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Foreword

The time seems ripe for a critical compendum of that segment of the
biological universe we call viruses. Virology, as a science, having passed
only recently through its descriptive phase of naming and numbering,
has probably reached that stage at which relatively few new—truly
new—viruses will be discovered. Triggered by the intellectual probes and
techniques of molecular biology, genetics, biochemical cytology, and
high-resolution microscopy and spectroscopy, the field has experienced a
genuine information explosion.

Few serious attempts have been made to chronicle these events.
This comprehensive series, which will comprise some 6000 pages in a
total of about 22 volumes, represents a commitment by a large group of
active investigators to analyze, digest, and expostulate on the great
mass of data relating to viruses, much of which is now amorphous and
disjointed, and scattered throughout a wide literature. In this way, we
hope to place the entire field in perspective, and to develop an invalua-
ble reference and sourcebook for researchers and students at all levels.

This series is designed as a continuum that can be entered
anywhere, but which also provides a logical progression of developing
facts and integrated concepts.

Volume 1 contains an alphabetical catalogue of almost all viruses
of vertebrates, insects, plants, and protists, describing them in general
> terms. Volumes 2-4 deal primarily, but not exclusively, with the
processes of infection and reproduction of the major groups of viruses
in their-hosts. Volume 2 deals with the simple RNA viruses of bacteria,
plants, and animals; the togaviruses (formerly called arboviruses),
which share with these only the feature that the virion’s RNA is able to
act as messenger RNA in the host cell; and the reoviruses of animals
and plants, which all share several structurally singular features, the
most important being the double-strandedness of their multiple RNA
molecules. : : '
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viii Foreword

Volume 3 addresses itself to the reproduction of all DNA-contain-
ing viruses of vertebrates, encompassing the smallest and the largest
viruses known. The reproduction of the larger and more complex RNA
viruses is the subject matter of Volume 4. These viruses share the
property of being enclosed in lipoprotein membranes, as do the
togaviruses included in Volume 2. They share as a group, along with
the reoviruses, the presence of polymerase enzymes in their virions to
satisfy the need for their RNA to become transcribed before it can
serve messenger functions.

Volumes 5 and 6 represent the first in a series that focuses pri-
marily on the structure and assembly of virus particles. Volume 5 is
devoted to general structural principles involving the relationship and
specificity of interaction of viral capsid proteins ahd their nucleic acids,
or host nucleic acids. It deals primarily with helical and the simpler
isometric viruses, as well as with the relationship of nucleic acid to pro-
tein shell in the T-even phages. Volume 6 is concerned with the struc-
ture of the picornaviruses, and with the reconstitution of plant and
bacterial RNA viruses.

Volumes 7 and 8 deal with the DNA bacteriophages. Volume 7
concludes ‘the series of volumes on the reproduction of viruses
(Volumes 2-4 and Volume 7) and deals particularly with the single- and
double-stranded virulent bacteriophages.

Volume 8, the first of the series on regulation and genetics of
viruses, covers the biological properties of the lysogenic and defective
phages, the phage-satellite system P 2-P 4, and in-depth discussion of
the regulatory principles governing the development of selected lytic
phages.

The present volume provides a truly comprehensive analysis of the
genetics of all animal viruses that have been extensively studied to date.
Described in ten detailed chapters are genotypes and phenotypic
expression of conditional, host range, and deletion mutants of three
major classes of animal DNA viruses followed by seven genera of RNA
_ viruses. Principles and methodology are presented and compared to
provide insight into mechanisms of mutagenesis, selection of mutants,
complementation analysis, and gene mapping with restriction endonu-
cleases and other methods. Whenever appropriate, the genetic
properties of viruses are related to nucleic acid structure and function
as well as recombination, integration of. viral with host genome,
malignant transformation, and alteration of host cell functions.

