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FOREWORD

The first paper on the subject of viruses to
be included in the Cold Spring Harbor Sym-
posia was given at the sixth Symposium, in
1938, by W. M. Stanley and H. S. Loring.
Since that time, papers on this topic have been
presented at several other sessions, where the
main problems under consideration related
to genetic mechanisms. This year’s Sympo-

sium was the first to be devoted entirely to.

discussion of the fundamen:al aspects of virus
research.

The preliminary plans for this meeting
were in progress for several years. The Cold
Spring Harbor laboratories have been actively
irterested in research with viruses ever since
1941, when the T series of phages was used in

studies of mutation at the Department of Ges

netics of the Carnegie Institution of Washing-
ton. This interest was considerably stimulated
when, in the summer of 1945, Max Delbriick
organized a course for research workers, on
quantitative methods used in research with

bacterial viruses. This course has been given *

at the Biological Laboratory every summer
since then, first by Delbriick, then by Mark
H. Adams, :and in 1952 by A. H. Doermann
while Adams was in Europe. Further stimu-
lation was provided by the presence of phage
workers at the Laboratory during the sum-
mers, by several phage conferences held here
on Delbriick’s initiative, and by the addition
of A. D. Hershey to the research staff of the
Department of Genetics.

Thus the ground was well prepared for a
session on viruses. The meeting was originally
scheduled for the summer of 1952, but was
postponed for a year on account of the phage
symposium at Abbaye Royaumont.

This Symposium on Viruses.was organized
by Max Delbriick, in consultation with Frank
L. Horsfall, Jr., and H. M. Weaver. Its pri-
mary purposé was to bring together research
workers in this rapidly developing field for
discussion of basic problems, and to provide
an opportunity for those specializing in bac-
terial, animal, and plant viruses to correlate
their findings.

The established procedure of our Symposia
has been to-schedule two or three invited pa-
pers per day and to allow ample time for
informal and spontaneous discussion. The
scheme was somewhat modified this year. In

_addition to the twenty authors of scheduled

papers, a number of other ‘participants were
invited to give prepared discussions, con-
cerned primarily with their own research.
These discussions are published here as sepa-
rate articles.

The last three Symposium volumes were

"printed by the photo-offset process.” This meth-

od was used in the hope that publication might
be speeded up and also that the cost of pro-
duction—and thus the price of the books—
might be decreased. The first and most im-
portant of these anticipations was not realized,
however; and since, in addition, the quality
of the printing was considered less satisfac-
toty than in previous volumes, we have re-
turned, in this volume, to the typesetting meth-
od. We have continued our efforts to com-
plete the publication of the proeeedings as
soon as possible after the Symposium meeting.
As part of this effort, the printer’s proofs of
al! articles in this volume were handled in.
our editorial office, and mo proofs-wera.-sent
to the authors. In addition to Dr. Katherine

‘Brehme Warren, who secved as editor, Dr.

Mark H. Adams checked over the proofs.
The Symposium was held from June 5th

to June 11th, 1953, and was attended by two

hundred and seventystwo scientists. The new

lecture hall of the Cold Spring Harbor labora-

" tories was used for the meetings.

The National Foundation for Infantile Pa-
ralysis paid the expenses of invited partici-
pants, as well as the expenses incurred in
organizing the meeting; and I wish to acknowl-
edge this support with grateful appreciaticn.
I wish:also to express appreciation for the
continued support of the Carnegie Corpora-
tion of New York, whose grant {or this year

‘has been used to promote the early publica-
. tion of this volume.

M. DEMEREC
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INTRODUCTORY ﬁREMARKS ABOUT THE PROGRAM

M. DELBRUCK

California Institute of Technology, Pasadena, California

The programs of some previous virus meetings
followed the viruses through a life cycle, from the
free state through infection to multiplication and
release. The present program is also guided by this
life cycle idea. One new feature is the recognition

- that the infecting virus undergoes an essential
change before it multiplies. The multiplying form
is here called the vegetative phase, in analogy to
the use of the word “vegetative” in the bacteriology
of sporulating bacteria. A second new feature is the
bifurcation of the life cycle which leads to the
branch called provirus.

«In formulating the program, we thus start out
with the doctrine of the trinity of virus: infective
(or mature) wvirus, vegetative virus, and provirus.
This doctrine of the trinity is the outgrowth of the
work on bacterial viruses of the last decade, and,
more specifically, of last year’s international phage

meeting at the Abbaye Royaumont. It 35 not the

purpose of these introductory remarks to defend the
ascientific truth of this doctrine. The collective evi-
dence of the papers presented at this meeting will
serve to sustain it or to modify it. The worst that
may happen to a heretic is that he may be asked to
take a‘hand in formulating the program for a future
virus meeting. We merely hope. that the doctrine
will serve to bring us at once to the most interest-
ing problems of current research, and that it helps
to bridge the gaps between the classes of viruses and
between the methods of research.

