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Foreword

The time seems ripe for a critical compendium 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 num-
bering, 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 wil comprise some 6000 pages in a
total of about 22 volumes, represénts a commitmerit 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 invalu-
-able 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 prov1des a loglca] 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 ce]l; and the reoviruses of animals
and plants, which all share several structurally singular features, the
most important being the double-strandedness of ‘their multnple 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 lipoportein 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 ghd 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 bac-
terial 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. , .

Volume 9 provides a truly comprehensive analysis of the genetics
of all animal viruses that have been studied to date. These chapters
cover the principles and methodology of mutant selection, comple-
mentation analysis, gene mapping with restriction endonucleases, etc.
Volume 10 also deals with animal cells, covering transcriptional and
translational regulation of viral gene expression, defective virions, and
integration of tumor virus genomes into host chromosomes.

' The present volume deals wih the considerable advances in
methodology and understanding that have greatly broadened the
general interest of molecular biologists in plant viruses in recent years.
This volume represents the only one of the Comprehensive Virology
series to deal exclusively with plant viruses, although their replication
and assembly are covered in Volumes 2 and 5. The first two chapters
focus on the nature of multicomponent viruses or coviruses that carry a
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subdivided genome distributed over separate virus parkicles. The third
chapter concerns itself with the classical and simplest case of satellitism
in viruses (a parasite of a parasite) and with other cases of defective
viruses that are not completely functional. The fourth chapter deals
with the mode and regulation of the first event after RNA virus infec-
tion, the translation strategy of multigenic viral RNAs. The fifth
chapter describes the advantages and uses of mesophyll protoplasts in
the study of plant virus replication and its regulation. Finally there is an
authoritative chapier on the remarkable nature of viroids, disease caus-
ing self-replicating RNA molecules which are too small to code for
proteins and may act by causing the activation of pathogenic genes car-
ried within the host’s genome.

Volume 12 will cover the general properties of special virus groups,
of invertebrates, algae, fungi, and bacteria. Volume 13 will be the last
of the series on structure and assembly, dealing with general principles
of virion structure, phage assemb’ly, and the complete structural
analyses of small RNA and DNA phage nucleic acids and proteins.
Volume 14 will deal with the general properties of newly characterized
groups of vertebrate viruses, such as, for example, arena-, corona-, and
bunyaviruses.



~Contents

Chapter [

Plant Covirus Systems: Three-Componént Systems

Lous Van Vioten-Doting and E. M. J. Jaspars

1.
2.

Introduction .......... e R [ 1
Structure and Composition ........... ... .. 4
2.1. Isocapsidic Viruses.......... ..., 4
2.2. Heterocapsidic Viruses ........................ 6
2.3. SeparationMethods .......................... S B
Infectivity ................ e e 12
3.1. Dose- Infectivity Curves ....................... 12
3.2, Infectivity of Nucleoprotein Components . ........ 13
3.3. [Infectivity of RNAs ........... T 16
3.4. Activityof Coat Protein ....................... 17
Test-Tube Exchange of Genetic Material ............ .. 20
4.1, Hybrids ...... ... . 20
4.2, Backcross Experiments ... ..................... 26
4.3. Thermosensitive Mutants ...................... 26
Translation and Aminoacylation ........... e w27
5.1. InVitro Translation . .......................... 27
52, InVivo Translation ........................... 34
'5.3. 'Aminoacylation ..... e . ... 36
Replication ..................... e R 38
6.1. Double-Stranded RNAs ... ................... - 38
62. Replicase ...................... ... .......:. 39
DiSCUSSION .. ..ot 42
References ...... ... ... .. . . . . 44

-xi



xii

Contents

Chapter 2

Plant Covirus Systems: Two-Component Systems

George Bruening

1.
2.

3.

4.

