use a living mam-
malian host, the mouse. In contrast to experiments performed on isolated
systems, those conducted in vivo offer particular hazards. In most cases
the only source of virus available is a crude suspension of infected tissue
which contains much apart from active virus particles. The tissue injected
contains many kinds of cell differently situated as regards susceptibility
and availability for infection: the number of susceptible cells reached by
a given inoculum is never accurately known; and, finally, the whole result
may be complicated by nutritional and genetic factors, or by an immune
response on the part of the host organism. These difficulties should warn
us to use extreme caution in interpreting the results of experiments such
as those I shall describe. Nevertheless, it appears probable that neuro-
tropic viruses may have multiplication cycles with features similar to those
shown by bacterial viruses or influenza. At the present, however, it is only
possible to demonstrate the bare framework of the cycle. Later experi-
ments with more refined techniques—particularly with suitable tissue
cultures—may reveal whether the details of the multiplication of these
viruses can also be described in similar terms.
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MULTIPLICATION OF MOUSE
ENCEPHALOMYELITIS VIRUS

Most of tht work to be described has been done with the GD VII strain
of mouse encephalomyelitis virus (Theiler & Gard, 1940). This virus is
strongly neuronotropic, and has a particular affinity for the anterior horn
cells of the spinal cord. It is able to migrate along neuronal pathways
(Sanders, 1952). After injection into a muscle, virus travels to the central
nervous system along the fibres of the nerve supplying that muscle, eventu-
ally arriving at the cells of origin of the nerve, in which the first outburst
of virus multiplication in the nervous system presumably takes place.
Evidence summarized elsewhere (Sanders, 1952) indicates that virus pos-
sibly travels within the axons themselves. After intramuscular injection
virus penetrates nerve fibres at the periphery, possibly at the neuro-
muscular junctions.

The property of neuronal transport, which this virus shares with polio-
myelitis (Howe & Bodian, 1941) seems less mysterious when we consider
it in relation to the unique structure of the adult nerve cell. The axon,
which is merely an extension of its cytoplasm, may be anything up to a
metre long. We may thus liken the nerve cell to an Amoeba, one of whose
pseudopodia is drawn out to a length of anything up to 10 cell diameters.
If we accept the proposition that virus travels within the axons, then the
penetration of virus from an injected muscle into its nerve, its migration
to the central nervous system, and its first cycle of multiplication therein,
can be regarded as analogous to what happens when influenza virus be-
comes attached to, penetrates within, and multiplies inside, a number of
cells of the chick embryo chorio-allantoic membrane. The difference is
that in the case of the neuronotropic virus, attachment of virus to the cell
surface takes place at a place remote from that at which virus multiplica-
tion ultimately occurs. Viruses with this property may thus exemplify a
condition where, owing to anatomical factors, the ‘adsorptive’ phase of
the growth cycle is prolonged. The irreversible union of the virus particles
with the cell surface and the passage of virus into the cell, is succeeded
by a phase in which the virus travels to the specific situation within the
cell where conditions are appropriate for its multiplication. GD VII
virus presents us with an opportunity for studying virus in this phase, i.e.
between the point at which it penetrates the cell, and that at which it
undergoes multiplication.

Many factors, including age of the host organism, influence the pene-
tration of virus from an injected muscle into the axons of its nerve
(Sanders & Macdonald, 1952). They are as yet little understood, and it
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is not proposed to discuss them further at present. It might be profitable,
however, to consider from this point of view the various constitutional
barriers to invasion of the central nervous system by neurotropic viruses
described by Sabin (1941) and his collaborators. v

Once inside the nerve GD VII virus travels to the nervous system at
about 0-2 mm. per hour (Sanders, 1952). A study has been made of the
distribution of infective virus along the course of the sciatic nerve at
intervals after injection of a standard dose of virus into the gastrocnemius
muscle. The evidence obtained indicates that no loss of infectivity accom-
panies the migration phase. A wave of infectivity can be shown to move
up the nerve at a rate comparable with the rate of virus travel estimated
by other methods. In these experiments groups of ten mice were killed
at intervals after injection and the sciatic nerve from the muscle entry up
to the sciatic notch removed from each mouse. The nerve was then cut up
into ten segments, the segments from comparable levels from each of the
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Fig. 1. GD VII virus. Virus content at different levels in the sciatic nerve at intervals after
injection of a standard dose of virus into the gastrocnemius muscle. Muscle to the left
in each case.

ten mice pooled, and their virus content estimated by standard methods.
The virus content at each level in the nerve could then be expressed in

LDy, per mg. of tissue. In this way histograms could be prepared re-
lating the virus content of different segments of the nerve to the level from
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which the segments were taken at different intervals after injection. Fig. 1
shows the distribution of infective virus along the sciatic nerve, 10, 20, 40,
and 60 hours after injection of this large dose of virus into the right gas-
trocnemius, At 10 hours, virus was not found in any but the two lowest
segments of the nerve. Consideration of Fig. 1 shows that after injection
there is a rise in the concentration of virus at the lower end of the nerve.
This reaches a maximum at about 60 hours after injection and then
declines. This may be a result of the multiplication of virus peripherally
in the muscle as claimed by Rustigian and Pappenheimer (1949) or to the
transfer of more and more of the original virus injected into the lower end
of the nerve; the original inoculum contained about 3,000,000 intracere-
bral LD;, per mg. However, long before a maximum concentration is
reached peripherally, virus can be recovered from all levels in the nerve,
although in low concentration. This indicates that virus has reached the
central nervous system long before the peripheral changes have come to
an end, and that this virus is still infective. This contrasts with what
happens when the virus reaches the perikaryon of the cell itself (see below).