We start out then with a discussion of the vegeta-
tive phase. For many years it had been supposed
that the state in which a virus multiplies would be
ifferent from its extracellular state. I do not think,
lowever, that many people considered the possi-
bility that a virus in its multiplying state might be
ron-infective. Very strong evidence that it is in-
deed non-infec:ive was obtained by Doermann for

some of the ‘phages by the study of intracellular -

growth curves. A convincing reason for the non-
infectiveness was discovered last year by Hershey
and Chase who showed that the protein coat of a
phage does not even enter the bacterial cell. We

thus have a qualitative picture of the transition -

from the infective to the vegetative phase. It should
be clearly borne in mind that a virus particle in the
vegetative state escapes every direct method of bio-
assay. Nevertheless, indirect evidence about the
mode of multiplication can be obtained by the study
of 'genetic recombination, and fromi bio-chemical
studies. Particularly in the latter respect we hope
to learn much at this meeting. Last year it seemed
as if we were running into a paradoxical situation.
From the Hershey and Chase experiments one was

led to infer that virus DNA synthesis precedes virus
protein synthesis. In conflict with this, there were
several lines of biochemical evidence suggesting
that there exist immature forms of virus containing
protein and no DNA. This issue will be discussed
in various connections at this meeting.

The term provirus was coined by Lwoff and Gutt-
man three years ago to describe the state of the
phage in lysogenic bacteria. The definition is this:
a ‘cell contains provirus if it and all of its descen-
dants have the potentiality to produce infective vi-
rus. Potentiality means: under proper conditions,
the cell will produce infective virus. What are
proper conditions? In some cases we know what
they are and we then say that these conditions in-
duce the transition from provirus to vegetative
virus and to infective virus. In other cases we do
not know the proper conditions, but nature seems
to provide them in a random fashion, apparently,
in a very small proportion of the cells. It is clear
that provirus is a very shadowy character. It is
defined as a condition of the bacterium which con-
fers on it a potentiality. In many cases this poten-
tiality is easily and clearly recognized, but there is
no way of ever being certain that a given strain
does not possess such a potentiality. Clearly, we
want to get better acquainted with this shadowy
character. Above all, we want to know where he
resides in the cell, and how many of “hem there are
within any one cell, The second day of this sym-
posium is devoted entirely to these questions.

There are obvious similarities beiween a pro-
virus and a gene. In non-sexual reproduction, a
gene, too, can only be defined as a condition con-
ferring upon its carrier a potentiality. Our more
detailed knowledge of genes stems entirely from its
behavior in sexual reproduction. It is iherefore
of the greatest interest to try to advance otir under-
standing of provirus by studying its behavior in
experiments on genetic recombination of cells carry-
ing provirus. Here, of course, we run into the em-
barrassing situation that the genetics of bacteria is
still in a troubled state, and we will have to devote
considerable time to an attempt to grasp the pres-
ent status of this problem.

These remarks should be sufficient to clarify the
main outline of the program. There are a number
of other papers whose title may not seem to bear
any immediate relation to this outline, but anybody
at all familiar with the situation will, I believe, find
no difficulty in assessing their relation to the other
problems.

Special mention should be made of a last minute
addition to the program, or rather, to the list of

[1]



. lend strength to this scheme of things.

2 : M. DELBRUCK

part101p&nts The dlscovery of a structure for DNA
proposed by Watson and Crick a few months ago,
and the obvious suggestions arising from this struc-
ture concerning replication seemed of such rele-

vance to many of the questions to be discussed at -

this meeting that we thought it worth while to cir-
culate copies of three letters to Nature concerning

-this structure among the participants before the

meeting, and to ask Dr. Watson to be present at
the meeting.

Perhaps some may feel that the program is biased
too heavily towards the bacterial virus side, and

“that the plant viruses, especially, have been cut out

almost completely. Both of these biases may be
more apparent than real. At the end of the week
more words may have been spoken about the animal

,and the plant viruses than about the phages. The

phages loom so large on thé printed, program be-
cause phage has served ‘to elaborate the doctrine
around which the program is built. Plant viruses,
even though they have led the field for twenty

years in all matters of physico-chemical characteri-.

zation of the particles in the infective state, do not
They fail
to do so mot by providing conflicting evidence but
because of a characteristic shortcoming of the bio-
assay techniques now in use for plant viruses.
These techniques are not inferior to animal virus
assays in their accuracy, but in their efficiency:
very large numbers of virus particles are needed to
give a minimal biological effect. For this reason
most of the experiments needed to test the doctrine
are not feasible. In addition, and in consequence

.of this shortcommg, the plant virus field has been
aniniated for twenty years by an extraordinary
amount of controversy. Since most of this con-
troversy would be unintelligible to the ouisider, it
was felt that no useful purpose would be served by
having it aired once more before a larger audience.
Let our friends establish a party line among them
selves, so we knew what to compare with what.