The following volume (10) will deal with transcriptional and
translational regulation of viral gene expression, defective virions, and
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integration of tumor virus genomes into host cell chromosomes. Later
volumes will be concerned with regulation of plant virus development,
covirus systems, satellitism and virdids. Two or three additional volumes
will be devoted largely to structural aspects and the assembly of bac-
teriophages and animal viruses, as well as to special groups of newer
viruses. ' T

The complete series will endeavor to encompass all aspects of the
molecular biology and the behavior of viruses. We hope to keep this
series up to date at all times by prompt and rapid publication of all
contributions, and by encouraging the authors to update their chapters
by additions or corrections whenever a volume is reprinted.



Contents

- Chapter |
Genetics of Polyoma Virus and Simian Virus 40
Walter Eckhart
1. Introduction .............. . ... ... ... ...
2. Restriction Enzyme Maps of the Polyoma and SV40
L6 71T 1 1<
3. The Lytic GrowthCycle ............................
3.1. Viral DNA Replication ........................
3.2. Transcription during Lytic Infection .............
33, VirionProteins ............... ... ..
4. Mutants of PolyomaandSV40 ......................
4.1. Temperature-Sensitive Mutants .................
4.2. HostRangeMutants ..........................
4.3. Defective Mutants ............................
4.4. Adenovirus-SV40 Hybrid Viruses ....... e
5. Viral Functions and the Early Region of the Genome . . ..
5.1. Cellular DNA Synthesis .......................
5.2. TAntigen ............ e
5.3.  SV40 Helper Function for Adenovirus Growth . ...
6. Temperature-Dependent Properties of Transformed Celis
7. References.................... e
Chapter 2

Genetics of Adenoviruses

Harold S. Ginsberg and C..S. H. Young

1.



xii Contents
1.2, Viral Biosynthesis .. ........................... 34
2. AdenovirusMutants................................ 4l
2.1. Typesof Mutants ............................. 41
2.2. Mutagenic Procedures . ........................ 42
2.3. Isolation of Mutants ........ ... e 44
2.4, Genetic Constitution of the Mutants .......... ... 46
3. Characteristics of the Adenovirus Genetic System . . . . ... 47
3.1. Aims of Genetic Analysis .................. .. 47
3.2. Complementation ............................. 47

3.3. Recombination and Mapping of the Adenovirus
_ Genome ........... ... ... ... .. .......... 54
4. Phenotypes of Adenovirus Mutants ................ ... 62
4.1. Temperature-Sensitive Mutants ............... .. 62
4.2. Plague Morphology and Host Range Mutants . . . . . 66
5. Functional Studies Using Adenovirus Mutants ... ...... 67
5.1. Viral DNA Replication ................. ... ... 67
5.2, Transcription of the Viral Genome .............. 68
5.3. Transport of the Hexon Protein ...... . ....... ... 69
5.4. Transformation ......... e e e 70
5.5. Helper Function .. .............. . ... ... ... . 73
6. Critique and Perspectives ............... .. ... .. .. ... 74
7. Note Added in Proof ............... ... ... .. .. .. . .. 76
8. References ...... ... .. .. .. ... . . . ... . . .. P 78

Chapter 3

Genetics of Herpesviruses

John H. Subak-Sharpe and Morag C. Timbury

l.
2.

Introduction ......... ... . . . .. 89
VirusMutants ... .. 0 93
2.1. Specialized Mutants .. ........ .. .. ... . .. ... ... 93
2.2. Nonspecialized Mutants: Conditional Lethals . . ... 96
2.3. Temperature-Sensitive Mutants .. ............... 97
Characterizationof Mutants . .............. .. .. .. ... 105
3.1, Viral DNA Synthesis .. ................ .. ... ... 107
3.2, Virus-Specified Enzymes . ................ .. .. .. 108
3.3.  Shutoff of Host Cell DNA Synthesis .......... ... 109
34 Proteins ... 109
350 Particles ... 2
3.6. Temperature-Shift Experiments ................. 112



Contents xiii

3.7. Effect of Host Ceils on ts Mutant Phenotype ... ... 112

38. tsMutantsin Vivo ........ ... .. ... . . ... ... 113

4. Recombination ......................... P 113

5. Effective GENOMES . ... ... vt 115

6. Validity of Recombination Analysis .................. 116

7. TheGenesof HSV ........ .. .. ... ....... . ... ... 117

8. Mixed-Morphology Plaques . ........................ 117

8.1. Infectious DNA and Marker Rescue ............. 118

8.2. Thymidine Kinase ............................ 119

8.3. Intertypic Complementation and Recombination .. 120

9. Transformation.................c.oiiniiennn. ... 122

10, Latency ...t 124

11. References .......... .. .. 0., 125
Chapter 4

Genetics of Picornaviruses

Peter D. Cooper

B W N —

7.