Interruption of the nerve fibres rapidly abolished their ability to trans-
port virus. Two groups of mice were given the same intramuscular dose
of virus. Immediately afterwards the right sciatic nerve was crushed as
close to the spinal cord as possible in all the mice of one group. Forty-
eight hours later all the mice were killed, and the virus content at different
levels of the nerve determined in the two groups. In the control group
virus was present throughout the nerve, although the upper third of the
nerve contained very little. Only the lower third of the crushed nerves
contained any measurable infectivity. It was thus clear that crushing
directly after inoculation prevented the virus from travelling more than
one third of the way up the nerve; moreover that found in the lower part
may not be intraneural migrating virus, but virus which has leaked into
the perineural spaces from the site of injection (see Sanders, 1952). Since
48 hours had passed between nerve interruption and necropsy, it was
possible that loss of fibre continuity as a result of Wallerian degeneration
was responsible for the effect observed. Histological examination showed
that at this time the peripheral stump of the divided nerve contained many
myelin ‘ovoids’ and ‘unduloids’ (Young, 1944), but there were many
fibres which appeared intact over long distances. We have at the moment
no direct evidence that in mice any fibre retains complete continuity from
the muscle to the level of crushing at this time, but in mammals generally
the power to conduct impulses does not begin to disappear until about
50 hours after nerve severance, and is usually not complete by 90 hours
after section (Heinbecker, Bishop & O’Leary, 1932). So it is possible that
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after nerve crushing the ability of nerve fibres to transport virus disappears
before the ability to conduct impulses, and long before the histological
signs of degeneration appear.

A study has also been made of the fate of the migrating vifus upon its
arrival within the central nervous system, using the technique of intra-
lingual inoculation. Most of the motor innervation of the mouse tongue
comes from a compact group of nerve cells lying far dorsally in the
medulla oblongata, and the region containing them can be easily identified
by external landmarks. After intralingual injection virus travels via the
hypoglossal nerve, and an outburst of virus multiplication takes place in
these cells. At intervals after injection in this way, a group of five mice
was killed and their brains removed aseptically. The brain was then sliced
down to a small fragment of tissue which contained little apart from the
hypoglossal nuclei already mentioned, and the dorsal vagal nuclei which
overlie them. The fragment of tissue so obtained from one mouse weighed
about 4 mg. The tissue fragments obtained from five mice killed at the
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Fig. 2. GD VII virus. Titration of virus infectivity in the region of the hypoglossal nucleus
at intervals after injection of virus into the tongue. Open circles:—no virus detectable
in sample tested. Filled circles:(—virus present. Filled circles on the base line represent

amounts of less than 1 LD;, per mg.

same time were then pooled and the quantity of infective virus which they
contained estimated by standard methods.
By plotting the virus titres so obtained against the time elapsing between
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tongue inoculation and the time at which each group of mice was killed,
it was possible to follow the changes in virus concentration which occurred
in this part of the nervous system. The result of a typical experiment of
this kind is shown in Fig. 2. From the known rate of migration of GD VII
virus and the length of the nerve concerned it could be calculated that
virus should arrive in this part of the nervous system after about 30 hours.
It will be seen that after 20 hours about 10 LD;, of virus infectivity per mg.
of tissue was, in fact, recoverable from this site, and it is assumed that this
represents the small fraction of the original inoculum which had suc-
ceeded in penetrating into the axons of the hypoglossal nerve and had
been transported within them to the central nervous system. The appear-
ance of active virus in the nucleus was, however, immediately followed
by a rapid decline in infectivity, so that between 30 and 60 hours after
tongue injection either no virus, or else only a very small quantity (1 LD;,
per mg. or less) could be demonstrated. From 60 hours onwards, how-
ever, a rapid local increase in infectivity occurred so that at 100 hours
over 1,000,000 LD,, per mg. was present. The attainment of a maximal
virus concentration coincided closely with the first appearance of symp-
toms (tongue paralysis).

The phase of minimal infectivity of about 20 hours which followed the
arrival of virus may be analogous to the ‘constant’ period in the multi-
plication cycles of bacterial virus or of influenza, ‘virus’ being present in
the hypoglossal nuclei throughout the period of low infectivity, although
altered in some way so that its infectivity is no longer demonstrable. The
length of the constant period, however, seems to be much greater than
that of bacterial viruses (less than one hour) or of influenza (two to six
hours). Such a difference, however, need not reflect any fundamental dis-
parity in the method of reproduction employed by the two viruses, but
may simply be a result of widely different metabolic conditions within the
infected cells. Forexample, the respiratory rate of mouse brain (expressed
as mm3.0,/mg. dry-weight/hour), is 11,000 whereas that of Bact. coli is
approximately twenty-five times as great (271,000), (Krebs, 1934). The
constant period of GD VII virus on the basis of our figures is about 30
hours, forty to one hundred and fifty times longer than the constant
period of bacterial virus. The constant periods of the two viruses thus
differ by a factor of the same order as the respiratory rates of the cells in
which they grow.