With the animal viruses the situation is infinitely
more favorable. There is available a wealth of in-
formation on non-infective virus forms both of the
vegetative and of the provirus phase. Even. genetic
recombination has been successfully demonstrated
in flu virus. -In addition, quantitative ard efficient
bic-assay methods have been developed and success-
fully employed to obtain simple growth curves, to
study interference and.even the phenomena of multi-
plicity reactivation of ultraviolet treated flu virus.
In addition, the extraordinary efforts spent on polio
studies have made this group of viruses well known
and has led to the development of convenient meth-
ods for growing and handling them. These efforts
of purely medical research may well turn out to be
a boon to pure hiology. The paper on the last day
of our program is devoted to a technique for the
bio-assay of animal viruses which pufs them on
par with the phages, and wonder of wonders, polio
virus appears to be a choice virus for this tech-
nigue, I think it may safely be predicted that the
.next few years will see a fierce race between flu and
polio for the distinction of being called the “Dro-
sonhila of Animal Viruses.”



THE VEGETATIVE STATE IN THE LIFE CYCLE OF BAC-
" TERIOPHAGE: EVIDENCE FOR ITS OCCURRENCE

AND ITS GENETIC

CHARACTERIZATION

. : _ A. H. DOERMANN?* e
' Biology Division, Osk Ridge National Laboratoery, Oak Ridge, Tennessee

INTRODUCTION

It can be stated unequivocally that replication of
the genetic material of bacteriophage is accom-
plished when the viral particle is in a noninfectious

condition within the bacterial host cell. This state -

of the phage has been named the “vegetative state,”

which implies nothing more than that the virus is in =

a noninfectious and replicating condition. The pur-
pose of this paper is to sumrmarize evidence indi-
cating the existence of the vegetative state, and to
describe, insofar as possible, the genetic phenomena
occurring during this state.

MATERIALS ANB METHODS

. The material and techniques used in the investi-
gations to be reviewed have been described in many
places (for reviews see Delbriick et al., 1950; Ad-
" ams; 1950). Here it will suffiee to discuss what is
operationally meant by the term “cross” when
used in connection with bacteriophage, and to list

briefly the main categoties of genetic ‘mutants

which have proved useful. Making a cross implies
infecting bacteria with phage particles of two
genetically different types. It is accomplished by
adding a mixture of the phage types in such amount
that each of the 107 to 10° bacteria of the culiture
will, on the average, be infected ‘with several of
each type. The progeny of the cross ic usually
determined ‘from a sample of the mean yield of a
large number of these bacteria.. It is possible, al-
though much more laborious, to cbtain yields from

individual bacteria separately by the so-called sin-

gle burst technique (Delbriick,, 1945) which has
been used in some experiments#{Hershey 4ud Rot-
man, 1949). But unless otherwise specified, the
experiments mentioned here are from the pooled
average of many cells.

Until recently (Bresch, 1953) genetic material in
phages other than the closely related T2, T4, and T6
(T-even) group has been too limited to permit ex-

tensive investigation, and for-this reason all of the

experiments referred to in this paper will deal with
the T-even series. Generalization to other phages
must await more reports on dissimilar groups.

The genetic markers which have proved to be

useful in the T-even series fall into four types whick

are distinguishable by their plaques on agar plates

1 Work performed under Contract No. W-7405-eng-26 for
the Atomic Energy Commission. !

seeded with the appropriate bacteria. The r (rapid
lysis) mutants are characterized by larger plaques
with sharper margins than the wild type plaques.

" Mutations to r occur at many loci” both in T2

(Hershey and Rotman, 1948) and in T4 (Doer-

" mann and Hill, 1953). The h (extended host range,

Luria, 1945) mutants have been found at two loci
in_T2 (Hershey and Davidson, 1951) and are

* characterized by their ability to attack the indica-

tor strain (B/2) specifically resistant to the wild
type phage. Host range mutants have been found
only in T2 among the T-even'series. The m (mi-
nute) mutants also occur at several loci (Doermann,
unpublished). They.are distinguished from other
types by the small size of their plaques. The last
group of mutants to-be extensively studied is of the
tu (turbid halo) type. The characteristic property .
of tu plaques is the-presérice around the clear center
of a more or less turbid ring which is absent in the
wild type. Like the r mutants, they occur at many
loci (Doermann and Hill, 1953). Figure 1 shows
‘plaques of typical combinations of the mutant types
described. ' .

This group of characteristics, embracing only
four phenotypically distinguishable properties, has.
been used in all the genetic studies made so far with
T2 and T4, and illustrates the need for continued

" search for genetically useful markers. Even though

this material has been quite limited, an appreciable
number of experimental observations with it have

* to.some extent defined current ideas concerning

phage replication. These experiments form the
basis of the subsequent discussion.