wn

Introduction ...............covunnn. e 55
TObraviruses ... .ouvtieenntnon e iinnnennns 57
2.1. Serotypes and Particle Dimensions; Separation of
VIFONS ...t i 57
2.2. Particle Structural Homologies ................. 59
2.3. Protein and RNA Molecular Weights . ........... 60
2.4. Vigion Reconstitution Experiments .............. 63
2.5. Conversion of Unstable TRV to Stable TRV ...... 64
2.6. Infectivity as a Function of Virion Concentration .. 67
27. TRV Hybrids ...... ... ... . i it 70
2.8. InVitro Protein Synthesis . ..................... 72
2.9. Nucleotide Sequence Relationships .......... ... 13
2.10. Eventsin TRV Replication ..................... 76
2.11. Possible Significance of Other TRV Components .. 78
COMOVITUSES ...\ttt tteiie e eiieeaiaeeannns .19
3.1. Members of the Comovirus Group .............. 80
3.2. Chemical Composition of the Centrifugal \
Components .........cc.iiiniiiineaeaenaaan 82
3.3. Virion Electrophoretic Forms ................... 87
34, CapsidStructure ...........cciiiiieinnnnnnnn. 92
3.5. [Infectivity of the Components .................. 95
3.6. Hybrid Comoviruses .......................... 99
3.7. InVitro Protein Synthesis . ..................... 106
3.8. Nucleotide Sequence Relationships .............. 107
3.9. Infection-Associated RNA Polymerase Activity ... 108
3.10. - Eventsin Replication.......................... 108
Nepoviruses ... ............ P, S 111
4.1. Members of the Nepovirus Group ............... 111
4.2. Chemical Composition of Multiple Centrifugal
Components .........couieniiint e 112
4.3. Component and RNA Infectivities; Hybrid Viruses 115
4.4. Nucleotide Sequence Relationships .............. 119
4.5. The Proteins and RNAs of Strawberry Latent
Ringspot Virus ............................. 121
4.6. Satellite Viruses ............ccoiitinrinunnnn.. 122
4.7. Eventsin Replication............... e 124
Other Possible Two-Component Systems .............. 125
References............................... e 130



Contents xii

Chapter 3
Defective and Satellite Plant Viruses
Joseph G. Atabekov

1. Introduction ............ ... ... iiiiiiiiii... 143
- 2. Defective Viruses ........ ..ottt 146
2.1. Productivity of Virus lnfectlon .................. 146
2.2. Specific Infectivity of the Virus ................. 147

2.3. Defective Particles in Preparations of Normal
VITUSES . ..ot 148

2.4, Peculiarities of Winter Wheat Mosaic Virus

Infection .................. Lottt 152

2.5. Missense Mutations and Nonfunctionality of the
Virus-Coded Products (Defective and

Temperature-Sensitive Phenotypes)............ 153
2.6. Defective Viruses and Genome Masking .......... 174
2.7. Unstable Variants of Tobacco Necrosis Virus . .. .. 175
2.8. Unstable Variants of Tobacco Rattle Virus and Pea
Early-Browning Virus ....................... 177
3. Satellitism in Plant Viruses ..................... e 178
3.1. Association between Tobacco Necrosis Virus and
Its Satellite: General Description .............. 179
3.2. Strainsof TNVandSTNV ..................... 182
3.3. Physicochemical Properties and Structure of TNV
and STNV ... ... . 183
3.4. Specificity of STNV Activationby TNV ......... 185
3.5. Interference between TNV and STNV ........... 187
3.6. Coding Properties of STNV Genome ............ 188
4. Concluding Remarks ....................... i, 192
5. References .......... ... i 193

Chapier 4 .
The Translation of Large/Plant Viral RNAs
H. Fraenkel-Conrat, M. Salvato, and L. Hirth

1. Historical Introduction ............................. 201
. Methodology ............ ... .. ... 203
3. Translation of TMV RNA ...... P 205
30, InVivo ... ... 205

3.2. InCell-FreeSystems .......................... 208



Contents

xiv
3.3. 1Isolation and Translation of TMV LMC ......... 210
*3.4. Cowpea Strain of TMV; LMC Virions ........... 211
3.5. The Genetic Mapof TMV ... .. .. ... ......... 215
4. Translation of Turnip Yellow Mosaic Virus RNA .. .. ... 217
5. Tranﬁi’zf;;iogrof thgRNA of Tobacco Necrosis Virus and
. ItsSatellite ... ...t 219
6.  Covirus Genome Translation ........................ 220
6.1. Three-Component Coyiruses: AMV, BMV ...... .. 220
6.2. Two-Component Coviruses: TRV, CPMV ... .. .. 222
7. General Aspects of Translation of Plant Viral RNAs . ... 223
7.1. Importance of RNA Structure .................. 223
7.2. Translation of Multiple Products from Large
RNAs . 225
7.3.  Identffication of Gene Products, with Particular
- Reference to RNA Replicase ................. 227
8. References......... g e e e 229
Chapter 5