An alternative hypothesis to account for the phase of minimal activity
might, however, be that virus passes on through the hypoglossal nuclei
leaving only minimal traces of its passage, and then multiplies elsewhere
within the nervous system, returning to this region only at a later date.
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An attempt has been made to decide between these two hypotheses in the
following way.

Mice were inoculated intralingually as before and at 48 hours (i.e. in the
middle of the period of low infectivity), were divided intq two groups,
killed, and the standard tissue fragment removed. In one group its cells
were frozen before dissection while in the other dissection was carried
out as far as possible without injury to the tissue. The pieces of tissue
obtained were then transplanted individually to the brains of a second
set of mice which were observed for twenty-one days and those showing
specific symptoms, recorded. Histological examination of the brains for
lesions caused by GD VII virus was then carried out. The result of one
such experiment is shown in the accompanying table. Five out of six
mice, which had received transplants of unfrozen hypoglossal nuclei initi-
ally, succumbed with symptoms of encephalomyelitis, and all their brains
showed histological signs of infection. Three out of four mice whose
transplants had been frozen before transplantation survived without
symptoms for the whole observed period; the fourth mouse died four days

Table. GD VII virus. Demonstration of the presence within cells,
during the latent period, of non-infective virus.

Condition of transplanted Number of Day of Specific
tissue recipient death lesions
1 3 +
2 3 ++
3 4 ++
Not frozen 4 4 ++
5 7 +
6 S -
1 4 -
2 S —
Frozen tefore transplantation 3 S -
4 S —

S = mouse survived for whole period of observation (21 days).

after transplantation, but its brain showed no lessions, death being clearly
not due to virus.

In further experiments, hypoglossal nuclei, removed from mice killed
48 hours after injection of GD VII virus into the tongue, were explanted
into rocker flask tissue cultures and incubated for 48 hours. At the end
of this time, pieces of tissue were removed from the cultures, frozen,
homogenized, and the infectivity of the resulting suspension determined.
A suspension made from cultures prepared from unfrozen nuclei con-
tained 3,000 LD, of virus infectivity per mg. of tissue harvested. Cultures
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made with hypoglossal nuclei which had previously been frozen, however,
contained no demonstrable infectivity. Since the infectivity of a suspen-
sion of active virus is not affected by freezing, the results of both the above
experiments jindicate that the formation of infective virus in the isolated
fragment of tissue depends in some way upon the integrity of the cells
which it contains. Thus, during the period of minimal infectivity ‘virus’
must be present within the region studied, although its infectivity cannot
be demonstrated.

The attainment of a high titre of virus in the nucleus coincides closely
with the onset of tongue paralysis observed clinically, and with the appear-
ance of histological lesions; the latter include loss of cytoplasmic basi-
philia by the affected cells and shrinkage of their nuclei, the whole process
culminating in cell lysis. However, during the constant phase and the
period of rising infectivity which succeeds it, very little histological change
can be seen, except, possibly, for an increase in the basiphilia of the cyto-
plasm in the ten hours immediately preceding the first appearance of histo-
logical lesions. This may indicate a change analogous to that described
for bacterial viruses by Luria & Human (1950), who noted the appear-
ance of granular accumulations of Feulgen-positive material in infected
bacteria at the same time as the outburst of desoxyribosenucleic acid
synthesis in the latter half of the constant phase which precedes and
parallels the appearance of active virus particles.

An attempt has also been made to follow the cycle of development
of GD VII virus in the hypoglossal nucleus by titration of the specific
haemagglutinative activity of the virus particles (Lahelle & Horsfall,
1949). It seemed of interest to discover whether the growth cycle of
GD VII virus included a precocious development of haemagglutinative
capacity, as has been claimed for influenza virus (Hoyle, 1948; Henle &
Henle, 1949). The result of one such experiment is shown in Fig. 3. The
dotted line in this figure represents the curve of infectivity development
already described, drawn to the same scale. It will be seen that the onset
of development of haemagglutinative activity roughly coincides with the
development of infectivity. Further experiments will be necessary before
one can be certain whether there is a definite separation in the time of
the return of these two properties of the virus particle.

We may summarize the infectivity cycle of GD VII virus as follows:—
Penetration into the axons of susceptible cells is followed by transport
of virus to the central nervous system. The invading virus particles do
not lose their infectivity during this process, although the whole transport
mechanism appears sensitive to loss of continuity between the axon and
its cell body. Upon arrival in the cell body the virus presumably finds a
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Fig. 3. GD VII virus. Titration of haemagglutin in region of hypoglossal nucleus at intervals
after injection of virus into the tongue. Open circles:—no haemagglutination at dilu-
tion tested. Filled circles:—50%; haemagglutination end-point.

favourable environment for its multiplication and infectivity is lost. There
follows a constant period of some thirty hours after which there is a rapid
increase of infectivity followed by cell destruction and the release of
active virus.