ExPERIMENTS INDICATING THE OCCURRENCE OF A
VEGETATIVE STATE '

Many observations have suggested that the phage
reproductive cycle involves a noninfectious state of
the virus particle.” An early suggestion of this fact
comes from the results of experiments in which in-
fected host cells were disrupted at various intervals
during the latent period. These experiments showed
that, regardless of whether the cells were disrupted '
by sonic vibration or by a lytic procedure, no infec-
tious phage particles were found during the first
‘half of the intracellular cycle. Figure 2 shows an
‘expegiment in which the cyanide-lysis procedure
was used (Doermann, 1952). Before 21 minutes
(at 30° C.), the infected bacteria yielded fewer than °
one infectious particle per cell, even though an

& ! [ 3] ' ” .
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VEGETATIVE BACTERIOPHAGE . ' 5

average of 17 particles had been adsorbed to each.
Genetic evidence indicates that séveral of the 17,
at least, must have cooperated in the production of
the progeny in each cell. That the infecting parti-
cles disappear, has since been confirmed by a third
mettiod which disrupts the cells by rapid decompres-
sion (Levinthal and Fisher, 1952). The fact that
the infecting particles become noninfectious seems
- less surprising, perhaps, since the phage particles,
soon after entering the host cell, change in both
their ultraviolet (Luria and Latarjet, 1947) and

their X:ray (Latarjet, 1948) sensitivities. The .

A

PHAGE PARTICLES PER INFECTED BACTERIUM

1
-0 5

ool

T T 1

T U
o 20 20 40 50 60 70
MINUTES AFTER ADDITION OF PARENTAL PHAGE

Ficure 2. The intracellular bacteriophage population dur-
ing the latent period as determined by the cyanide lysis pro-
cedure. Cirqlr‘s are points from samples in which lysis has
been induced prematurely -by the T6-cyanide treatment.
They estimate the' intracellular population. Triangles are
points from the simultaneously performed one-step growth
experiment, in which lysis was permitted to 6ccur normally.

radiation experiments forecast some hasic alteration
of the virus soon after infection of the host cell.
The disruption experiments suggested the occur-
rence of a noninfectious intracellular state. It was
still necessary, however, to distinguish this hypoth-
esis from an alternative possibility. The latter sup-
poses that the infecting particles ‘'may form some
temporarily irreversible attachment to the host cell
and that, near the middle of the latent period, they

agaim become free within the cell and then proceed
to multiply. The hypothesis of a temporarily ir-
reversible attachment was ruled out by experiments
on the kinetics of genetic recombination. From

. Hershey and Rotman’s earlier experiments with T2

(1649), it was already known that a cross involving
the markers r;3 and & yielded 2:to 3 per' cent re-
combinants.” The cross of risht X rth was made
and aliquots from the culture of infected cells. were

-lysed prematurely by the cyanide-lysis procedure.

On ihe irreversible attachment hypothesis, one
would expect the earliest obtainable phage crop to
contain no genetic recombinarts, since it would
simply represent the parental particles which had
just been liberated. Table 1 shows that récombi-

TaBLE 1. OccURRENCE OF RECOMBINANTS IN CROss
T2uh X T28r3 Durine tHE LATeENT PERIOD

Expt. Lysis Phage per No.ofre-  Per centre-
No. time cell combinants combinants
1 20 23 10 2.0
2 2 6.0 97 2.2
1 25 36 8 . 1.6
3 27 67 81 24
2 29 101 34 2.3
1 30 113 19 3.0
"1 Post-burst 288 47 - 3.0
2 Post-burst 1516 131 3.5
3

Post-burst ' 365 27 2.3

nants were already present among the earliest in-
fectious particles-found within the cells, This re-
sult has been confirmed on a much larger scale with
other crosses, so that it is now clear that even at a

. time when only one bacterium in 50, on the average,

contains infectious phage, recombinants are already
present. Thus it became necessary to accept the.
conclusion that genetic recombination, at'least, has
occurred between the time of infection and the time
of appearance of the first phage, and therefore,
during some noninfectious state.

That multiplication must precede or accompany
recombination can be deduced from the experi-
ments of Hershey and Rotman (1949), who studied
the distribution of recombinants among individual
host cells and found the distribution to be random,
not clonal. The absence of clones of recombinants
in these experiments indicates that recombination

- could not have preceded multiplication; otherwise:

an early recombinant would necessarily have grown
into a clone. Whether recombination comes about
simultaneously with multiplication as a result of
cooperative replication by two parental particles. is
not so easily decided, and will be' discussed further

° Ticure' 1. Representative combination of genetic markers in T4.

1. Wild type

2.'r
3. tu

4. rtu
5. m
6. rm .



6 ‘ A. H. DOERMANN

in the latter part of this paper.

