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PREFACE

The importance of persistent viruses in human disease is well appreciated,
but pathogenetic mechanisms have generally been poorly understood. With
the recent advent of improved methods for study, many of these mechanisms
have been definitively characterized. This meeting was organized to dissemi-
nate current information concerning viral persistence and its role in disease
and to promote interactions between workers investigating diverse aspects of
these agents. This meeting was the first since the 1974 ICN—UCLA Symposium
on Mechanisms of Virus Disease to focus on pathobiological mechanisms in
animal virology.

We wish to express our appreciation to the program participants, whose
contributions to both the plenary and poster sessions made this meeting a suc-
cess. We gratefully acknowledge the ongoing financial support from ICN
Pharmaceuticals and a generous contract from the National Institutes of
Health (National Institute of Neurological and Communicative Disorders and
Stroke, National Institute of Allergy and Infectious Diseases, Division of Can-
cer Research Resources & Centers/National Cancer Institute, National Insti-
tute of General Medical Sciences, Fogarty International Center, Viral-
Oncology Program/National Cancer Institute), which helped defray the in-
vited speakers’ travel expenses. Our special thanks go to Dr. Earl Chamber-
layne of the Fogarty International Center for his efficient and helpful service
in the capacity of Project Officer for the NIH contract. Finally, we are indebted
to a talented collaboration of women, whose clerical and administrative exper-
tise brought this meeting to fruition: Carolyn Hench, Kathy Morris, Bobbi
Ottis, Brenda Seidman, Fran Stusser, and Donna Vratari.



CONTENTS

Preface

I. MECHANISMS OF VIRUS PERSISTENCE

A. Models of Persistent Virus Infection

1. Alteration of Escherichiacoli Outer Membrane Proteins by Prophages
Gordon Edlin

2. The Lucké Tumor: A Model for Persistent Virus Infection and Oncogenesis
Allan Granoff and Robert F. Naegele

3. EBV-Persistence in Human Lymphoid and Carcinoma Cells
George Klein

4. Immunobiology of Persistent Virus Infection
Michael B. A. Oldstone, Michael J. Buchmeier, and Michael V. Doyle

5. Role of DI, Virus Mutation, and Host Response in Persistent Infections
by Envelope RNA Viruses
John J. Holland, Bert L. Semler, Charlotte Jones, Jacques Perrault,
Lola Reid, and Laurent Roux

6. Requirements for Perpetuation and Eradication of Viruses in Populations
_ Neal Nathanson, James A. Yorke, Giulio Pianigiani, and John Martin

7. Subacute Sclerosing Panencephalitis (SSPE): An Epidemiologic Review
Neal A. Halsey, John F. Modlin, and J. T. Jabbour

B. Persistence of Tumor Viruses by Genetic Transmission

8. Persistent MuL.V Infection in Wild Mice
Murray B. Gardner, Vaclav Klement, Suraiya Rasheed, John D. Estes,
Robert W. Rongey, Mary F. Dougherty, and Martin L. Bryant

9. Genetically Transmitted Viral Genes of Rodents and Primates
George J. Todaro, Robert Callahan, Charles J. Sherr,
Raoul E. Benveniste, and Joseph E. De Larco

xi

27

43

57

75

101

115

133



vi

15,

16.

20.

2L

CONTENTS

. Regulation of Expression of an Endogenous Avian Leukosis Virus

Paul E. Neiman, Mark Groudine, Maxine Linial, and Robert Eisenman

. The Endogenous and Acquired. Proviruses of Mouse Mammary Tumor Virus

Harold E. Varmus, J. Craig Cohen, Peter R. Shank, Gordon M. Ringold,
Keith R. Yamamoto, Robert Cardiff, and Vincent L. Morris

. Structural Studies of Persistent Viral Genomes

. Detection of Viral Nucleic Acid Sequences Using in Situ Hybridization

James K. McDougall and Denise A. Galloway

-

. Physical Mapping of Viral Episomes in Herpesvirus saimiri Transfonned

Lymphoid Cells
Fred-Jochen Werner, Ronald C. Desrosiers, Carel Mulder,
Georg W. Bornkamm, and Bernhard Fleckenstein