ANALOGOUS CYCLES IN OTHER
NEUROTROPIC VIRUSES

Poliomyelitis: When one turns to other neurotropic viruses it is difficult
to find evidence of a growth cycle of this type. However a latent period
may exist during the multiplication of poliomyelitis virus (Bodian &
Cumberland, 1947). Although they do not comment on the fact, their
figures show that in monkeys injected intracerebrally very little virus
could be recovered from the central nervous system until the day before
the onset of paralysis, when the virus content rapidly rose to a maximum.
As in the case of GD VII virus, no specific changes in the infected cells
could be found until this time (Bodian, 1949). Then, as with GD VII, the
first change observed was the appearance of central chromatolysis in the
nerve cell cytoplasm, resulting in the paling and eventual disappearance
of the basiphilic Nissl bodies. Thereafter the cell might undergo sudden
lysis or else be removed by phagocytes. Alternatively, it might recover,
the cytological changes during recovery being very similar to those seen
in the recovery from chromatolysis following axon section. During the
chromatolysis caused by virus invasion, changes in the nucleus also oc-
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curred, including shrinkage and margination of chromatin. In cells
destined for destruction the nucleus was eventually reduced to a small
shrunken knot of basiphil material. In recovering cells a small basiphil
body is often found—a type B intranuclear inclusion of Cowdry (1934)—
whose nature is at present unknown.

EMC virus: An attempt has also been made to follow the development
of EMC virus infectivity in the hypoglossal nucleus of the mouse follow-
ing the injection of virus into the tongue (Sanders & Strahan, 1952). We
are here faced with a somewhat different problem from that of GD VII
virus since, so far as is known, EMC virus is not transported along nerve
fibres to the central nervous system after peripheral injection but multi-
plies first in some peripheral locus—probably striated muscle—after
which large quantities of virus are set free in the blood and reach the
central nervous system by this route. Thus, in the case of EMC virus, the
dissected tissue fragment containing the hypoglossal nuclei does not con-
stitute the region of the central nervous system where virus first arrives
from the periphery, but is merely a sample population of susceptible cells
which probably become infected via the blood at the same time as the rest
of the nervous system.

Mean time of death
Onset of symptoms 1
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Fig. 4. EMC virus. Titration of virus infectivity in the region of the hypoglossal nucleus at
intervals after injection of virus into the tongue. Symbols as in Fig. 2.

Fig. 4 shows the amount of virus infectivity recoverable from the hypo-
glossal nuclei at intervals after the injection of approximately 10* LD, of
virus into the tongue. For the first 20 hours no virus was recoverable;

20-2
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from 25 to 45 hours only minimal quantities could be found (less than
1 LDy, of virus per mg. of tissue harvested); after 45 hours there was an
extremely rapid increase in the quantity of virus present so that by 70
hours more than 10* LD,, per mg. were present. '

Studies of virus distribution after the intramuscular injection of small
quantities of EMC virus have shown that virus does not appear in the
blood until 20 to 24 hours after inoculation. The precocious appearance
of virus in the hypoglossal nucleus at 25 hours may thus represent virus in
the blood-vessels of this part of the nervous system. Assuming that the
cells of this part of the central nervous system become infected immedi-
ately virus appears in the blood-stream, we can date the earliest time of the
infection of the hypoglossal nerve-cells as 25 hours after tongue inocula-
tion, that is approximately 20 hours before there is a sudden increase of
infectivity in this region. This would estimate the constant period of EMC
virus to be approximately 20 hours. The constant small amount of activity
recoverable during this period may be due to the blood-content of the
tissue. This estimate of latent period accords well with what is known
concerning the minimum incubation time of this virus, which, after the
intracerebral injection of massive doses of virus, can be as short as 18
hours. Injection of very large amounts of virus into the central nervous
system may thus result in the infection of so many cells that a single
simultaneous cycle of virus multiplication takes place at the end of which
the cells are destroyed and the mice show symptoms.

Herpes virus: Although herpes virus is also able to migrate along nerve
fibres, no detailed study of the multiplication of herpes virus in a localized
part of the central nervous system has yet been made. Burnet & Lush
(1939), however, estimated the virus content of whole mouse brains at
intervals after they had been injected with a known dose of the virulent
HF strain of herpes virus. From their data a very approximate picture of
the multiplication cycle can be obtained. Such a cycle is shown in Fig. 5.
Infectivity disappears temporarily from the infected tissue but reappears
12-24 hours later and thereafter increases steadily for three or four days
when death takes place. While this probably does not represent a single
one-step cycle of virus multiplication, it is possible that the interval of
about 12 hours,which elapses between the disappearance of infectivity
and the first sign of new virus activity may represent the constant period
of the first cycle.

The main interest of herpes virus from our present point of view is that
it induces the formation of typical inclusion bodies in the nuclei of infected
cells, and the correlation of the histological details of their development
with the growth cycle of the virus may give clues concerning the mode by
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which the virus is replicated. I am indebted to the work of Goodpasture
(1925), Crouse, Coriell, Blank & Scott (1950), and Scott et al. (1950) for
the account of inclusion development which follows.
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Fig. 5. Herpes virus (HF strain). Titration of virus infectivity at intervals after the injection
of virus into the mouse brain. Titrations by pock-counting on the chorio-allantoic mem-
brane (CAM) of the chick embryo. Data from Burnet and Lush (1939).