Introduction ... ... ... .. .. ... ... 133
Definition of a Picornavirus ......................... 134
The Schizon ....... ... ... .. ... .. ... ... . ... 135
Classification of Picornaviruses ...................... 136
Genetic Methods ........ e vo. 138
5.1.  Markers and Mutant Isolation . ................. 139
5.2. Covariant Reversion .......................... 139
5.3. Temperature-Shift Experiments ................. 140
Interactions of Picornavirus Genomes ... ........ A 141
6.1. Genetic Recombination ........................ 141
6.2. Genetic Complementation...................... 145
6.3. Genetic Reactivation ....................... .. 147
6.4. PhenotypicMixing ......... ... ... ... ... . ...... 147
6.5. Homologous Interference-with-Multiplication . . . .. 147
6.6. Defective Interfering (DI) Particles .............. 148
6.7. Homologous Interference-without-Multiplication .. 149
6.8. Heterologous Interference ...................... 150
69. Interferon ........ .. ... ... .. ... ... ..., 151
6.10. Implications for Gene Function ............. R
The Genetic Recombination Map of Picornaviruses .. ... 152
7.1. Obtaining a Map for Poliovirus ............... .. 152

7.2. Properties of the Genetic Map of Poliovirus . .. . ... 153



Contents

xiv

7.3. Scale of the s Map of Poliovirus ................ 154
7.4. The Genetic Map of Aphthovirus . ............... 157
8. Relation of Genetic Map to Gene Functions ........... 157
8.1. The “Primary” Gene Functions of Poliovirus ..... 157
8.2. The Secondary Gene Functions of Poliovirus . . . ... £ 161

8.3. Host-Controlled Modificatjon and Nonpermissive
CellSystems ............................... 166
8.4. Summary of Picornavirus Gene Functions ........ 168
9. Relation of Genetic Map to Gene Products ............ 169
9.1. Mode of Production of Picornavirus Polypeptides .. 169
9.2. Structural Proteins . ........................... 169
9.3. Replicase Proteins ....... e 170
94. 5°-3"Orientation :............................ 172
9.5. Cleavage Pathways ................... e 173
9.6. Information from in Vitro Translation ........... 175

9.7. Is Picornavirus RNA Comprised of Two

Independent Translation Units? ........... ... 176
9.8. Cleavage Enzymes ......................... ... 181
10. Sites of Action of Viral Growth Inhibitors ............. 182
11.  The Strategy of the Picornavirus Genome . .......... ... 184
I1.1. Regulation Mechanisms ................... ... 184
11.2. Genome Expression .......................... 188

11.3.  The Growth Process as Indicated by Genetic and
Other Studies ............................. 190
12, Conclusions ............ . ... ... .. ... . . 195
13. Refergnces........... e . 195

Chapter 5

Genetics of Togaviruses
Elmer R. Pfefferkorn

1.

2.

