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Preface

Frequently during the past year friendly conversations with distin
guished colleagues led to exchanges like this: "And what are you up to
these days?" "I'm editing a book." " H o w exciting! What's it about?"
"Togaviruses." "Oh, that sounds interesting." " D o you know what
they are?" "Well, frankly, no; what are t h e y ? " "Oh, you know, alphaand flaviviruses and some others." "I'm afraid that doesn't help at all!"
"Well, Sindbis virus is an example." "Ahh, oh yes, that is a fascinating
virus!" "They all are." I knew then that this book could fulfill at least
one worthwhile mission.
For a long time, interest stimulated by these viruses, specifically
those that are transmitted to vertebrates by bloodsucking arthropods
(arboviruses), was dominated by a dichotomy reminiscent of nine
teenth century biology. Ε. B. Wilson wrote in 1901 that "a lack of
mutual understanding existed b e t w e e n the field naturalist and the
laboratory worker which found expression in a somewhat picturesque
exchange of compliments, the former receiving the flattering appella
tion of the 'bug-hunters,' the latter the ignominious title of the
'section-cutters,' which on some irreverent lips was even degraded to
that of 'worm-slicers' . . . I daresay there was on both sides justifica
tion for these delicate innuendos."*
If we substitute "fraction cutters" and "gel slicers" for their earlier
counterparts, we are transported into the more recent past of research
on arboviruses. Fortunately, the dichotomy is diminishing rapidly,
and therefore it seems a good time to help the process along by
publishing this volume now.
In the development of virology as a self-sustaining science, the
creation of a rational taxonomic system, based on principles of struc*Quoted, with permission, from Garland E. Allen, "Thomas Hunt Morgan, The Man
and His Science," Princeton University Press, Princeton, New Jersey, 1978.
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ture and molecular function, has played a key role. Sometimes this
process has brought together in a single taxon viruses which are
strange bedfellows in the sense that their divergent biological or
epidemiological behavior patterns would not have suggested funda
mental relatedness. The converse is also true: many viruses that are
similar in their biological interactions with hosts or cells have turned
out to be far apart in their taxonomic properties.
In the case of the viruses that are the subject of this book—the
members of the family Togaviridae—both of these paradoxes have
posed difficulties. On one hand, no one would have predicted on
biological grounds alone that rubella virus and other "non-arbo" vir
uses would find themselves taxonomically w e d d e d to Saint Louis or
equine encephalitis viruses and their many arthropod-transmitted
cohorts; on the other hand, one could not have assumed a priori that
the many viruses which share the singularly complex feature of
arthropod-vertebrate transmission cycles (the arboviruses) would
prove to be as diverse in basic properties as are the Togaviridae,
Bunyaviridae, Rhabdoviridae, and Reoviridae.
Historically, the need for taxonomic order clearly grew out of the
profusion of arboviruses which were discovered in the era following
World War II. It is to the lasting credit of Jordi Casals and his co
workers at the Rockefeller Foundation Laboratories (more recently at
the Yale Arbovirus Research Unit) that they accurately identified, on
the basis of painstaking serological analyses, the distinctness of the
group A and group Β arboviruses (now the Alphavirus and Flavivirus
genera of the family Togaviridae) from each other and from the many
arboviruses which have now been assigned to other families.
Many of these viruses cause diverse diseases of man and animals.
The mode of their transmission involves continuous bidirectional
bridging of the phylogenetic gap separating invertebrate from verte
brate hosts and thus stamps them as biologically unique. The ecologi
cal demands that this mode of transmission imposes on arboviruses
have undoubtedly had a critical impact on the limits of their geograph
ical distribution and on their varying responses to selective pressures
for species differentiation. Genus and species differentiation, even
within the narrower confines of the family Togaviridae, is such that we
are still dealing with an immensely heterogeneous assortment of vi
ruses. This very heterogeneity challenges us to define shared and
distinguishing characteristics and to trace, through the use of an
tigenic, genetic, and biochemical analysis (including nucleic acid and
protein sequencing), past and projectable evolutionary relationships.
These are examples of the sources of fascination that the togaviruses
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(whether or not transmitted by arthropods) hold for physicians and
veterinarians, ecologists, entomologists and epidemiologists, cell
biologists, immunologists and virologists, physical chemists and
biochemists, molecular biologists and geneticists.
The idea to put this book together arose from the realization that the
branches emerging from these diverse roots of interests had not previously been gathered and bundled in a single comprehensive volume.
Its design is intended to provide (1) a summary of the biological and
medical challenges posed by these viruses which might channel the
directions of research on their basic properties, and (2) a status report
on their structure and biochemistry and on mechanisms of replication