It appears unequivocal from the results reviewed
up to now that the basic processes of replication
and recombination must occur at a stage when the
phage particles are in a noninfectious or vegetative
state. That this conclusion is not an erroneous one
may be #een by the agreement with it of many sub-
sequent results. Since these will undoubtedly be
detailed in subsequent papers, only two of them

_ will be mentioned here. )

The most convincing evidence comes from the
experiments of Hershey and Chase (1952) who
showed beyond any reasonable doubt that, upon
infection of a host cell, the phage particle is sepa-
rated into two components. One is the protein
membrane which is completely dispensable after
the phage particle has become adsorbed to the bac-
terium. It may be removed with no demonstrable
effect on the process of replication. The other com-
potent, - mainly desoxyribonucleic acid (DNA), is
injected intq the cell at the. time of infection and
appears to be the part of the phage particle which
is responsible for intracellular replication. Pre-
sumably, therefore, DNA is one essential compo-
nent of vegetative phage. "

Another series of experiments which agrees with
the conclusion that replication occurs while the
phage particle is in a vegetative condition is con-
cerned with the transfer of phosphorus from parent
to progeny. It has been clearly shown that in both
multiple infection (Putnam and Kozloff, 1950; Koz-
loff, 1952; Watson .and Maalge, 1953) and in sin-
gle infection (French et al., 1952), only 30 to 50
per cent of the parental phosphorus is found in the
progeny particles. Most of the remainder appears
in nonsedimentable form in the medium. Thus at
the chemical level, the failure to transfer all of the
parental material to the progeny' indicates the oc-
currence of some incomplete state between the two.

At this point in the discussion we know that
replication of the specificities inside the host cell is
going on in a state different and presumably less
complex than the whole infectious phage particle.
This information creates the problem that we are
no longer in a position to enumerate and character-
ize  the replicating particles by simply permitting
them to form plaques. ‘What methods are now
available to assist in identifying these replicating
units? Other speakers in this Symposium will suri-
marize what has been learned by the application of
biochemical, immunological, electron microscopical,
and other criteria. This paper will start the dis-
cussion by reviewing what has been learned ‘about
the vegetative phage particle from genetic experi-
ments.

GENETIC STRUCTURE OF THE PHAGE PARTICLE

In order to interpret the experiments on genetic
recombination, it will be useful first to come to a
decision as to what sort of a structure is involved.

The evidence from recombination measurements
points to the conclusion that the genetic markers
are distributed in linkage groups and, within these
groups, in linear sequence. The first recombira-
tion experiments with phage by Hershey and Rot--
man (1948) suggested a linear order in T2H. A
_genetic map of T4, based mainly on two-factor
crosses is shown in Figure 3. It also indicates a

B
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Ficure 3. . Recombination map of phage T4, Numbers
indicate recombination values between loci. The data are
mainly from Doermann and Hill, 1953." The numbers in
parentheses come from the data in Tabie 2.

linear sequence of the genetic factors. And more
recently it has been possible to make crosses in T4
involving three linked markers where each of. the
eight combinations can be identified. In Table 2,
three repetitions of this cross are shown. The re-
sults are clearly compatible’ with the hypothesis of
linear order. At least for the T-even phages, a

linear arrangement can, therefore, be considered as
well established.

EXPERIMENTAL FAcTs ABoUT THE RECOMBINATION
PROCESS

In the experimental data indicating linearity
there is one apparent difficulty which must be ex-
plained; ,the number of double recombinants is in-
variably higher by a small amount than is pre-
dicted by the hypothesis of linear arrangement with
random occurrence of recombinations. In their first
paper on genetic recombination Hershey and Rot-
man (1948) noted a correlation in the occurrence
of adjacent recombinations. In other words, the
data suggested that a crossover in one region tended
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to be accompanied by a crossover in an adjoining
region. In order to distinguish between this corre-
lation and others to be discussed later, we shall re-
fer to it as a “negative interference.” The original
observation of Hershey and Rotman has since been
confirmed by Visconti and Delbriick (1953) in
three-factor linked crosses in T2; and it has been
observed ,in T4 by Doermann and Hill (1953) in

TasLe 2. ProceENy FrRoM A THREE-FActorR LINkED CROsS

witH T4
Total Proportion
Category Class Genotype plaques of total
Parental A S mr tu 3467 0.335
) + + + 3729 0.361

Recombinant B m + + 520 0.050
(Region I + ¥ i 474 0.046
only)

Recombinant € m r + 853 0.082
(Region IT + * tu 965 0.093
only)

Recombinant D m + tu 162 0.016
(both in I + r + 172 0.017
and II)

The three-factor linked cross of muersitua X wild type
was repeated in three experiments. These are the com-
bined data from the mass cultures which showed no sig-
nificant differences. The probability of recombination in
. Region I is measured by B 4+ D and in Region II by C +
D. , The product, (B 4 D) (C + D), is the probability of
a double recombination on the hypothesis of linearity with
no interference. The value is

(0.096 + 0.033) (0.175 + 0.033) = 0.027.

two-factor mapping experiments, as well as in the
three-factor data on T4 given in Table 2. Here 2.7
per cent double recombinants (mtu and r) were ex-
pected on the basis of the single recombination

and Rotman (1948), who found, among the prog-
eny of crosses involving three loci, phage particles
containing genetic markéers from each of three par-
ents. That triparental recombination is not a rare
occurrence, but rather a frequent one, is clear from
the subsequent experiments of Hershey and Chase
(1951) who showed that the triparental recombi-
nant involving unlinked loci was almost as fre-
quent as would be expected if the population had
reached genetic equilibrium. .