Review of the Structure and Replication of Group A

Togaviruses ......... ... . ... .. ... ... . ... . . ... 209
TypesofMutants .............................. o 211
2.1. Plaque Morphology Mutants ............... .. .. 21t
22. HostRangeMutants ..................... ... . 211
2.3. Mutants in Which the Stability of the Virion

IsAltered ......................... ... el 212

2.4. Mutants in Which the Morphology of the Vmon ‘
IsAltered ... ... ... . . ... ... . ... ... 212



Xy

Contents
2.5. Mutants with Reduced Virulence ................ 213
< 2.6. Defective Interfering Mutants .................. 213
; 2 7. Temperature-Sensitive Mutants ................. 214
3. Interactions of Togavirus Mutants in Mixed Infections .. 216
'3.’1. Phenotypic Mixing ........... .. .. ... ...... 216
3.2, Recombination :........... ... .. ... .. 217
3.3. Complementation .................c.oiiuo.. 218
34. Interference............ ... ... i, 222
4. Physiological Defects in Temperature-Sensitive Mutants . 223
4.1, Temperature-Sensitive Mutants with Defective or
Altered Viral RNA Synthesis . . ... PP 223
4.2. Temperature-Sensitive Mutants with an Apparent
Defect in the Assembly of Nucleocapsids . ... ... 226
4.3. Temperature-Sensitive Mutants with Defects
in Envelope Protein ......................... 229
4.4. Temperature-Sensitive Mutants and the Synthesis
of Cellular Macromolecules ................... 231
4.5. VirulenceoftsMutants ........................ 232
5. References ........ ... ... ... ... .. . .. .. ... ... 233
Chapter 6,
Genetics of Rhabdoviruses
C. R. Pringle
1. Introduction: Some Relevant Biological Features _
of Rhabdoviruses ................................ 239
2. Coding Capacity of the Genome of Rhabdoviruses . . . .. . 241
3. Rhabdovirus Mutants .............................. 242
3.1. Phenotypes ............... ., 242
3.2. Spontaneous Mutants ......................... 243
3.3. Induced Mutants ............... e e 246
3.4. Techniques for Isolation of ts and Ar Mutdnts ..... 247
3.5. Isolationof / Mutants......................... 248
4. Absence of Recombination .......................... 249
5. Complementation .................................. 250
5.1.' General Characteristics .. ... e 250
5.2. -Classification of s Mutants mto Complementation
Groups .. ..o 252

5.3. Interstrain Complementation .............. e 253




xvi
6. Temperature-Sensitive Mutants in the Analysis of

Genome Function ... ... A 254

6.1. Phenotype and Complementation Group ......... 254

6.2. Phenotypic Characterization of the VSV Indiana

Complementation Groups . ................... 256

6.3 Polymerase Mutants ...... e 257

6.4. GlycoproteinMutants ......................... 262

6.5. A Nucleoprotein Mutant ............... e 263

0.6. Matrix ProteinMutants .................... ... 263
7. Defectiveness . .......... ... I . 265
7.1. TParticlesandts Mutants . ................. ... 265

7.2. Physical Mapping of the Genome ............ ... 266

8. Phenotypic Mixing and Pseudotypes .................. 268
9. Host-Controlled Modification .................... ... 271
10. Virulence and Persistent Infection . ............ ... ... 272
10.1. Roleof T Particles ........... e e 272

10.2. s Mutants and Neurotropism . ... ........ . ... 274

10.3. s Mutants as Vaccines ....................... 277

10.4. Pathogenesis of Rabies Virus s Mutants in Mice . 277

10.5. Mechanismof Cell Killing ................. . .. 278

I1. Sigma Virus and Germinal Transmission ........... ... 278
12. Future Prospects........... [ 280
13. References .............. ... . . ... .. . . .. ... 281

Chapter 7

Genetics of Reoviruses

Rise K. Cross and Bernard N. Fields

2.

Introduction: Structure and Replication of Reoviruses

as They Relate to Genetics ........................ 291
Genetic Interactions . ...... e .. 294
2.1. Conditional Lethal Temperature-Sensitive

Mutants ............ e P, 294
2.2. Two-FactorCrosses ..................c.cuo.... 295
2.3. Three-FactorCrosses.......................... 301
2.4. Complementation..... e 304
2.5. Nongenetic Variables . . ... ... et 306
2.6. Multiplicity Reactivation ................... ... <307

27, DeletionMutants ................ . ... .. ... ... 308



Contents
3. GeneFunction ......... ... ... . . il 309
3.1. Phenotype of Genetic Groups .. ... e PRI 309.
3.2, TransCription ............c.iveiiuinienneennanns 310
3.3. Replication .......... R 312
34. Translation ........................ [P 314
35. Assembly.................... e ... 318
3.6. Oligonucleotides .............................. 322
3.7. SpecificGeneLesions ......................... 324
4. EffectonHost ...... ... ... ... ... . ... ... . 331
4.1. Virus-Cell Interaction . ........................ 331
42. RoleinDisease ...................ccouiuin... 334
5. References ........ ... ... . . i 336
Chapter 8

Genetics of RNA Tumor Viruses

Peter K. Vogt

1.