which might in turn lead to new perceptions of the capacity to solve
biological and epidemiological problems through the concepts and
technology of molecular biology.
In trying to meet these aims, some subjects are discussed in great
detail, others in summary form, still others not at all in the form of
separate chapters. Among the latter are those that are adequately
covered in standard textbooks (e.g., clinical details, routine procedures for diagnostic virus isolation and identification and for serological tests) or that are not developed to a point where they would reveal
something specifically or uniquely instructive about togaviruses (e.g.,
immunological host responses, the role of interferons, antiviral
chemotherapy, vaccine development). In general, authors were left
free to choose their individual emphases and styles, and editing was
kept to a minimum. The field is in flux, especially in research on
structural and molecular aspects; therefore the treatment of overlapping subjects inevitably has led to redundancy and sometimes to the
presentation of conflicting findings or interpretations. These were
permitted to stand because each chapter was intended to be its author's comprehensive and self-sufficient assessment of an area of special competence.
It is a pleasure to acknowledge my gratitude to a group of distinguished authors for their enthusiastic cooperation in this joint venture,
for their patience in the face of unavoidable delays, and for their
willingness to further improve and update their contributions when
the "point of no return" was finally reached in the form of edited copy
and page proofs.
R. Walter Schlesinger
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I. HISTORICAL BACKGROUND:
THE ARTHROPOD-BORNE VIRUSES (ARBOVIRUSES)
The prefix "toga-" made its first public appearance in 1965 in the
proposals and recommendations of a provisional committee for
nomenclature of viruses whose task was to fit the sparse physicochemical data then available into a "system of viruses" (Lwoff and Tournier, 1966). T h e Togavirales were given the exalted status of an order
to which the Arboviridae were assigned as a family. Although such
subordination of a taxon that was defined in biological terms (arbo =
arthropod-fcorne) to one that was based on structural features (toga =
shroud or envelope) was inconsistent with taxonomic principles (see
Chapter 2), it reflected the contemporary state of the art: All that was
known was that (1) a few prototypes of the viruses that were to be
grouped together occupied a position of small to intermediate in the
size range of classifiable viruses, (2) they were inactivated by ether or
deoxycholate and therefore presumably contained lipid envelopes,
and (3) they contained an RNA genome which, in the form of phenol
extracts, was infectious. All viruses that had b e e n examined and possessed these three properties were in fact "group-A" or "group-B"
arboviruses (Casals, 1957), so designated on the basis of group-specific
1
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antigens and transmission by bloodsucking arthropods to vertebrate
hosts.
What was not known was (1) whether viruses meeting the same
structural specifications would be found among those that were not
dependent on arthropod transmission, (2) whether other arbo
viruses—those that were antigenically distinct from group A or
Β—would fulfill the same three criteria, i.e., size, envelope, and infec
tious RNA.
As knowledge about the unique features of the structure and rep
lication of group-Α and -B arboviruses advanced, these viruses could
be clearly delineated from those of other arbovirus groups. T h e desig
nations in the taxonomic hierarchy were shifted: Within the family
Togaviridae, group-Α and -B arboviruses became genera and were
rechristened, with Linnaean fervor and etymological inconsistency,
alpha- (for group A) and flavi- (for yellow fever) viruses, respectively
(Wildy, 1971; Porterfield et al, 1978; see also Chapter 2). This rear
rangement allowed the inclusion of non-arthropod-borne viruses in
the taxon Togaviridae (see below and Chapter 2), and it eliminated the
inappropriate use of a mode of transmission from the taxonomic sys
tem.
The process of inching toward a rational classification, while in
itself reflecting advancing technology, has in turn contributed greatly
to progress in the characterization of those arboviruses which are
togaviruses as well as those which are not (notably the family
Bunyaviridae). At the same time, these developments affirmed the
importance of arboviruses as pathogens for man and diverse animals
(see Chapter 3) and promoted interest in the one unique feature by
which all arboviruses remain defined: their ability to cross the
phylogenetic gap separating invertebrate and vertebrate hosts.
Although the latter property has lost its significance as a taxonomic
criterion, it remains the cornerstone of discoveries in the historical
sense. Prior to the era of quantitative and molecular virology, many
fundamentally important questions arose in investigations of the ecol
ogy of arthropod-borne viruses and of their interactions with both
invertebrate vectors and vertebrate hosts in natural and experimental
infections. These related to epidemiological patterns, viral or host
determinants of virulence, viral persistence in nature, antigenic rela
tionships, aspects of pathogenicity and immunity, and many other
biological features. The first seven chapters of this book address them
selves to these topics, and this chapter briefly summarizes key de
velopments in historical perspective.