Results from a second type of experiment sug-
gesting a similar complexity in the phage reproduc-
tive cycle are shown in Table 3. The progenies are
given for two crosses involving presumably un-
linked factors: In both crosses, one parent is great-
ly in excess of the other. The nrogenies of both
crosses show the same results, namely that the mi-
nority parent (ry7tut in cross No. 1) is much less
frequent than either recombinant. Had there been
no opportunities for multiparental or repetitive mat-
ing one would expect that the frequency of either
recombinant would, at a maxirium, have reached
the frequency of the minority parent. Both the oc-
currence of triparental recombinants and the ten-
dency toward disappearance of the minority parent
suggest strongly a recombination process which
may be experienced repeatedly by the vegetative
phage particles. )

A third descriptive fact about the recombination
process comes from experiments of « kinetic type.
Table 1, showing the data from the cross ri3 X £,
indicated the possibility that, among the first phage
particles maturing intracellularly, the frequency of
recombinants might be somewhat lower than in the
population ‘resulting after normal lysis. This drift
in the proportion of recombinants was confirmed by
additional experiments with T4. In each of the
three crosses shown in Table 4 the proportion of re-
combinants rose consistently as more phage parti-
cles were produced within the cells of the culture.

TaBrLe 3. Proceny FroM Two-FAactor UNLINKED CrossEs oF “T4 witH UNEQUAL MuLrTIPLICITY

ratut X rttuss

rism+ X rtma

) Total Proportion of Total Proportion of
Category Genotype plaques progeny Genotype plaques progeny
Majority parent rt+iu 3732 0.838 rtm 3683 0.852
Recombinant rt+iut 298 - 0.067 r+m+ 271 0.063
Recombinant rtu 322 0.072 rm 253 0.059
Minority parent r tut 104 0.023 rmt 112 0.026

Multiplicity of rtut+ was 2.3;
of rt+tu was 23.0.

Multiplicity of rm+ was 2.0;
of r+m was 15.2.

values in the same experiments.
found was 3.3. .

Before attempting to explain negative interfer-
ence, it will be worth while to call attention to sev-
eral other experimental facts ‘concerned with the
recombination process. One was noted by Hershey

The percentage

TuE KINETIC NATURE OF THE REPLICATION
Process

Genetic information on the replication process
itself comes largely from Luria’s experiments
(1951) in which he examined the distribution of
spontaneous mutants in individual bacteria. The
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- distribution of numbers of phage mutants among  tion. Both models mentioned subsequently to this
the cells should be related to the process of replica-  discussion involve replication of this type.
tion of the genetic material, and, .if so, several pos- : s .
sibilities ought to be distinguishable: (1) Replica- THE VisconT-DELBRUCK THEORY
tion may proceed from the pattern laid down by tne The main groups of resulis have been put to-
parent. virus ‘particles. If so, and if replicas can-  gether by Visconti and Delbriick (1953) to form

TaBLE 4. INTRACELLULAR DRIFT IN THE PROPORTION OF RECOMBINANTS

ratut X rttus . remt X rtmae o tustuwt X tuwettuu
Phage per - Proportion of Phage per Proportion of Phage 'per ’ Proportion of
cell recombinants "cell recombinants : cell recombinants
0.09 0.32 0.05 . 025 ’ 0.57 0.061
0.41 0.33 0.34 0.24 0385 |, 0.062
1.9 035 . . L1 0.25 2.2 0.057
8.6 0.36 2.3 - 0.28 9.1 0.061
121 0.39 10 0.28 19 0.080
44 ) 0.38 34 0.30 " 46 0.079
70 ) 0.40 91 X 0.33 70 0.088
97 40.40 ' 172 0.36 98 0.098
’ 323 037 - 127 ) ) 0.109
Normal . : Normal Normal
lysis lysis lysis
197 0.42 313 : 0.37 147 0.115°
Multiplicities: Multiplicities: Multiplicities :
rtut = 7.1 rmt+ = 7.3 tustuat — 6.1
rtie = 10.0 ) rtm = 9.2 tupttus — 5.2

Samples were taken from the mass cultures at. intervals throughout the latent period and induced to lyse by the
cyanide lysis procedure. The column, “phage per cell,” indicates the average number of particles liberated per cell after
such treatment. ' ) :

not serve as patterns for further replication, two  the experjmental basis for a model of genetic re-
alternatives exist: (a) The pattern itself might mu-  combination in phage. The most important features
tate, in which case the mutation would presumably - of the model are the following: (1) Upon entering
occur with equal probability at any time during the - the host cell, the infecting phages become vegeta-

