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SUMMARY

Semliki Forest virus is a group A arthropod-borne virus which
contains RNA and possesses a lipoprotein envelope. It can be trans-
mitted among animals by mosquitoes in which it multiplies, but its
natural host is not known. The virus grows to high titer in a number

of types of vertebrate cells in culture.

The growth of Semliki Forest virus was studied with the electron
microscope during a single cycle of viral replication in chick embryo
cells. The spherical virus particle consists of a nucleoid, or nucleo-=
capsid, 280 A in diameter, closely wrapped in an envelope which con-
sists of a unit membrane 75 A thick coated on its outer surface with
projections 110 A long. There appears to be a narrow 10-30 A space
between the nucleocapsid and the envelope. The diameter of the virus
particle, excluding the projections, is approximately 500 A, and thus

the whole virus particle is about 700 A in diameter,

After a latent period of 2 to 3 hours, infectious virus is pro-
duced at a nearly constant rate of approximately 200 plaque-forming
units/cell per hour, until the 9th hour. During the period of rapid
production of virus, individual free virus nucleocapsids are found
scattered in the cytoplasmic matrix. The nucleocapsids appear to
migrate singly to the plasma membrane, or to the membranes of certain
vacuoles, where complete virus particles are formed by a budding
process. An envelope, consisting of a portion of the membrane covered
with projections, encloses the nucleocapsid as it is extruded into the
extracellular space or the interior of a vacuole. Most developing
virus particles are seen at the plasma membrane; fewer are found at

the membranes of vacuoles.

Small vesicles, consisting of buds of membrane, are found pro-=
jecting into large cytoplasmic vacuoles or into the extracellular space
at the plasma membrane. These vesicles do not contain nucleocapsids,
and there is little evidence of the projections which virus envelopes
have. The exact nature of the vesicles is unknown, but they may

represent aberrant envelopes,
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Late in the growth cycle, nucleocapsids are increasingly found
lining the cytoplasmic surface of round or tubular vacuoles. These
vacuoles often contain long cylindrical structures which appear to be
formed from a membrane covered with amorphous material. Because the
vacuoles lined with nucleocapsids appear in large numbers only at late
stages in the viral growth cycle, they do not appear to have a func-

tional role in the production of Semliki Forest virus particles.

Nucleocapsids of Semliki Forest virus have been isolated and
purified from homogenates of infected chick embryo cells. The purifi-
cation procedure consists of a preliminary centrifugation in a sucrose
gradient, followed by dialysis against a buffer lacking magnesium,
Ribosomes contaminating the nucleocapsids are dissociated into subunits
by this means. The dialyzed material is resedimented twice in succes-
sion in sucrose gradients, to separate the nucleocapsids from the

ribosomal subunits and to concentrate the purified nucleocapsids.

Purified, negatively-stained nucleocapsids are roughly spherical
and 400 A in diameter, slightly larger than nucleocapsids in thin sec-
tions (280 A). The reason for this discrepancy is not known. Nucleo-
capsids are penetrated by the negative stain (phosphotungstate) in some
preparations but not in others. A mottled surface structure indicates
that the nucleocapsids may have a subunit structure, but there is no

clear indication of symmetry.

Unfixed nucleocapsids disintegrate in high concentrations of
cesium chloride, but after formaldehyde fixation they can be banded to
an equilibrium density of 1.47 gm/cc in cesium chloride gradients. In
potassium tartrate gradients nucleocapsids band at an equilibrium den-
sity of 1.34 gm/cc, but the RNA within nucleocapsids is fragmented by
this procedure. The high buoyant density and the ultraviolet absorbance
profile of nucleocapsids indicate an RNA content greater than 30% of

the total mass.

Nucleocapsids contain 45 S RNA, found also in complete virus,
Two protein bands are resolved on gel electropherograms of purified
nucleocapsids. The major protein has a molecular weight of approxi-

mately 35,000, and the minor protein, 70,000. The latter protein is
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present only in small amounts, and may be a dimer of the major protein,
Purified virus contains these two proteins, in the same proportion as
in the nucleocapsids, and, in addition, a major protein of molecular
weight approximately 55,000. This protein is probably located in the

virus envelope.

The RNA within nucleocapsids is accessible to digestion by pan-
creatic ribonuclease. The nucleocapsids differ in this feature from
most small RNA-containing viruses, which are resistant to ribonuclease,
The nucleocapsid structure disintegrates upon digestion of the RNA by

ribonuclease,
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I. GENERAL INTRODUCTION



A. Semliki Forest Virus, an Arthropod-Borne Animal Virus

Semliki Forest virus was first isolated from mosquitoes collected
from humans near the Semliki Crown Forest in western Uganda in 1942
(Smithburn and Haddow, 1944), The virus was isolated by injecting a

filtered homogenate of 130 fémale A8des abnormalis mosquitoes intra-

cerebrally into several adult white mice, one of which subsequently
became ill. The virus was then passaged in mice by intracerebral injec=
tion of clarified, filtered mouse brain suspensions. After several
passages inoculated mice became ill with encephalitis and died within 48
hours after infection. Several other mammals, including a number of
primates, became ill and died, often after suffering paralysis, when

inoculated intracerebrally.