Protoplasts in the Study of Plant Virus Replication
Itaru Takebe

L
2,

Introduction ...... ... . ... . ... ... 237
Protoplasts from Leaf Mesophyll .................. ... 238
2.1. Isolation ..... e 238
2.2. Culture ........ e, e 242
Infection of Protoplasts ............... P 243
3.1. Inoculation Procedure . ... .. e 243
3.2. LevelsofInfection ............................ 245
3.3. Efficiency of Infection .. .. ... P 248
3.4. Number of Virus Particles Involved in Infection ... 249
3.5. Processof VirusEntry ......................... 250
3.6. Inoculation with Viral RNA ................ . ... 251
Studies of Plant Virus Replication Using Protoplasts . ... 251
4.1. Tobacco Mosaic Virus ...................... .. 252
4.2. Cowpea Chlorotic Mottle Virus ............... .. 268
4.3. Brome Mosaic Virus ........................ .. 270
4.4. Cucumber Mosaic Virus ............... R L. 271
4.5. Cowpea Mosaic Virus ......................... 272

4.6. Tobacco Rattle Virus ............... .. ... ... 272



Contents XV
~4.7. Turnip Yellow-Mosaic Virus ................... 273
, 48. PotatoVirus X .........coiiiiiiiiiiiiiia.. 274
5. Concluding Remarks ........ et 275
6. References ..........coouiiiiniiiiiiiiiiiinnennnn. 271
Chapter 6
Viroids
T. O. Diener and A, Hadidi
1. Imtroduction .......... ... .. . . il 285
2. Biological Properties ............ccoiiiiiiiiiii... 286
'2.1. Propagation Hosts and Environmental Factors .... 286
2.2. Inoculatien Procedures ..... P 288
2.3. Bioassay of Viroids ............. P 289
24, HostRange........... ..., -291
2.5. Cytopathic Effects ........... e 296
2.6. Subcellular Locationin Situ . ................... 296
3. Evidence for Existence of Viroids . .................... 297
3.1. Sedimentation Properties and Nuclease Sensitivity . 297
3.2, Absenceof Virions .....................cuun. 299
3.3. Molecular Weight Estimates of Native Viroids .... 300
3.4. Identification of Viroids as Physical Entities .:.... 302
4. Purification ........... ... i 303
5. Physical and Chemical Propertles .................... 305
5.1. Molecular Weight ..................... e 305
5.2. Thermal Denaturation Properties ............... 308
5.3. Radiation Sensitivity .., ..... e 309
5.4. Electron Microscopy of Viroids ................. 310
- 5.5. Molecular Structure- .......................... 313
5.6. Composition and anary Sequence ............. 316
6. Replication .......... . ... . ... ... 319
6.1. Messenger RNA Properties .................... 319
6.2. RNA-Directed RNA Synthesis ................. 320
6.3. DNA-Directed RNA Synthesis .......... S 321
6.4. De Novo Synthesis of Viroids . .................. 325
7. Possible Origin of Viroids ........................... 327
8. Conclusions and Speculations ............... e 328
9. Appendix: Determination of Viroid Nature of Unknown

Pathogen ........... .. ... ... ... ... ... .. ... ... .. 329



Xvi

10.

Contents

9.1. - Criteria for Suspecting-Viroid Nature of Pathogen . 330
9.2. Sedimentation Properties ...................... 330
9.3. Nuclease Sensitivity .. ............. ..., 331
9.4. Insensitivity to Treatment with Phenol ........ ... 331
9.5. Electrophoretic Mobility ....................... 331
References .. ... ... .. ... . i 332

-~ e g



CHAPTER |

Plant Covirus Systems: Three-
- Component Systems

Lous Van Vloten-Doting and E. M. J. Jaspars
Department of Biochemistry
State University
Leiden, The Netherlands

1. INTRODUCTION

Recent developments have brought together viruses which were not
previously supposed to bear any relationship except that they were
simple RNA-containing plant viruses. These viruses are the spherical
bromoviruses, once thought to have a very small genome (Bockstahler
and Kaesberg, 1961); the small spherical cucumber mosaic virus and its
relatives, which, in contrast to bromoviruses, are transmitted by aphids;
the aphid-transmitted alfalfa mosaic virus, which is one of the very few
small viruses with bacilliform particles; and a number of structurally
not very well studied viruses among which are tobacco streak virus and
citrus leaf rugose virus, which seem to have in common the possession
of spherical virions of different size.

~ The reason for handling these viruses in one chapter is the nature
of their genome. Electrophoresis in polyacrylamide gel has shown that
their virions contain three RNA species with molecular weights not far
from 10° (Fig. 1). These RNA species are in separate capsids.
Inféctivity studies with separated RNA species or with nucleoprotein
species containing thess RNAs have indicated that all three RNAs are
needed for infection. With some of these viruses, these indications are
much stronger than with others.