3

1. Introduction

T h e discovery that yellow fever was transmitted to man by bites of
the mosquito Aedes aegypti (Reed et aL, 1900) marked the start of a
heroic and successful assault on one of mankind's catastrophic public
health hazards (Strode, 1951). Epidemiological and experimental
findings established a similar role for mosquitoes (Graham, 1903),
specifically A. aegypti (Bancroft, 1906) in the transmission of dengue
fever and of the sandfly, Phlebotomus papatasi, in Mediterranean
3-day fever, now called sandfly fever (Doerr and Russ, 1909). These
three—yellow fever, dengue fever, and sandfly fever—were the first
specifically human afflictions for which filterable viruses were demonstrated as etiological agents (Reed and Carroll, 1902; Ashburn and
Craig, 1907; Doerr et al, 1909).
During the 1930s, seasonally and geographically limited outbreaks
of encephalitis in human populations (e.g., Japanese, St. Louis, and
Russian spring-summer—JE, SLE, and RSSE) and in horses (Western, Eastern, and Venezuelan equine—WEE, E E E , and VEE), together with epizootic diseases in other animals (e.g., Louping ill and
Rift Valley fever—LI and RVF) focused attention on the medical and
veterinary importance of a " n e w " class of viruses: All of theni seemed
to share the unusual feature of d e p e n d e n c e , for their maintenance in
nature, on the ability to multiply in various species of bloodsucking
arthropods and in vertebrate animals (Theiler and Downs, 1973).
Enormous investigative efforts showed that (1) specific arthropods
became infected by a blood meal from an infected vertebrate host, (2)
the viruses multiplied in the arthropods, (3) once attaining threshold
titers in the arthropod's salivary gland (marking the end of the "extrinsic incubation period"), the viruses could be transmitted, for the rest
of the arthropod's life, to new susceptible vertebrates, and (4) in the
latter, infection led to virus multiplication and viremia which may or
may not be associated with clinically manifest diseases. These characteristics led to the formulation of biological criteria for defining
arthropod-borne viruses (arboviruses) (World Health Organization,
1967) as "viruses which are maintained in nature principally, or to an
important extent, through biological transmission between susceptible vertebrate hosts by haematophagous arthropods; they multiply
and produce viremia in the vertebrates, multiply in the tissues of
arthropods, and are passed on to new vertebrates by the bites of
arthropods after a period of extrinsic incubation."
1