. Integration of Moloney Leukemia Virus into the Genome of Balb/Mo Mice:

Genetic Mapping of the Virus Locus (Mov-1) and Virus Gene Amplification
During Virus Expression and Transformation
Rudolf Jaenisch, Michael Breindl, Johannes Doehmer, and Klaus Willecke

Qualitative Studies of the Endogenous Provirus in the Chicken Genome
L. M. Souza and M. A. Baluda

Quantitative Studies on Integrated Proviral DNA in Normal and Schmidt
Ruppin-Rous Sarcoma Virus Transformed Chicken Cells
(929 & Chen and M. A. Baluda

. Defining Transforming (onc) Genes and Gene Products of Avian Acute Leukemia

and Carcinoma Viruses
Peter Duesberg, Pamela Mellon, Tony Pawson, G. S. Martin, Klaus Bister,
and Peter Vogt

. Genetic Organization of the SRC and ENV Genes in the Genome of Avian

Oncoviruses
Michael M. C. Lai, Sylvia S. F. Hu, and Peter K. Vogt

. The Proviral DNA of Visna Virus: Synthesis and Physncal ‘Maps of Parental

and Antigenic Mutant DNA
Janice E. Clements, Opendra Narayan, and Diane E. Griffin

A Comparative Study of Nucleotide Sequences at the 3" Termini of Ribonucleic
Acids from Vesicular Stomatitis Virus and Its Defective Interfering Particles

Jack D. Keene, Manfred Schubert, Martin Rosenberg, and

Robert A. Lazzarini

Are Viroids Autoinducing Regulatory RNAs?
T. O. Diener

. Noncoding Sequences in Adaptive Genetics

Darryl C. Reanney

147

161

181

189

201

217

231

245

267

275

285

297



CONTENTS

D.
23.

24.

25.

26.

27.

28.

29,

30.

31.

32.

33,

34.

35.

36.

Genetic Variability and Expression of Persistent Viruses

Competent and Def ective Retroviruses in the Transformation of Lymphoid Cells
David Baltimore, Owen N. Witte, Anthony Shields, Naomi Rosenberg,
and Edward J. Siden

Analysis of Murine Leukemia Virus Recombinants
Nancy Hopkins, Douglas V. Faller, Jean Rommelaere, and John Schindler

Novel Proteins of Replication-Defective Mammalian Oncogenic Type-C Viruses
Edward M. Scolnick, Thomas Y. Shih, Sandra Ruscetti, David Linemeyer,
and David Troxler

Cell-Free Translation of Rous Sarcoma Virus RNA
Karen Beemon and Tony Hunter

Genetics of Reovirus: Aspécls Related to Virulence and Viral Persistence
Bernard N. Fields, Howard L. Weiner, Robert F. Ramig, and Rafi Ahmed

Defective Interfering Particles: Their Effect on Gene Expression and Replication
of Vesicular Stomatitis Virus
Alice S. Huang, Sheila P. Little, M. B. A. Oldstone, and Donald Rao

Gene Expréssion by a Defective lmeifering Particle of Vesicular Stomatitis Virus
Leslye D. Johnson and Robert A. Lazzarini

Evolution of Virus Populations in Persistent Infections of L Cells with
Vesicular Stomatitis Virus
Julius S. Youngner, Olivia T. Preble, Elaine V. Jones, and
Richard S. Creager

RNA Splicing in the Early mRNAs of Simian Virus 40 and Adenovirus 2
Arnold J. Berk and Phillip A. Sharp

Monkey DNA Sequences in Defective Simian Virus 40 Variants
M. F. Singer, M. Rosenberg, H. Rosenberg, T. McCutchan,
T. Wakamiya, and S. Segal

Adenovirus 2 Cytoplasmic RNAs from the Left 11% of the Genome
D. Spector, M. McGrogan, and H. J. Raskas

The Adenovirus and SV40 Tumor Antigens Detected in Adenovirus and
Adenovirus-SV40 Hybrid Virus Transformed Cells
Susan R. Ross, Daniel I. H. Linzer, S. J. Flint, and Arnold J. Levine

II. PERSISTENT VIRUSES AND DISEASE

. Hepatitis Viruses .