2 Chapter 1

Fig. 1. Characteristic pattern of the
RNAs of a plant virus with a tripartite
genome. (AMV) as revealed by elec-
trophoresis in 3% polyacrylamide gel.
The three peaks at the left represent the
three parts of the genome. They are
designated as RNAs 1, 2, and 3. Their
molecular weights are not far from 10°,
RNA 4 at the right has a molecular
weight of about 0.3 x 10° and comprises
a cistron for the coat protein. With
heterocapsidic viruses, this RNA or its
translation product is needed to start an

' infection. Minor RNAs migrating be-
tween RNAs 3 and 4 or faster than
RNA 4 are often found. With AMV

they are called X- and Z-RNAs, respec-

Migration —» tively.

A 260

A further step in the argumentation in favor cf a tripartite genome
of these viruses was that genetic markers could be exchanged by
exchanging RNA or nucleoprotein species in the test tube.

Finally, it could be demonstrated with alfalfa mosaic and bromc
mosaic viruses that the three RNAs have at least partly unique base
sequences and that three species of double-stranded RNA occur in
infected cells.

The preparations of plant viruses with tripartite genomes often
contain more than three RNA species. One of these, a small RNA with
a molecular weight of about 0.3 x 10° occurs very reproducibly and
sometimes in appreciable amounts (Fig. 1). It is encapsidated either
separately or together with the smallest genome part. With.
bromoviruses, cucumber mosaic virus, and alfalfa mosaic virus, it has
been shown that this RNA directs in an efficient way the synthesis of
viral coat protein in in vitro translation systems. When unfractionated
RNA preparations are carefully freed from this RNA, no change in
infectivity occurs in the case of bromo- and cucumoviruses, but in the
case of the other viruses mentioned above infectivity is completely lost.
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With the latter viruses, infectivity can be restored by adding the small
RNA or by adding a small amount of its translation product, the coat .
protein. Apparently, with these viruses, the coat'protein is necessary to
start an infection. It has to be assumed that the gene for the coat pro-
tein in the genome is not available for translation,, as it is in the
monocistronic messenger RNA.

- On the basis of the above, we can divide the tripartite genomes.
into protein-independent and protein-dependent genomes. Viruses of
the former group have their genome parts in identical capsids and will
be called here “isocapsidic viruses.” Viruses of the latter group will be
called ‘“*heterocapsidic viruses’ since they have bacilliform or spherical
capsids of different size. Apparently, the capsids are fitted to the size of
the genome parts. It seems as if the coat protein is adapted to a bio-
logical function rather than to a very stringent role in particle structure.
At this moment it cannot be stated with certainty whether capsid
heterogeneity is always correlated with protein dependency, but for
reasons of convenience we will maintain the division between isocap-
sidic and heterocapsidic viruses throughout this chapter.

Thus the grouping of the viruses we will handle is as shown in
Table 1.

Jones and Mayo (1975) showed that BRLV is serologically reldted
to TSV. That CLRYV and the related CVYV are heterocapsidic is inferred’
from an electron micrograph given by Garnsey (1975). Lister and
Saksena (1976) have measured different particle size. classes with
preparations of NRSV. These authors point out that several other

TABLE 1

Grouping of Viruses with Tripartite Genomes

Brome mosaic virus (BMV) o

Cowpea chlorotic mottle virus (CCMV) } Bromoviruses
Broad bean mottle virus (BBMYV)

Cucumber mosaic virus (CMYV)

Tomato aspermy virus (TAV) } Cucumoviruses
Peanut stunt virus (PSV)

Isocapsidic viruses

Alfalfa mosaic virus (AMV)

Tobacco streak virus (TSV)

Black raspberry latent virus (BRLV)
Citrus leaf rugose virus (CLRV)

Citrus variegation virus (CVV)

Elm mottle virus (EMotV)

Prunus necrotic ringspot virus (NRSV)
Lilac ring mottle virus (LRMV) )