" reproduction period. One would then expect mu- * tive particles and multiply in an exponential man-
tants to occur in clones, and that mutant clones of = ner to form the vegetative pool. (2) As the size of
various sizes should occur with equal frequency. the vegetative pool increases, the rate of mating be-

(b) The production of a mutant might,come about ~ comes appreciable. Mating is assumed to occur
by the formation of a faulty replica, and not by the ~ between whole vegetative phage particles. (3)
mutation of the pattern itself. One would then ex-  Soon after the onset of mating, particles are taken
pect the mutants to be distributed randomly among  from the vegetative pool and transformed into in-
the individial ' ~teria, and with the mutation rate  fectious phage. These infectious particles are as-
as low as it is, clones of three or larger should be  sumed not to re-enter the mating pool, nor do they
vanishingly rare. (2) If, however, replication pro- multiply.” o

ceeds in such a way that replicas themselves may The theory has two parameters, namely, the num-
serve_as patterns for additional replications, a third ber of repeated mating encounters (m) per prog-
result would be expected. An early mutation should  eny particle, and the probability of recombination
produce a large clone, but a late mutation a smaller per mating. (p). By experiments which measured
one. As the number of patterns increases, the  the proportion of a minority parental type contain-
chance for a mutation to occur increases similarly, ing three unlinked loci, Visconti and Delbriick esti-
so that the late mutations, producing small clones, . mated m for T2 to be about 5 in the progeny found
should be more frequent than the earlier ones. The  after a normal latent period. The value of p can
distribution of clones with respect to their size = then be calculated from the recombination value

’

should  be exponential. The last result is what  observed after normal lysis on the assumption that
Luria found, namely an exponential distribution each progeny particle resulted from an average of
clearly distinguishable from the other possibilities. ~ 5-pairwise mating encounters among the vegelative
It appears conclusive that the replication process is  phage particles. ) '
characterized by the fact that the replicas them- The theory does, in fact, account for the experi-

selves may serve as patterns for further replica-  mental facts just described. The triparental re-
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combinants could obviously arise from particles
which in one mating become recombinants for two
parental types. In subsequent matings they en-
counter and recombine with particles carrying the
marker present exclusively in the third parent it-
self or in its offspring. The drift in the proportion
of recombinants is easily explained by the fact that,
when particles of the first progeny crop to mature
are examined, an early vegetative population is
being considered. In this group the average num-
ber of matings per particle is less than in the vege-
tative population from which the last particles are
taken. Thus, in the latter, more recombinants will
have been formed.~

Perhaps the most important contribution of the
-theory is that it points up the fact that in phage
crosses one is dealing ‘with a population problem
which predicts that a negative interference will be
encountered. The prediction is based on the as-
sumption that mating oppertunities are distributed
more or less randomly among the particles. The
result of such a distribution can easily be visual-
.ized if one imagines the progeny to be divided
equally into two classes, one in which no mating en-
counters have occurred and the other in.which the
particles have engaged in a single round of mating,
Within the latter class, the number of double re-
combinants may be precisely as expected on the
basis of the total recombinations in any given
region and the total in an adjacent region. In add-
ing the former class in which no matings and conse-
quently no recombinants have occurred, the re-
combination value for both regions will be cut in
half. The proportion of doubles expected should
~ then be reduced to one-fourth. The observed num-
ber of doubles, however, will be reduced only by a
factor of 2. A qualitatively similar result will be
observed if the matings are randomly distributed
around any average value. '

Recent experiments of Levinthal and Visconti
(1953) are consistent with the Visconti-Delbriick
model. By making use of the increased latent peri-
od of lysis-inhibited cells (Doermann, 1948) “they
were able to show that the increase in proportion of
recombinants is very closely correlated with the in-
crease in the amount of phage produced, and that
the proportion of recombinants does, in fact, pro-
gres stoward genetic equilibrium. In addition, they
speculatively estimated the size of the vegetative
pool, on the basis of the relatively simple assump-
tions that (1) phage particles are removed from the
vegetative pool at random, (2) the size of the vege-
tative pool remains constant, (3) each mating gives
one duplication. Granted these assumptionsy they
were able to calculate that every vegetative particle
must mate once every three minutes on the average
in order to account for the change in recombihant
proportion with time. Since ten particles are pro-
duced every minute, it would require a pool size of
30 vegetative particles to give one duplication for

every mating., An independent estimate of the size
of thé vegetative pool would be extremely valuable
in testing the validity of the third assumption and
in answering the general question whether recom- -

- bination and replication are associated phenomena.