Persistent Infection with Hepatitis B Virus .
William S. Robinson ;

An Integrating Immunoregulatory Hypothesis for the Immunopathogenesis of
Liver Disease Associated with Hepatitis B Virus Infection
Francis V. Chisari and Thomas S. Edgington

vii

331

345

363

381

389

399

409

417

431

445

461

469

485

499



viii

37.

~

38.

39.

41.

42,

43.

45.

47.

49.

51.

CONTENTS

Evidence for the Association of a Chronic Disease (Liver Cancer) with
Persistent Hepatitis Virus Infection
Joseph L. Melnick

Detection of a Novel Antigen in Two Cases of Non-A Non-B Hepatitis,

a Recently Recognized Persistent Infection of Probable Viral Origin
Robert H. Purcell, Stephen M. Feinstone, Harvey J. Alter, and
Doris C. Wong

. Viral Involvement in Chronic Neurological Diseases

Varied Role of Viruses in Chronic Neufologic Diseases
Richard T. Johnson, Opendra Narayan, and Janice Clements

. Virological Studies on Central Nervous System Diseases of Unknown Etiology

R.I. Carp, R.J. Kascsak, H. Donnenfeld, and H. Bartfeld

Scrapie: Virus, Viroid, or Voodoo?
R.F. Marsh, Terry G. Malone, Wayne D. Lancaster, R.P. Hanson,
and J.S. Semancik

Evidence for Multiple Molecular Forms of the Scrapie Agent
Stanley B. Prusiner, David E. Garfin, J. Richard Baringer,
S. Patricia Cochran, William J. Hadlow, Richard E. Race, and
Carl M. Eklund

Pathogenetic Aspects of Subacute Sclerosing Panencephalitis
V. ter Meulen, W.W. Hall, and H.W.: Kreth

. Subacute Sclerosing Panencephalitis: An Aberrant Infection by a

Measles-Like Virus
J.C. Ramsey, L. Eron, J. Sprague, P. Bensky, D. Jones, R. Dunlap, and
P. Albrecht .

Visna: An Animal Model for Studies of Virus Persistence
A.T. Haase, M. Brahic, D. Carroll, J. Scott, L. Stowring, B. Traynor,
and P. Ventura

. Immune Responses in Visna Virus Infection of Sheep

Diane E. Griffin, Opendra Narayan, and Robert J. Adams

Progressive Antigenic Drift of Visna Virus in Persistently Infected Sheep
Opendra Narayan, Diane E. Griffin, and Janice E. Clements

. Demyelination Produced by Wild-Type and Temperature-Sensitive Mutants of

Mouse Hepatitis Virus Type 4 (JHM)
Martin V. Haspel, Peter W. Lampert, and Michael B.A. Oldstone

The Relationship of Theiler’s Mouse Encephalomyelitis Virus Plaque Size
with Persistent Infection
Howard L. Lipton

. Possible Role of Herpes Virus in the Chronic CNS Diseases

Hilary Koprowski

Latent Herpetic Infections in the Central Nervous System of Experimental Animals
Jack G. Stevens

521

535

551

563

581

591

615

635

643

655

663

671

679

691

701



CONTENTS

C:

52.

53.

54.

55.

56.

57.

58.

Role of Persistent Viruses in Miscellaneous Diseases

Aleutian Disease and Aleutian Disease Virus of Mink
H.J. Cho and David D. Porter

Equine Infectious Anemia: Virion Characteristics, Virus-Cell Interaction,

and Host Responses
Timothy B. Crawford, William P. Cheevers, Paula Klevjer-Anderson, and
Travis C. McGuire

Natural History of Human Polyomavirus Infections
Billie L. Padgett and Duard L. Walker

Measles Virus Persistent Infections—Biological and Biochemical Studies
Edward C. Hayes and Hans J. Zweerink

Persistence and Transformation by Human Cytomegalovirus
Fred Rapp and Laszlo Geder

Epstein-Barr Virus Infection of Epithelial Cells and Lymphocytes
Joseph S. Pagano