3 Heterocapsidic viruses
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viruses may be grouped with TSV; thus Tulare apple mosaic virus
(TAMV) has beén shown by them to have similar particle classes and
RNA species. Infectivity is greatly enhanced when particle classes-are
combined. Furthermore, TAMYV is serologically related to CLRV
(Lister, Gonsalves, and Garnsey, unpublished). Preparations of EMotV
contain quasispherical particles which sediment in a sucrose density
gradient in three bands. Infectivity is mainly associated with the fastest-
sedimenting component, but addition of the slower-sedimenting
components enhanced the infectivity about threefold (Jones and Mayo,
1973). NRSYV is classified by Fulton (1968) with apple mosaic virus and
rose mosaic virus in a group called ILAR viruses (isometric, labile,
ringspot). Four centrifugal components comparable with - those of
NRSV and TAMYV were detected by Lister and Saksena (1976) in
preparations of apple mosaic virus. Preparations of lilac ring mottle
virus (LRMYV) consist of two centrifugal components. The two
components have the same buoyant density but can be separated by
polyacrylamide gel electrophoresis suggesting difference in-particle size
(Huttinga and Mosch, 1976). In the electron microscope, . rather
irregularly shaped isometric particles are seen (Van der Meer et al.,
1976). , -

There are indications that the genome of barley stripe mosaic virus
is also tripartite (Lane, 1974b). However, the molecular weights of the
three RNAs from this rod-shaped virus are around 1.25 x 10% and
there is apparently no RNA of molecular weight 0.3 x 10°.

2.  STRUCTURE AND COMPOSITION

The properties of AMV and of the bromoviruses have been exten-
sively described in review articles by Hull (1969) and Lane (1974a),
respectively. The structure of CMV has been the subject of studies by
Kaper and Geelen (1971) and Kaper (1972), whereas Habili and
Francki (1974a,b) have compared the structural properties of CMV
and TAV. We will restrict ourselves here to the most important and
most recent data. Emphasis will be on those structural properties which
are related to the leitmotiv of this chapter, the tripartite genome.

2.1. Isocapsidic Viruses

The bromoviruses have icosahedral capsids of 26 nm diameter
built from 180 identical protein subunits of molecular weight 20,000
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.(Lane, 1974a). CMYV has the same structure (Finch et al., 1967), but the
diameter of the particles is somewhat larger and the subunit molecular
weight is close to 25,000 (Hill and Shepherd, 1972; Van Regenmortel et
al., 1972; Habili and Francki, 1974a). Bromovirus particles undergo
swelling at pH values above 6.0 and become sensitive to ribonuclease
and proteolytic enzymes in the swollen state (Lane, 19744a; Pfeiffer and
Hirth, 1975). Cucumoviruses do not show such a swelling phenomenon
but are nevertheless sensitive to ribonuclease (Francki, 1968; Habili and
Francki, 1974b; Mink, 1975). At alkaline pH, CMYV undergoes drastlc
structural changes (Kaper and Geelen, 1971).

All isocapsidic viruses are dissociated into protein and RNA by
sodium dodecylsulfate (SDS) and high salt concentrations, which led
Kaper (1972, 1973) to postulate that the structure of these viruses is
mainly stabilized by protein-RNA interactions rather than by protein-
protein interactions. Under proper conditions, the viruses can be
reassembled from salt-prepared protein and RNA (Bancroft, 1970;
Kaper and Geelen, 1971; Lane, 1974a) (see also chapter by P. P. Hung
in Vol. 6 of this series).

The four main RNA species of bromo- and cucumoviruses have
molecular weights of about 1.1, 1.0, 0.8, and 0.3 x 10°. Somewhat
higher and lower values have also been reported for the three large
RNAs (Lane, 1974a; Kaper and Waterworth, 1973; Peden and Symons,
1973; Habili and Francki, 1974a; Kaper and Re, 1974). Since RNAs 3
and 4 are encapsidated together, there are only three types of virions.
These three types of virions have nearly identical particle weights and
sediment as single species with s values of about 86 S and 99 S in the
case of bromo- and cucumoviruses, respectively (Lane, 1974a; Van
Regenmortel, 1967; Mink et al., 1969; Stace-Smith and Tremaine,
1973). The virion types can be partly resolved by equilibrium density
gradient centrifugation. Density differences are more pronounced in
bromoviruses "than in cucumoviruses (Lane, 1974a; Lot and Kaper, -
1973). This is probably due to the fact that in several strains of CMV an
additional small RNA (RNA 5, of molecular weight 0.11 x 10%, Kaper
and West, 1972) is present. All nucleoprotein fractions from an RbCl
density gradient contained about the same amount of RNA 5.
Apparently this RNA is encapsidated with a variety of other RNAs (Lot
and Kaper, 1976a,b).

Nucleotide sequence information is available only for the RNAs of

- BMV. From analysis of octa- and ‘nonanucleotides of complete

pancreatic ribonuclease digests of the separated RNAs, it follows that

RNAs 1, 2, and 3 have at least partly unique nucleotide sequences.

RNA 4 yielded two octanucleotides and three nonanucleotides, which