Introduction ...... ... ... ... ... . ... 341
1.1. Scopeof ThisChapter ......................... 341
1.2. A Synopsis of RNA Tumor Virus Infection . ... ... 342
Basic Properties of the Virus Genome ................. 345
2.1. "The Virion Contains Cellular and Viral RNA .. ... 345
2.2. The Molecular Weight of the 60-70 S RNA Is

About 6 8 x 10%. . ... ... ... .. ... ... ...... 346
2.3. The 60-70 S Complex Consists of Two 35 S

RNA Molecules ........... ... ............ 346
2.4. The Genome of RNA Tumor Viruses Appears to

Be Diploid .. ........ .. P 348
2.5. The 35 S RNAs of an RNA Tumor Virus Contain

the Same Sequences in Fixed Order............ 349
2.6. The 60 70 S RNA Is an Inverted Dimer of 35 S

RNAs Linked at the 5" Ends ............. .. .. 350
2.7. Summary and Conclusions .......... e 352

"~ Nonconditional Mutants and Markers ............ .. .. 353

3.1. Defective Viruses .. ... ... ... .. ... ... ....... 354
3.2, Host Range Variants .......................... 372
3.3. Transformation Markers ..................... .. 378
Interactions between RNA Tumor Viruses ............. 380
4.1.  Complementation and Phenotypic Mixing ........ 380

4.2. Recombination between RNA Tumor Viruses . . ... 383



xvifi Contents

S. Conditional Mutants ........... ... .. it 389
5.1. ts Mutants of Avian Sarcoma Viruseés ............ 390
5.2. Conditional Mutants of Murine Leukemia and

Sarcoma Viruses ........ R ., 407

6. Biochemical Approaches to RNA Tumor Virus Genetics . 413
6.1. RNA Tumor Virus Species: Genetic Relationships

and Distribution among Various Hosts ......... 413
6.2. Occurrence and Origin of src Sequences .......... 416
6.3. The Genetic Map of Avian Sarcoma Viruses
Probably Reads gag-pol-env-src-C-poly(A) ..... 418
7. Concluding Speculations ......... e 423
7.1. OnRecombination............................ 423
7.2. The Productofsre ............................ 426
7.3. Interaction between Virus and Cell Genomes ... ... 428
7.4.  Analysis of the Viral Genome and of Integration
Sites with DNA Restriction Enzymes .......... 429
8. References ...... ... ... ... .. i 430