Murine Models of Cytomegalovirus Latency
M. Colin Jordan

Author Index
Subject Index

711

727

51

759

767

787

805

811
813



Persistent Viruses

ALTERATION OF ESCHERICHIA COLI OUTER MEMBRANE
PROTEINS BY PROPHAGES

A MODEL FOR BENEVOLENT VIRUS-CELL INTERACTION

Gordon Edlinl

Department of Genetics, University of California,
Davis, California 95616

ABSTRACT = Lambda lysogens of E. coli reproduce more rap-
idly than isogenic nonlysogenic strains when mixed popu-
lations are grown together in glucose-limited chemostats.
Lysogens of Phages P1, P2 and Mu also show increased re-
productive fitness when grown with the corresponding non-
lysogens in glucose-limited chemostats. When the same
strains are grown together in batch cultures, in which
growth may be limited or not by the glucose concentration,
lysogens and nonlysogens show the same reproductive fit-
ness. The outer membrane proteins of bacteria grown in
glucose-limited chemostats display a different composi-
tion from the same bacteria grown in batch cultures with
glucose. 1In addition the presence of the prophage changes
the proportion of the major outer membrane proteins when
the lysogens are grown in chemostat cultures. It is sug-
gested that the prophage can modify the membrane proteins
of the bacteria by lysogenic conversion and enhance the
fitness of the bacteria in certain environments. This
seems to be comparable to the situation in animal cells,
in which the growth and membrane properties are changed
by viral infection or by induction of viral genes. A
model is presented suggesting that oncogenes or proto-
viruses may enhance the growth and development of animal
cells under certain conditions. The widespread occur-
rence of viral genes in animal cells may have resulted
from the natural selection of animal cells with increased
reproductive fitness.

INTRODUCTION

Lysogeny is the process in which a temperate bacterio-

phage infects a bacterium without causing lysis and directs

integration of phage DNA into the chromosome of the bac-

terium. Thereafter, the phage DNA (the prophage) is repli-

lDepartment of Genetics, University of California, Davis,

California 95616

Copyright © 1978 by Academic Press, Inc.
1 All right of reproduction in any form reserved.
ISBN 0-12-668350-6



2 1. GORDON EDLIN

cated along with the bacterial DNA. The growth and physiology
of the bacterial lysogen are indistinguishable from that of

‘the non-lysogen except that the lysogen is immune to infection
by homologous phage. This immunity has generally been used to
explain the evolutionary selection of lysogenic bacteria (1).

Bacteriophages such as lambda, P2 and Mu all integrate
their DNA into the E. coli chromosome. Lambda has one speci-
fic integration site and can use either phage or bacterial
recombination enzymes to integrate the prophage DNA. P2
integrates at several chromosomal locations and is unusual in
that the prophage is not inducible by ultraviolet light (2).
Mu can integrate at many sites within any gene of the E. coli
chromosome by "illegitimate recombination' that does not re-
quire the usual recombination enzymes. It has been pointed
-out that Mu lysogens have properties that are similar to
“eucaryotic cells infected by SV40 virus (3).

The stable association of phage and bacteria in lysogeny
appears to be widespread in nature. Most bacteria isolated
in nature possess several prophages as well as other extra-
chromosomal elements (4). In some cases it can be shown that
the prophages modify the surface properties of lysogenic bac-
teria as well as confering immunity to infection by phage of
the same type (5). The survival and reproduction of bacteria
in nature depend on their ability to attach to specific sur-
faces or tissues. In other words, a bacterial colony must
become established in a favorable ecological niche. It
might be the mucosal lining of the ‘intestine, a root on a
legume, or a habitable rock in a river bed (6, 7, 8). "The
ability of bacteria to attach to surfaces by formation of a
"glycoecalyx" is often correlated with lysogeny (9). Moreover,
there are specific examples of lysogenic conversion in which
the prophage genome alters biochemical properties of the bac-—
teria. The O-antigens in Salmonella anatum are changed by the
phages £'® and €%*. Also harmless strains of Corynebacterium
diphtheriae became toxin producers in the presence of phage
B (5).