Abbreviations cited are those used in the "International Catalogue of Arboviruses"
(Berge, 1975).
1
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It is axiomatic that epidemics or epizootics of proved arboviral
etiology have been initiated only in ecological environments providing for the coexistence of a competent, sufficiently dense vector population and of susceptible vertebrate hosts. This truism has b e e n adduced, along with other arguments, in favor of the suggestion that
arboviruses may have their evolutionary origin in arthropods
(Schlesinger, 1971).
For the vast majority of arboviruses, alternating arthropodvertebrate-arthropod transmission cycles seem to be the only means
of spreading infection, regardless of whether the virus in question
does or does not cause a known disease of man or beast. There are,
however, exceptions: For example, certain tick-borne viruses, once
established in vertebrate hosts by bites of infected arthropods, can
spread by direct vertebrate-to-vertebrate transmission; conversely,
tick-borne encephalitis viruses do not " n e e d " the vertebrate link but
can be transmitted transovarially from one tick generation to another
(see Chapter 6). Similar transstadial transmission of mosquito-borne
viruses has b e e n observed in nature (Watts et al., 1973; Coz et al.,
1976) and under experimental conditions (Rosen et al., 1978; Aitkenef
al., 1979). These exceptions do not, however, invalidate the generalization that spread to vertebrates requires, at least initially, biological
transmission by competent arthropod vectors.
The number of viral species now accepted as, or suspected of,
fulfilling the cited criteria for arboviruses has grown dramatically
during the past 30 years and continues to rise. This has come about not
merely through investigation of human and animal diseases. Rather,
most of the viruses were first isolated as by-products of field investigations connected with yellow fever or encephalitis surveys in various
parts of the world (Theiler and Downs, 1973).
Standard procedures used in such surveys involve (1) monitoring of
disease incidence in indigenous human and animal populations, (2)
testing for virus in blood and tissues of diseased or normal feral and
domestic animals, (3) trapping of mosquitoes and other hematophagous arthropods and testing them for virus either by biological transmission to animals or via inoculation of homogenates, (4) posting of
cages containing "sentinel" animals in natural environments (e.g.,
rain forests) where they are subject to bites by bloodsucking arthropods and then testing the animals for viremia. As a matter of
routine, test materials for virus isolation are inoculated into mice (or
cell cultures) and passaged serially in efforts to produce encephalitis
(or cytopathic changes). At the same time, sera of vertebrate donors
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or recipients of suspect materials are tested for antibodies to known or
newly isolated viruses.
Based on techniques used in the propagation and eventual attenuation of yellow fever virus (reviewed in Theiler, 1951) and in the
successful isolation of other arboviruses, the intracerebral
inoculation
oimice (especially newborn or suckling mice) was for many years the
standard procedure for the isolation and identification of new arboviruses (Theiler and Downs, 1973; Berge, 1975). In this host, most
arboviruses induce fatal encephalitis, in some cases only after varying
numbers of passages required for "adaptation." Despite the fact that
cell cultures of various origins and intrathoracic inoculation of whole
mosquitoes have now partially replaced the mouse as the experimental host system for initial virus isolation, by far the majority of prototype (wild-type) strains of arboviruses in current laboratory use are
mouse-adapted neurovirulent derivatives of field isolates. This fact
has important implications with respect to the safe handling of these
strains and to their genetic or phenotypic relationship to the parental
virus (see Chapter 4).
Over the years, the criteria for definitive designation of a given virus
as a bona fide arbovirus have b e e n sharpened. The contributions by
many investigators have been summarized in the latest "International
Catalogue of Arboviruses" (Berge, 1975) and a subsequent supplement (Karabatsos, 1978). Together, these two reports consider a total
of 389 viral species and classify them as shown in Table I. Of the 363
viruses designated as definite, probable, or possible arboviruses, the
majority (280) have thus far b e e n assigned to only four taxonomic
groups, namely, Togaviridae, Bunyaviridae and bunyalike viruses,
Rhabdoviridae and Reoviridae (Table II). Thus arthropodvertebrate-arthropod transmission cycles seem to be particularly
characteristic of four families of RNA viruses which, in other respects,
differ from each other in readily distinguishable key properties (Table
III).
It is tempting to speculate that there must be a rational explanation
for the association of viruses representing these four structurally defined groups with the capacity to replicate equally well in two genetically and physiologically disparate phyla of the animal kingdom.
2

3

The nature of the searches in a variety of suspect ecological niches, often in tropical
or subtropical areas, explains the polyglot names given to these viruses (see Chapter
2): By convention, they are named after the locale in which they were first isolated.
There are, of course, a vast number and variety of viruses which are indigenous and
often highly pathogenic to insects and other arthropods; these are not transmitted to
2
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TABLE I

Biological Classification of Viruses Listed in the "International Catalogue of
Arboviruses" (Berge, 1975) and Supplement (Karabatsos, 1978)
Classification
Definite
Probable
Possible
Probably
Definitely

arboviruses
arboviruses
arboviruses
not arboviruses
not arboviruses

Total

0

Number

Percentage

98
54
211
9
17

25.2
14.0
54.2
2.3
4.3

389

100.0%

"Classification as a possible arbovirus was assigned to viruses that were first isolated from an arthropod, or were first isolated from man or a lower vertebrate, under
circumstances epidemiologically compatible with arthropod transmission" (Berge,
1975).
a