The earliest signs of change may be the appearance of a few minute
granules within the nucleus, which stain red with eosin (Goodpasture,
1925). Later these grow larger, and fuse together, eventually occupying
almost all the nucleus and becoming basiphil in their staining reaction;
in this stage they give a positive Feulgen reaction. Still later, the inclusions
lose their affinity for basic dyes, and revert once more to eosinophilia. It
is only in this last stage that the affected cells show the type of inclusion
considered ‘typical’ for herpes virus—a large acidiphil body occupying
most of the nucleus of the infected cell, but separated by a clear halo from
the nuclear membrane; the latter carries a dense deposit of basiphil
material. The time relationships of this process are as follows:—

Before 10 hours no inclusions are seen. From then up to 16 hours a few
cells may be found to contain acidiphil bodies, but between 16 and 24
hours there is a rapid increase in the number of cells with inclusions, the
majority of these, moreover, are basiphilic. Later on there is a steady
increase in the proportion of cells which have inclusions of eosinophilic
type.

These changes may be tentatively related to the growth curve seen in
mouse brain. This is, of course, a somewhat risky procedure since most
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of the cytological changes observed have been described in a variety of
tissues other than brain. However, herpes virus seems to induce similar
cytological changes in whatever susceptible tissue it is propagated and
there is thus some little justification for this procedure. Nevertheless, it
must be emphasized that the interpretation offered is purely an interim
one, and must inevitably be modified when directly comparable histo-
logical and quantitative data become available. With these reservations,
the first appearance of inclusions may be seen to occur at a point about
two-thirds of the way through the constant phase. The period of rapid
increase in the number of inclusions and the change to basiphilia would
then coincide with the phase of rising infectivity.

Other cytological phenomena observed are an increase in the size of the
nucleolus immediately preceding the appearance of inclusions and a
positive response on the part of early inclusions to the Gomori test for
alkaline phosphatase (Crouse et al., 1950). Both of the latter appearances
have been regarded by many authors (Caspersson, 1947) as indicative of
intense protein synthesis on the part of the cells which show them. While
the above cytological changes do not indicate absolutely that herpes virus
multiplies within cell nuclei, the results of the experiments of Francis &
Kurtz (1950) suggest that herpes virus may be associated not only with
nuclei but with some part of the nucleoplasm other than the chromo-
somes, which is supported by the cytological evidence. Both cytological
and quantitative observations would be consistent with the following
interpretation:

1. That virus duplication does not occur until certain properties of
the infecting particle, notably infectivity, have been lost;

2. That the appearance of desoxyribosenucleic acid is correlated
with the resumption of infectivity; and

3. That the classical eosinophilic inclusion represents some product
that is left behind after the new virus particles have been released
from the cells.

FURTHER PRODUCTS OF CELL-VIRUS
INTERACTION

Many virus and rickettsial infections cause the formation in infected
tissues of serologically specific substances which are quite distinct from
the infectious agents themselves. Such substances are normally termed
soluble antigens, and have been found in at least five rickettsial diseases,
and in infections caused by vaccinia, the viruses of the psittacosis-lym-
phogranuloma group, influenza, and lymphocytic choriomeningitis. It
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has been suggested that such substances may represent detachable frag-
ments of the infectious agents themselves, and Hoyle (1950) identifies the
soluble complement-fixing antigen of influenza with a precursor or incom-
plete form of the virus itself, since the antigen makes its first appearance
in the growth cycle during the constant phase when no infectivity can,
as yet, be demonstrated. However, the precocious appearance of the
complement-fixing antigen has been denied by later authors. Moreover,
immunization of animals with either of the two soluble antigens of the
vaccinia virus neither induces protection nor elicits the production of
neutralizing substances against the virus (Smadel & Hoagland, 1942).
Similarly, the soluble antigen of lymphocytic choriomeningitis appears to
play no part in resistance to this infection (Smadel & Wall, 1940). If
soluble antigens represent incomplete forms of the virus particles it might
be expected that their antibodies would exert some protective effect as has
been suggested by Melnick (1951). There is, however, an alternative view
of the nature of these soluble substances. If, as current opinion would
suggest, virus reproduction takes place by the diversion of the protein
synthetic mechanism of the cell by the virus or some constituent of it, one
might regard soluble antigens as unusual by-products arising during the
process of virus synthesis by the enzyme mechanisms of the cell, rather
than as portions of the viruses themselves. It would therefore be of
interest to discover whether the production of unusual non-infectious
substances is in any way a general consequence of cell-virus interaction.
In the diseases so far mentioned the soluble antigens differ widely in
chemical and physical properties, but are all smaller than the agents with
which they are associated. However, as one goes down the list of viruses
with respect to size it becomes increasingly difficult to find evidence of a
‘soluble’ substance separable from the virus itself by current techniques,
and it is possible that with the smallest viruses the corresponding sub-
stances have either the same or even a greater particle size than the in-
fectious agents themselves, or else are in some way bound to the tissue
fragments removed from virus suspensions during the preliminary clari-
fication of crude tissue extracts. Of particular interest in this respect are
the virus-inhibitor substances found by Gard (1944) in crude extracts of
the brains of mice infected with the virus of mouse encephalomyelitis and
a similar inhibitor found in mouse brains infected with encephalomyo-
carditis virus (Sanders, 1950). Both viruses are extremely small and both
inhibitors sediment with tissue fragments when brain segments are centri-
fuged at low speed. At the present time, however, it is impossible to be
certain of the exact nature of such inhibitors’ Recent experiments re-
ported briefly by Melnick (1951) indicate that low speed sediments from
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the spinal cords of mice infected with the Lansing strain of poliomyelitis
virus possess a binding capacity for poliomyelitis virus. Infected spinal
cords were homogenized in 0-14 M sodium chloride and then centrifuged
atlowspeed. A largeamount ofactive virus was found in the supernatant.
The sediment was then resuspended and subjected to as many as nine
successive washings in this same saline; the virus content of the later
washings became extremely low. At this stage extraction of the sediment
with 1-0 M sodium chloride resulted in the appearance of a further out-
burst of virus activity in the supernatant, amounting to 109 to 509 of the
activity present in the original extract. Control experiments involving the
addition of the sediment from normal mouse spinal cords to a saline sus-
pension of virus showed that the comparable fraction from normal tissue
did not bind poliomyelitis virus. Apart from this there is very little evi-
dence at present as to the histological localization of the accessory sub-
stances formed during virus multiplication. It would be interesting to
know whatrelation (if any) they have to the non-virus intranuclear inclu-
sions found in poliomyelitis and in mouse encephalomyelitis and the
eosinophil inclusions found in the later stages of herpes infection (see
above).