Most of the lysogenic bacteria survive in nature in
harmony with their environments and prophage. In flact, the
human body contains more bacteria in the intestinal tract than
all the rest of the bodys' cells put together, and presumably
we could not survive without these bacteria (10). To cause
a disease a pathogen mustimtrltiply in host tissues, resist
the host defenses and damage the host in some way (8).
Bacteriophage may play a special role in the reproductive fit-
ness of bacteria in particular environments by modifying bac-
terial colonization or enhance growth. According to this
view the symbiotic association of prophages and bacteria is a
consequence of natural selection and is clearly of evolution-
ary advantage to phage and bacterium. Not only do lysogenic
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bacteria acquire immunity to infection by phage of a similar
type but these lysogens may be reproductively more fit. Fit—
ness, in this sense, refers to the contribution that lysogenic
bacteria make to the gene pool of successive generations (11).
The prevalence of lysogenic bacteria found in nature is in
accord with these views.

We have shown that lambda lysogens of E. coli are more
fit than non-lysogens when both strains are grown together in
glucose-limited chemostats. In batch cultures at any glucose
concentration both strains reproduce at identical rates (12,
13). Lysogens carrying the prophages Pl, P2 or Mu are also
reproductively more fit than non-lysogens in chemostats (14).
The increased fitness of the lysogenic strains correlates
with changes in the composition of the major outer membrane
proteins.

These observations are similar to changes observed in the
growth rates and membranes of animal cells transformed by
viruses. A basis for these changes is found in the proto-
virus and oncogene hypotheses (15, 16, 17). The association
of viral genes with animal cells has a long evolutionary his-
tory (18, 19) and there is evidence that viral gene expres-
sion alters membranes (20, 21).

A model is presented suggesting that animal cells carry-
ing viral genes or genomes result from the natural selection
of cells with increased reproductive fitness in certain en-
vironments. In this view viral genes are as essential to cell
survival as are cellular genes. Transformation and unregu-
lated growth of cancer cells is an anomaly. It is perhaps
analogous to the detrimental hyperimmune response of an anipal
to a harmless viral or bacterial infection (22).

RESULTS

Physiological Experiments. In order to test for the re-
productive fitness of one organism versus another, the fre-
quency of each organism in a mixed population must be measured.
In the case of bacteria growing together in mixed populationms,
each genotype must be distinguishable from the others. We
have devised techniques for comparing the relative fitness of
lysogenic and non-lysogenic bacteria growing together under a
number of different growth conditions.

Prophage are maintained in the integrated state in lyso—-
genic bacteria by a repressor protein that binds to an opera-
tor site on the DNA and prevents expression of all prophage
genes that would be required to synthesize phage particles.
The maintenance of the prophage in the bacterial DNA requires
the continuous presence of functional repressor proteins.
Phage mutants can be isolated which produce a repressor pro-
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tein that is thermolabile. Bacteria which are lysogenic for
this class of mutant prophages are stable lysogens at low tem-
peratures (25°C-30°C) but are induced to produce phage and are
lysed at high temperatures (38°C-42°C). Mutants producing
thermolabile repressor proteins have been isolated for the
bacteriophagds lambda, P1, P2 and Mu (13, 14).

It is a simple matter to determine if bacteria are lyso-
genic or not using these mutant phages. A lysogenic bacterium
will produce a visible colony when plated on nutrient agar and
incubated at 30°C, but will fail to produce a visible colony
at 42°C since the bacterium will lyse. In a mixed population
of lysogenic and non-lysogenic bacteria, the frequency of each
type is easily determined. Bacteria are plated on nutrient
agar plates and incubated at 30°C and 42°C. The number of
colonies appearing at 30°C are a measure of the total number
of bacteria in the population whereas the colonies appearing
at 42°C measures the number of non-lysogenic bacteria. The
number of lysogenic bacteria is the difference between these
two numbers.

This method has been used to examine the relative repro-
ductive fitness of isogenic lambda lysogens and non-lysogens.
In these experiments an important control is to ensure that
the phage are not transmitted from the lysogenic to the non-
lysogenic bacteria. This is accomplished in the lambda lyso-
gens by using lambda mutants that cannot be induced from the
prophage state (ind™). In addition, these lambda phage carry
nonsense mutations in another gene essential for phage develop-
ment (sus J), so that, in the rare instance that a prophage is
excised, it cannot develop and produce viable phage, which can
subsequently infect the non-lysogenic bacteria.