Chapter 9
Genetics and Paragenetic Phenomena of Paramyxoviruses

Michael A. Bratt and Lawrence E. Hightower

l. Introduction ....... ... ... i, 457

2. Properties Relevant to Genetic Analyses . .............. 459
2.1. Summary of Virus Structure and the Infectious

Process ........ .. i 460

2.2. Identification and Synthesis of Viral Proteins .. ... 461

2.3. Identification and Synthesis of Viral RNA ........ 462
2.4, Relationships among Viral Genomes, mRNAs,

and Proteins ........... ... ... 465

2.5. Properties of Virions and Infected Cells .......... 466

3. Virus Populations ................ . it 472

3.1. Adaptation and Selection in Culture ............. 473

3.2, Growthof Stocks ................coooivui. ... 474

3.3. Particle Size Variation ........................ 475

3.4. Host-Induced Modification .................... 478

3.5. Distinctions between Genetically Different
Populations ........ R 480



Contents ‘ xix
4. Origins of Mutants and Variants ..................... 483
4.1. Spontaneous vs. Mutagemzed Isolates ........... 483
4.2, Mutagens ........... e e e 484
5. Types of Mutants and Variants ............... e 486
5.1. Selection for Specifically Altered Properties ... ... 487
5.2. Plaque-Type Mutants and Variants ........... ... 489
6. Genetic and Paragenetic Phenomena .................. 492
6.1. Recombination ............................... 492
6.2. Phenotypic Mixing ............................ 493
6.3. Heterozygotes and Multiploid Particles .. ... e 494
6.4. Multiplicity Reactivation ...................... 497
6.5. Defective or Incomplete Virus .................. 499
7. Temperature-Sensitive Mutants ..................... . 501
7.1. Temperature-Sensitive Mutants of NDV .. ... . ... 503
7.2. Temperature-Sensitive Mutants of Sendai Virus ... 506
7.3. Temperature-Sensitive Mutants of Measles Virus .. 508
T4, SUMMATY . ..ottt 513
8. Persistent Infection ................... .. ... ....... 515
8.1. Variants from Persistent Infection ............... 516 .
8.2. Possible Involvement of DNA ... .. .. .. .. ... 520
8.3. Summary and Conclusions ..................... 521
9. Other Directions ................o i, *522
10. References ........ ... ... ... . . ... 523
Chapter 10
Genetics of Orthomyxoviruses
Lawrence E. Hightower and Michael A. Bratt
1. Introduction ............ ... ... ... ... ... .. ... .. 535
1.1. Scope of This Chapter ........... P 535
1.2. Historical Perspective ......................... 537
1.3, Organization of This Chapter ................... 539
2. Molecular Biology of the Genome .................... 540
21, TheGenome .............oouuiuiuio . 540
2.2, GeneProducts ......................... e 543
2.3. Replicationand Assembly ............... .. .. . .. 548
3. Virus Population..................... ... ... . ... ... 552

3.1. Plaque-Forming and Non -Plaque-Forming
Particles .............. e P 552



XX Contents
3.2. Interference . ... ... .. it 554
3.3. Genetic Dimorphism ~............... e 556
3.4. Phenotypic Mixing...... [P 557
3.5. Genotypic Mixing ....... e 558
4. Temperature-Sensitive Mutants ...................... 559
4.1. Geneticlnteractions........................... 559
4.2. Isolation and Characterization .................. 564
4.3, Variants .. ... i e 583
S. Conclusion ... ... 586
6. References..................... e 588
Index ... .. . 599

v aNa e



CHAPTER I

Genetics of Polybma Virus and
Simian Virus 40

Walter Eckhart
The Salk Institute
Post Office Box 1809
San Diego, California 92112

1.. INTRODUCTION*

Polyoma virus and simian virus 40 (SV40) are the smallest known
tumor viruses. Their genomes are double-stranded circular DNA
molecules, approximately 3.4 x 10¢ daltons in molecular weight, suffi-
cient to code for the synthesis of approximately 200,000 daltons of pro-
tein. Infection of cells by polyoma and SV40 results in alterations in
cell growth. properties, sometimes leading to malignancy. Cells having
altered growth properties are referred to as *‘transformed” or “neo-
plastic,” and the process which leads to the acquisition of new growth
properties is called “cell transformation.” It should be emphasized that
viral genes are not the only determinants of altered cell growth

. properties. Cellular genes and regulatory systems are major factors in

the emergence of a malignant -cell from a normal population.

* Much of the earlier work included in this chapter is described in The Molecular
Biology. of Tumor Viruses (Tooze, 1973) and a recent review (Eckhart, 1974). To
avoid unnecessary references in the text, publications prior to 1973 which can be
found in these volumes will generally not be cited here. The biochemistry of polyoma
and SV40 infection has been described in detail by N. Salzman and G. Khoury in
“Reproduction of Papovaviruses” in Volume 3 of this series. Interested readers
should also consult the 1974 Cold Spring Harbor Symposium on Tumor Viruses (Vol.
39, 1975), . which contains many pertinent articles.
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