Mention should also be made of the remarkable polyhedral crystalline
inclusions found in certain virus diseases of insects. Electron microscope
examination, both of isolated polyhedra and of sections of infected tissue
(Bergold, 1947, 1948; Smith & Wyckoff, 1950), has shown them to be com-
plex structures in which little rods or spheres, consisting presumably of
virus, lie embedded in a matrix of accessory substance. Further investiga-
tion of the chemical nature and serological properties of this substance
might reveal an analogy with the soluble antigens.

Finally there is evidence that the replicative process itself may not
always result in the production of an absolutely uniform set of particles.
Non-neurotropic influenza virus undergoes only a single cycle of growth
in the mouse brain, and there is also produced an incomplete product
having haemagglutinative and complement-fixing activity, but no infec-
tivity (Schlesinger, 1950; Cairns, 1951). Similarly, when influenza virus
is passed serially on the chick chorio-allantoic membrane using massive
inocula, mutual interference results in the production of a mixed virus
population, some particles of which are fully infective, while others show
only the other two properties (von Magnus, 1946). The extreme example
of this process may be the pro-virus of lysogenic bacteria, whose infec-
tivity is only sporadically acquired.

These facts serve to emphasize the concept that virus multiplication
within the infected cell may give rise to a number of products, only one
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of which is infective virus capable of entering other cells and initiating
further cycles of replication.
" CONCLUSION

Study of the growth of neurotropic viruses inclines to the view that their
multiplication is of the same general type as that postulated for other
viruses. When a virus particle has succeeded in penetrating a susceptible
cell, it travels to that part of the cell where it can best multiply itself. In
the case of herpes virus this is probably the nucleus, in the cases of GD VII
and poliomyelitis viruses, the cytoplasm of the nerve-cell. On reaching
this site the virus particle is altered in some way so that it is no longer in-
fective, and evidence available from a study of vaccinia virus (Crawford &
Sanders, 1952) suggests that this change may have to do with the loss of
nucleic acid from the virus particle. The resumption of infectivity also
seems to depend on the addition of nucleic acid to the completed particles.
We have as yet no evidence of the breakdown of neurotropic viruses into
individual ‘genetic’ units as a preliminary to multiplication. Indeed, the
existence of such phenomena as linkage in the genetics of bacterial viruses
(Hershey & Rotman, 1948) suggests that perhaps the use of the term
‘genetic’ for the ultimate virus units need not be interpreted too literally.
The analogue of a virus unit is not a gene, but an assemblage of genes; a
better genetical equivalent for the replicative unit of a virus is perhaps
a chromosome, or part of a chromosome.

If virus infectivity is correlated with the presence of nucleic acid on the
virus particle, there is in fact quite a striking parallel between virus and
chromosome behaviour. Viruses carry nucleic acid when in the extra-
cellular infective phase; before replication they may lose it. Chromosomes
carry a heavy nucleic acid charge during mitosis; in the interphase nucleus,
when the cell is carrying on its normal metabolism and the genes are pre-
sumably exercising their functions, the amount of nucleic acid on the
chromosomes is at a minimum. Whatever the truth or otherwise of this
suggestion, it is quite clear that many of the analogies which have been
made between various genetical entities and viruses in the extracellular
infective stage (Darlington & Mather, 1949), are entirely misleading; the
parts of viruses responsible for initiating replication are probably smaller
than the infectious units, but may still contain many genes. Moreover we
know practically nothing of the size and physical and chemical properties
of viruses in the state when they are actually multiplying.