Figure 1 shows the results of an experiment in which a
mixture of E. coli lambda lysogens and non-lysogens are grown
together in either batch or chemostat cultures with limiting
glucose as the energy source. 1In batch cultures both the lam-
bda lysogen and non-lysogen reproduce at identical rates. Ex-
cept for daily fluctuations the frequency of each strain in
the population remains constant for at least forty genera-
tions. The same result is obtained in batch cultures with
either limiting or excess glucose or with other carbon sources
such as lactose or glycerol.

A very different result is observed when the lambda lyso-
gen and non-lysogen are grown together in a glucose-limited
chemostat. The lambda lysogen is reproductively more fit and
rapidly becomes the most frequent strain of the population,
reaching a frequency of 99.9% within 30-40 generations. It is
interesting that in all the chemostat experiments that have
been done, the non-lysogenic bacteria are never completely
eliminated from the population although their frequency may
become as low as 0.01%. The increased reproductive fitness of



PERSISTENT VIRUSES 5

o
@

O
)

Lysogen Frequency
5
o

o
N
T

L 1 J

-
(6] 20 40
Generations

FIGURE 1. Reproductive f itness of the A lysogen in batch
and chemostat cultures. E. coli strain (AB) and the lysogen
(ABA) were grown together in either batch or chemostat cul-
tures. Bacteria were grown in M9 minimal medium plus 0.017%
glucose and 20 ug/ml methionine. The batch cultures were di-
luted 10° daily into fresh medium. The chemostat cultures
were grown continuously with a generation time of 4 hours.
Samples were plated daily on nutrient agar and incubated at
30°C and 42°C. Only non-lysogens give colonies at 42°C.

X - = - x, frequency of ABA in a mixed population of AB and
ABA growing in a batch culture; @ - - - ®, frequency of ABA
in a mixed population of AB and ABA growing in a chemostat
culture. :

lambda lysogens in chemostat cultures also is observed for
other carbon sources. The fitness does not depend on the gen-
eration time of the bacteria in the chemostat between genera-
tion times of 3-8 hours.

To fully appreciate these results it is important to un-
derstand the essential difference between growth in glucose-
limited batch cultures and glucose limited chemostat cultures.
In a glucose-limited batch culture (0.01% glucose) bacteria
grow exponentially at the maximum generation time for the
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particular medium until the glucose is exhausted. Thus, for
gludose concentrations between 0.01% and 0.47% bacteria grow
with the same generation time - only the final yield of cells
varies. In batch cultures the bacteria are not starved until
the carbon source is actually exhausted, at which point growth
stops. In chemostat cultures, on the other hand, bacteria are
constantly starved for glucose. The generation time in chemo-
stat cultures in determined by the rate at which fresh medium
flows into the culture. 1In the culture vessel itself the con-
centration of glucose is essentially zero. Each drop of med-
ium that flows in is immediately utilized.

Although most bacteria are grown in batch cultures in the
laboratory for convenience, chemostat cultures probably more
closely resemble the conditions that exist in nature. Smith
has pointed out that the generation time for bacteria growing
in the gut of mice is estimated to be 6 hours (7). Woods and
Foster have also discussed continuous versus batch cultures as
they relate to actual in vivo growth conditions bacteria en-
counter (23). A portion of their discussion appears below.

"When the host is complex, and has differentiated tis-

sues, it will have some form of circulatory or translo-

catory system. The bacterium will therefore be in an
environment which is constantly renewed in the sense that

there will be, due to the activities of the host, both a

continual replenishment of growth metabolites and a con-

tinual removal of waste products of metabolism. The
situation is essentially similar for organisms living

in an intestinal tract. The system is therefore analo-

gous in many ways to continuous culture and less like

the batch cultures that are the source of so much of the

bacterial material used for metabolic studies in vitro."

Having shown that lambda lysogens of E. coli are repro-
ductively more fit in continuous chemostat cultures, we tested
the generality of the phenomenon. E. coli strains lysogenic
for the phages P1, P2 and Mu were grown together with the
isogenic non-lysogenic strains. In each case it was found
that in batch cultures the reproductive rates were identical
whereas in chemostat cultures the lysogens reproduced more
rapidly (14).