They can do so efficiently over a remarkably wide temperature range.
Thus, under natural conditions, they must possess a greater inherent
adaptability to different organismal and physical environments than is
normally required of any other group of animal viruses.
This adaptability extends to the ability of certain arboviruses to
adjust their preferences for growth in different arthropod or vertebrate
species to the varying fauna available in different ecological habitats
(see Chapter 6). Perhaps the limits of this adaptability explain the
restricted geographical distribution of individual viral species
(Theiler and Downs, 1973); or else, assuming that antigenic relatedness of all species within a given genus betrays evolutionary relatedness, the very differentiation into many species may be an expression
of the diversity of selective pressures to which different ecological
environments have, over the span of millennia, exposed the branches
emerging from their ancestral origin. These questions, as they relate
to togaviruses, are further analyzed in Chapters 2 and 6. Because the
adaptation to laboratory mice has played such a pivotal role in the
discovery and characterization of togaviruses, the expression of
neurovirulence in this host species will be discussed in some detail in
Chapter 4.
vertebrates, nor do they seem to be infectious for higher animals or their cells under
experimental conditions (Tinsley and Harrap, 1978). In addition, many plant viruses are
biologically transmitted by arthropods and thus can cross the barriers even between two
different kingdoms.
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TABLE II
Taxonomic Designation of Viruses Definitely or Tentatively
Identified as Arboviruses

Taxon
Bunyaviridae
Bunyalike viruses
Togaviridae
Alphavirus
Flavivirus
Reoviridae
Orbivirus
Rhabdoviridae
Miscellaneous or unclassified
Total

II.

Number of definite,
probable, or
possible arboviruses
90
55
20
53
42
20
280
83
363

THE TOGAVIRIDAE

Among the arboviruses, those in the family Togaviridae are subdivided into the genera Alphavirus and Flavivirus, based on their
respective group (genus)-specific antigens (Chapter 2). The sharing of
common antigenic specificity is paralleled within each of these two
genera by common features of structure, composition, and replication.
Conversely, the lack of antigenic relationships b e t w e e n alpha- and
flaviviruses is only one of several fundamental differences between
these two genera (see partial listing in Table IV). These differences,
perhaps profound enough to question the placement of both within a
single family, will be documented in subsequent chapters.
The guiding principle in assigning family status to certain sets of
viruses rests on those structural and chemical characteristics which set
them apart from other viruses (see Chapter 2). In accordance with this
principle, several viruses which are not arthropod-borne [genera
rubivirus (rubella) and pestivirus, several flaviviruses, as well as four
thus far unclassified viruses, see Table V] have b e e n included in the
family Togaviridae (Porterfield et al., 1978). T h e relationships between "non-arbo" and "arbo" togaviruses are discussed in detail in
Chapters 2, 8, and 21.
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X

X

X

Singlestranded

X

Doublestranded
Yes
No
Yes
Yes

_
+
+/-

-

RNA
polymerase

Polarity

Yes
No
Yes

Yes

Envelope

Virion-associated

See Chapter £>, especially for a consideration of the capsid symmetry of flaviviruses, which remains uncertain.

X

X

X

Togaviridae
Reoviridae
Rhabdoviridae

Segmented
X

Linear

Bunyaviridae

Family

RNA genome structure

Key Properties of Four Virus Families Containing Arboviruses

TABLE III

Helical
(closed circles)
Cubic"
Cubic
Helical

Capsid
symmetry

9

e

d

c

b

a

d

Mainly in association with cytoplasmic membranes; "budding" not prominent

e

13-14K
7-8K (not gp) , gp 51-59K
Genome size mRNA (40-45 S)
No precursor protein identified; multiple initiation sites proposed

C

30K
gp 49K-59K , gp 47-52K, gp 10K
Genome size and subgenomic (26 S) mRNAs
Precursor polyproteins for nonstructural (from
4 2 - 5 0 S mRNA) and structural (from 26 S
mRNA) proteins; posttranslational cleavage
"Budding" from plasma membrane prominent

7

Type I: m G(5')ppp(5')AmpNp...
Absent or < 1 2 nucleotides

Type O: m G(5')ppp(5')ApUp...
50-120 Nucleotides

b

40-45 S
7

42-50 S
b

4 8 - 5 5 nm

Flavivirus

60-65 nm

Genus

Genus (group-B)-specific caspid antigen

Alphavirus

Genus (group-A)-specific capsid antigen

Genus

a

Documentation of these and other differences will be presented in appropriate chapters of this volume.
Depending on the method used.
Ranges given for polypeptides represent values reported for different viruses in each genus.
Contains 45% carbohydrate; thus far found only in SFV as separate entity.
Remains associated with the envelope or nucleocapsid, depending on the detergent used for dissociation.

Assembly and release

Antigenic specificity
Structural features
Average virion diameter
RNA
Sedimentation coefficient
5'-cap
3'-poly (A)
Polypeptides
Capsid
Envelope
Transcription
Translation

Property

Examples of Differences between Alphaviruses and Flaviviruses

TABLE IV