A somewhat neglected aspect of the growth cycle is the study of what
happens when a cell recovers from a virus infection. Bodian (1949) for
2xample, shows that in the case of two strains of poliomyelitis virus that
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multiply to the same titre in the monkey spinal cord, one, the Lansing
strain, causes the utter destruction of a great many neurones; in the other
case—the Frederick strain—a very high proportion of the infected neu-
rones recover. In the early stages of infection by both strains, practically
all the anterior horn cells show signs of virus invasion. We have virtually
no idea what change in a cell enables it to resist invasion by one strain
while it is destroyed by another, although both multiply in it to the same
extent. In cases where sufficient cells escape destruction to enable the host
to survive, there is usually a rapid disappearance of virus from the infected
region once the last cycle of multiplication has run its course. In other
cases, virus may persist in association with its host cell for very long
periods. For example, the TO strain of mouse encephalomyelitis can be
recovered from the infected central nervous system for as long as one year
after infection (Theiler & Gard, 1940). Parallel with this prolonged asso-
ciation between host cells and potentially infective virus, we have to con-
sider the case of incomplete virus. Lysogenic bacteria pass on prophage
to their descendants even after serial culture in a medium containing an
antiserum against the virus, yet such lysogenic cultures, appropriately
stimulated by external agencies, can undergo lysis and release active virus
(Lwoff, Siminovitch & Kjeldgaard, 1950).
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DISCUSSION

F. C. BAWDEN: Although virus particles may well undergo far-reaching
changes when they enter susceptible cells, too much importance should
not be given to the fact that they cannot be detected during the so-called
‘dark period’. The technical difficulties of demonstrating the initial in-
fecting particles in the presence of many host cell components, some of
which may combine with the virus particles and act as inhibitors of
infectivity, are great. It is rather like looking for a needle in a haystack
without the help of a magnet. When tobacco leaves are inoculated with
tobacco mosaic virus at different concentrations, the period during
which there is no detectable increase in virus depends on the concentra-
tion of the inoculum, being shorter with more concentrated inoculum.
Virus from dilute inoculum cannot reasonably be assumed to take longer
to multiply and the differences will be determined by differences in the
number of sites at which multiplication has occurred. Hence, in leaves
infected with dilute inocula, newly-formed particles must be present at
the same time as in leaves infected with more concentrated inoculum,
but the greater ratio of normal plant components to virus particles in
extracts of such leaves prevents the identification of the virus particles.

F. K. SANDERS: While admitting the general truth of Mr Bawden’s
statement, I should like to point out that in the case of GD VII virus it
is likely that we are in fact able to demonstrate the initial infecting
particles within the cells before the onset of the ‘dark’ period. GD VII
virus presumably enters nerve cells at the periphery, and the first wave of
infectivity in the hypoglossal nucleus (see Fig. 1 in paper) presumably
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represents virus which is already within the cells; only then does the
virus disappear. Whether the disappearance occurs by combination of
virus with some cell component, or by the loss of some part responsible
for its infectivity, is surely irrelevant. What is important is that the
‘alteration’ of the virus particle does not take place until it reaches that
part of the cell in which it is able to undergo multiplication.

W. M. HENDERSON: In the opening remarks with which Dr Sanders
introduced his paper he stressed some of the difficulties of studying the
multiplication of animal viruses, the greatest of which is probably that
of isolating the virus-cell system. Although much can be done with
certain viruses by using the liquid and the lining membrane of the allan-
toic sac of the chick embryo, this relatively simple system compared
with that in the infected animal is far from ideal. In vitro propagation
of virus in isolated susceptible tissue appears to offer many advantages
and the following results have been obtained using this technique with
the virus of foot-and-mouth disease. Since Maitland & Maitland (IV.
Rep. Foot and Mouth Dis. Comm., 1931, London, H.M. Stationery
Office) and Hecke (Zbl. Bakt. 1. Orig. 1930, 116, 386; 1931, 119, 385)
reported the successful culture of this virus in guinea-pig embryo tissue
a number of methods of in vitro propagation of the virus have been
described but the most practicable and the one used with but slight
modifications in the present experiments is that of Frenkel (Bull. Off.
Internat. Epiz. 1947, 28, 155).

The tissue used is the susceptible tissue from the natural host, namely,
the epithelium of the bovine tongue. The scheme used is shown in fig. 6.

1. Tissue in virus filtrate—phos./phos. 3. Washed tissue in Tyrode's

buffer and Hartley's broth, pH 7-6 solution +10%, bovine serum
450,000 units penicillin; flask
“f e o s “J,‘ rocked

4

2. Tissue washed in chilled Tyrode’s
solution

37°

Fig. 6

Minced tongue epithelium is added to a filtrate of a suspension of tissue
of the previous culture passage and left for a varying period at 4°. The
tissue is then removed from the filtrate and washed by repeated centri-
fugation in Tyrode’s solution to remove the filtrate bathing the tissue.
The washed tissue is added to the culture medium consisting of Tyrode’s
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solution + 109 normal bovine serum--Penicillin, the air in the flask is
replaced by 959 oxygen and 59 carbon dioxide, the flask is sealed and
it is rocked during the period of incubation at 37°.