Further conformation of the fitness of lysogenic bacteria
in chemostat cultures was obtained by finding a condition in
which the relative fitness could be reversed. Usually all
cultures are grown aerobically. However, when the chemostat
cultures are maintained under anaerobic conditions, the non-
lysogenic bacteria reproduce more rapidly than the lambda
lysogens. Figure 2 shows the result of such an experiment.

A mixed population of the lambda lysogen and non-lysogen is
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FIGURE 2. Reproductive fitness under aerobic and anero-
bic growth. E. coli strain (AB) and the lysogen (ABA) were
grown together in a glucose limited chemostat (0.01%) under
anaerobic conditions. A mixture of N»-CO, (95%-5%) was bub-
bled through the culture. After several days of anaerobic
growth, the culture was switched to aerobic growth as indi-
cated by the arrow. The frequency of the lysogen and non-
lysogen in the population was measured by plating samples on
nutrient agar and incubating the plates at 30°C and 42°C. On-
ly the non-lysogens give colonies at 42°C.

grown anaerobically in a chemostat culture. When the frequen-
cy of the lambda lysogen has fallen to about 1%, the chemostat
is switched to aerobic growth. The lysogenic bacteria repro-
duce more rapidly and quickly predominate in the population.

Biochemical Experiments. What is the biochemical basis
for the increased reproductive fitness of lysogenic bacteria
which are growing aerobically in glucose-limited chemostat
cultures? Since the same concentration of glucose is presum—
ably equally available to lysogenic and non-lysogenic bacte-
ria, a difference in growth rate must reflect increased up-
take of glucose or more efficient utilization.
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The outer membrane of E. coli and S. typhimurium has been
shown to regulate the permeability of the bacterium to mole-
cules of particular sizes. The proteins that are involved in
this process are the most abundant proteins in the outer mem-
brane and have been termed "porins" (24, 25, 26). Our hypo-
thesis is that the increased fitness of the lysogenic bacteria
in chemostat cultures is due to more efficient uptake of glu-
cose from the medium. As described earlier the concentration
of glucose in a chemostat culture is essentially zero. Each
drop of fresh medium is immediately used up by the bacteria.
If the prophages were able to modify the outer membrane pro-
teins, the permeability of glucose might be changed. Our ini-
tial approach was to examine the total membrane proteins of
lysogenic and non-lysogenic strains of E. coli grown in batch
and chemostat .cultures. Preliminary experiments indicated
that most of the differences were confined to the outer mem-
brane proteins so further experiments were designed to examine
the outer membrane proteins under the conditions that affect
reproductive fitness.

Figure 3 shows the outer membrane proteins from E. coli
strain ABA which have been separated by electrophoresis on a
SDS-polyacrylamide gel. The outer membrane proteins displayed
in column A are from lambda lysogens growing exponentially in
batch culture with excess glucose. The same pattern of pro-
tein bands is obtained when the bacteria are grown in batch
culture with limiting glucose (unpublished results). The non-
lysogen also gives the same pattern when grown in batch cul-
tures. That is, both lysogenic and non-lysogenic bacteria
have identical outer membrane protein compositions if grown in
batch cultures.

Column B shows the outer membrane protein from the lambda
lysogen grown in a glucose limited chemostat. The relative
amounts of the various outer membrane proteins is quite dif-
ferent when the lysogen is grown in batch or chemostat cul-
tures. Precisely the same differences are observed if the
non-lysogen is grown in batch or chemostat cultures with one
significant exception. The most abundant outer membrane pro-
teins are labeled I and II in figure 3. Actually band I con-
sists of 2 proteins which are poorly separated. When the lam-
bda lysogen is grown in a glucose-limited chemostat, protein
II is reduced in amount by 40%-50% as compared to the amount
found when the non-lysogen is grown in the chemostat (column
B, figure 4; and unpublished results). In general, when the
non-lysogen is grown in the chemostat or in batch culture,
the amounts of protein I and II are identical. If the lambda
lysogen is grown in the chemostat, the amount of protein II is
always markedly reduced (column B, figure 3). This change in
the relative abundance of the major outer.membrane proteins
correlates with the increased fitness that is observed for the