Resmuar HETEROZYGOTES OF PHAGE

One class of observations, however, has not yet
been accounted for by the Visconti-Delbriick the-
ory, and these appear to be more readily interpre-
table on a different model. Hershey and Chase
(1951), in T2 crosses which involyed r and r+, ob-

servéd that about 2 per cent of the progeny con-

tained both the r locus from one parent and the
homologous r+ locus from the other. They called
these particles residual heterozygotes. ., From their
experiments with the heterozygotes, Hershey and
Chase could draw certain generalizations: (1)
Among the six genetic loci in T2 which they tested,
each showed about 2’ per cent heterozygosity. It
therefore appears that heterozygosity is more or
less uniformly distributed throughout the genetic
complex. (2) When two loci are marked, more

‘than 90 per cent of the heterozygotes are heter-

czygous for only one of them,. excepting the case
where markers are closely ‘linked. In this situa-
tion the majority of the particles may be doubly
heterozygous. . (3) On the assumption that the
number of genetic loci is large, almost all of the
phage particles must be heterozygous for some
region. )

The results with heterozygotes are difficult to in-
terpret within the framework of the Visconti-Del-
briick theory. Hershey and Chase (1951) showed
that the processes of recombination and heterozy-

. gote formation are not independent of each other.

The argument is as follows: :If the.two processes
were independent of each other, then in the case of
closely linked markers where one finds 2 per cent
recombinants, one should find that only 2 per cent
of the segregants from heterozygotes are recombi-
nants. In examining. these segregants, however,
Hershey and Chase found 20 per cent to be recom-
binants, indicating some connection between the two
phenomena. ;

If tne heterozygotes have their origin in the same
matings which yield recombinants, and, as the
Visconti-Delbriick theory requires, the matings oc-
cur between pairs of genetically complete vegeta-
tive particles, then the formation of any particle
with a duplicate set of loci should be accompanied
by the formation of one deficient in the homologous
material. Since the over-all frequency of heter-
ozygotes ‘is high, one would expect an appreciable
class of genetically deficient particles. There is no
evidence for such a class of particles even though
oms1 might in some types of experiment expect to
find it. -

TaE PARTIAL REPLICA HYPOTHESIS
The formation'of residual heterozygotes is much
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more easily 'visualized on another model which has
been called the partial replica hypothesis (Her-
shey, 1952). At present, this concept is rather
poorly defined, since it embraces most of the models
which center around the assumption that replica-
tion' proceeds by formation of genetically specific
material on a template. In addition to this fea-
ture the basie. characteristics of the model are that
replicas ard perhaps even partial replicas can serve
as templates, and that recombination occurs by
linking partial replicas from several templates.
While the parameters have not been specified with
the precision of the Visconti-Delbriick theory, it is
immediately apparent that the partial replica hy-
pothesis can. qualitatively at least, account for all of
the observations which have been mentioned in
this manuscript. Both triparental recombinants
and the tendency toward loss of 'a minority parent
could be due to second, third, or higher orders of"
replication, or to the association of partial replicas
from more than two parents. The hypothesis would
explain the drift in proportion of recombinants pre-

- ‘cisely as the Visconti-Delbriick theory. does, namely

by repetitive recombination encounters. Negative
interference could arise from the distribution of
these encounters.

On the basis of some new and-ingenious experi-
ments, Levinthal has recently been able to develop a
specific quantitative model of the partial replica
hypothesis. In:additicn to -accounting for the ex-
perimental observations on which the Visconti-
Delbriick theory is based, it also gives a satisfac-
tory explanation for.the formatioh of residual het-
erozygotes and its relation to the formation of re-
combinants. This model will be presented by Dr.
Levinthal in this Symposium.

CONCLUSIONS

That a noninfectious stage 6ccurs in the repro-
ductive cycle of bacteriophage has been deduced
from the accumulation of various kinds of infor-
mation. The first direct suggestion of this so-
called vegetative phage particle came from the fail-
ure to recover the infective parental virus from
host cells during the first half of the latent period.
Genetic evidence has furthermore shown that the
population which is first recoverable from the host
cells contains a new class of particles which com-
bine genetic properties from several parents. This
fact, taken together with the observation that ge-
netic recombinants do not occur in'clones in indi-
vidual bacteria, indicates that recombination must
accompany or follow replication.

The genetic description of that ‘entity which is
called the vegetative phage particle depends on a
small number of observations mainly concerned
with the process of recombination. The observa-
tions require (1) a linear arrangement of genetic
determinants, (2) a réplicating mechanism in which
replicates may themselves be the parents of subse-

quent genetic structures, (3) a repetitive series of
encounters, any one of which may result in recom-
bination of genetic markers, (4) a distribution of

“encounters such that the individual progeny’ parti-

cles have not experienced an identical number of
encounters, (5) a mechanism to account for prog-
eny particles which are diploid for small segments
of the genetic material.

Models to account for these observations fall into
two categories. Visconti .and Delbriick have pro-
posed’ a scheme in which the vegetative phage par-
ticle consists of a genetically complete unit. The
distinctive feature of their scheme is that it main-
tains that recombination and replication are sépa-
rate phenomena. Their model accounts quantita-
tively for all observations except the residual het-
erozygotes. '

The other category consists of those models which
visualize recombination as part of the process of
replication. This group accounts for the residual
heterozygotes as well as the other observations at
least in a qualitative sense. It is nevertheless im-
possible at present to make a certain choice between
the two types of concept.
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