When minced cattle tongue tissue is added to a filtrate of foot-and-
mouth disease virus, the tissue acquires a virus content. “he amount
acquired is dependent upon the concentration of virus available (see
Table 1). It does not appear to be dependent on the period of contact

Table 1. Acquisition of virus by tissue from suspensions of virus

1

Period of Virus Concentration : Percentage l
Contact (ID;, per g.) acquired :
(Hours) Filtrate Tissue by Tissue J
363 10815 10408 09 |
(Mean of 6 Observations) |

13 10578 10%9 13
13 10478 1034 24 |

I

1 107 1027 100 |
14 10278 1021 A0

' l

and similar results have been obtained at 4° and at 37°. I have avoided
using the term ‘adsorption’ as adsorption and elution does not appear to
occur to the same extent or in the same way as, for example, with influ-
enza virus and susceptible tissue.

IDso per g. .
108 ° ¢
L] -
107F . o o
e & * Tissue
106 . hd
[— LI . L]
1054 .
. - L]
10‘?3
> .
10 . °
1021
10 Strain 1. 6 Experiments
[ I ] 1 ! S B A W
102 3 4 5 6 7 8 12 18 24

Fig. 7

_ Fig. 7 shows the results of determining the virus content of tissue in
six experiments with one strain of virus, a parallel culture or pool of



MULTIPLICATION CYCLES IN NEUROTROPIC VIRUSES 319

cultures being used for each determination. After an initial drop in
infectivity, an increase in the virus content of the tissue is detected by
the third hour. This increase proceeds during the next two hours by
which time it is about 100 times the original value. After this point the
rate of incrzase is much slower and the peak is reached between 12 and
24 hours when it is about 10,000 times the original virus content of the
tissue.

1Dso per g.

107 Tissue

H————
/ Liquid
/
/

10
100

o Strain 1, tenth passage

1 Il | 1 1 1 1
1 2 3 4 H 6 7 Hours

Fig. 8

Fig. 8 shows the result of one of these experiments in which the virus
content of the culture liquid was also determined. This is expressed as
the concentration of virus in ID;, corresponding to each gram of tissue
in the liquid. The result suggests that the virus content of the liquid
increases sharply about two hours after the first increase in the tissue
which coincides with the end of the most rapid rise in the tissue.

One important aspect of the multiplication of influenza virus that has
not, so far, been mentioned in this symposium is the demonstration by
Henle, Henle & Rosenberg (J. Exp. Med., 1947, 86, 423) of ‘one-step’
growth curves. The possibility of being able to demonstrate such ‘steps’
in the multiplication of foot-and-mouth disease virus seemed worth
investigating. If the virus acquired by the tissue, before the tissue is
added to the culture liquid, had become specifically adsorbed or had
become intracellular, the use of immune serum in the culture liquid
instead of normal serum might reveal the first ‘step’ as virus released
from the tissue into the liquid would be neutralized.

Fig. 9 shows the result of an experiment using immune serum in
which this expectation was not confirmed. The parallel slopes of the
growth curves in normal and in immune serum are similar to those
found if concentrations of virus, initially made available to the tissue,
differ by 100-fold. Thus, only about 1% of the initial virus content of the
tissue was protected from the neutralizing action of the immune serum.
This might, indeed, be all the virus actually adsorbed. The slight drop in
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IDso per g.
% PEr & Tissue in medium containing:
107} '
(i) Normal serum
- 104
108 )
100 (i) Immune serum
10°
10

10

Strain 1, twentieth passage
Il 1 1 1 1 1 I

1
1 2 3 4 5 6 7 § Hours
Fig. 9

infectivity of the tissue observed in both culture series at 3} to 4 hours
is consistent with the indication that the end of the first cycle of multi-
plication in the tissue occurs at about this point.

F. K. SANDERS: While the ideal system for studying the details of the
multiplication of animal viruses is undoubtedly some form of tissue
culture, the use of such methods is unlikely to yield results comparable
with those achieved by workers on bacteriophage, until two conditions
of culture have been fulfilled:

(1) The use of suspensions or sheets of susceptible cells in which the
number of cells exposed simultaneously to a given amount of
virus can be accurately determined.

(2) The use of a defined medium for the maintenance of these cells.

J. W. CZEKALOWSKI: Bauer (Brit. J. Exp. Path., 1947, 28, 440) pointed
out that mouse-brains infected with some viruses (Yellow fever, Lym-
phocytic choriomeningitis, Lymphogranuloma) show increased dehydro-
genase activity, due in part to an increase in the activity of xanthine
oxidase and pyruvic oxidase. The same author found also that both
chorioallantois and the chick-embryo infected with Yellow fever virus
show increased xanthine oxidase activity, which is due to an increase in
total xanthine oxidase of these tissues and not to the mobilization of
this enzyme from the rest of the egg. The significance of the increase in
xanthine oxidase is obscure since this enzyme is specific for the reac-
tions: hypoxanthine —— xanthine —- uric acid (apart from its activity
as the Schardinger enzyme of milk), but pyruvic oxidase may play an
important part in building up the reserve of adenosine triphosphate, an
important source of energy. Has Dr Sanders any comments to make on
the activity of xanthine oxidase and pyruvic oxidase in nervous tissue of
mice infected during his experiments with mouse encephalo-myocarditis,
mouse encephalomyelitis and poliomyelitis virus?

F. K. SANDERS: We have as yet made no determinations of the enzymes
you mention in nervous tissue infected by our methods.
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