Subsequent immunological surveys (Smithburn et al., 1944) demon-
strated circulating antibodies against Semliki Forest virus in a number
of wild-caught monkey speéies, and in from 5 to 30 percent of humans
tested from various areas of Uganda. Thus it appears to be a virﬁs
which commonly infects humans and nonhuman primates, although no human
disease has been associated with the virus. More recently, an immuno-
logically identical virus has been isolated from mosquitoes in Cameroon
(Macnamara, 1953) and in Mozambique (McIntosh et al.,1961), indicating
that it has a wide distribution within Africa. Serological studies
(Smithburn et al., 1954) suggest that the virus may also occur in

Malaya and North Borneo.

Semliki Forest virus can be transmitted from one animal to
another by the bite of one of several species of mosquitoes (Collins,
1963; Davies and Yoshpe=Purer, 1954; Nye and Lien, 1960; Nye and
Bertram, 1960; Woodall and Bertram, 1959). It has been shown (Mims
et al,, 1966) that the virus multiplies in the mosquito, especially in
the salivary glands from which it is injected into the vertebrate host.
Thus it is a member of the large group of viruses known as the
arthropod-borne viruses, a name usually abbreviated to arboviruses,
The group includes such pathogens as dengue, yellow fever, St. Louis
encephalitis and Russian spring=summer encephalitis virus. To date,
some 300 antigenically distinct arboviruses, transmitted by mosquitoes,

ticks, or sandflies, have been isolated. These have been classed into



four main groups (A, B, C, and Bunyamwera), and a number of minor
groups on the basis of immunological relatedness (Casals and Reeves,
1965). In addition, there are a number of arthropod-vorne viruses

which remain ungrouped.

The arbovirus group is thus a large, medically and biologically
important family of animal viruses. Semliki Forest virus, a member
of subgroup A, has several characteristics which make it a favorable
model for the study of arbovirus structure and biochemistry. It grows
to high titer in a variety of cell types in culture (Henderson and
Taylor, 1960), is easily assayed by either plaque formation (Cheng,
1961), or hemagglutination (Clarke and Casals, 1958), and is not
pathogenic for man. Recently, a number of temperature-sensitive mutants
have been isolated (Sambrook, 1965), making it possible to determine
the functions of the viral genetic material by combined biochemical
and genetic techniques. In all these respects, Semliki Forest virus
is quite similar to Sindbis virus, another group A érbovirus with which
much experimental work has been carried out in the past few years
(Burge and Pfefferkorn, 1966a, 1966b; Pfefferkorn and Hunter, 1963;
Mussgay and Rott, 1964).

B. Virus Structure and Classification

The arbovirus group has been defined by a biological and eco=
logical characteristic; that is, transmission of virus between verte=
brate hosts via an arthropod vector. However, most other viruses of
vertebrates have been conveniently grouped on the basis of the chemical
and morphological characteristics of the virus particles. To place
the arboviruses into this taxonomic context, I will briefly discuss

virus structure and the classification of viruses of vertebrates.

The currently accepted classification of animal viruses (Fenner,
1968) is based on three essential features of virus particles: (1)
Type of nucleic acid; (2) structure of the protein coat or capsid;
(3) presence or absence of a lipid-containing envelope. These features
are illustrated in the diagram of virus particles in Fig. 1. Let us

consider each element in detail,






Fig. 1, Diagram illustrating the components of animal virus
particles. The upper figure represents an unenveloped
isometric virus particle; the representation of the
nucleic acid is purely diagrammatic and is not intended
to correspond to the actual distribution of RNA within
the nucleocapsid. The lower figure represents an

enveloped virus particle with a helical nucleocapsid.

To face page 4,
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All viruses contain nucleic acid as their genetic material:
this can be either RNA or DNA, but so far no virus has been found which
contains both RNA and DNA, and this exclusivity has become part of the
definition of a virus, The nucleic acid can be either single stranded

or double stranded,

The nucleic acid is associated with a protein coat, or capsid,
constructed from a number of protein subunits. These subunits, called

"structure units,"

are symmetrically arranged about the nucleic acid;
the nucleic acid plus capsid is called '"nucleocapsid,” The capsid has
either helical symmetry, as in a spiral, or icosahedral symmetry, a
complex type of cubic symmetry. Icosahedral nucleocapsids are closed,
roughly spherical shells, The structure units are usually grouped on
the surface of icosahedral capsids into morphologically distinct clus-
ters called "morphological units' or '"capsomeres.'" Groups of animal

viruses are distinguished on the basis of the symmetry of the capsid,

. . ; . *
its dimensions, and the number and arrangement of structure units,

The envelope, if present, encloses the nucleocapsid. It contains
lipid, protein, and probably carbohydrate., At least some of the envelope
proteins are virus-specific., The envelope is morphologically similar to
a cellular membrane, but possesses in addition a fringe of projections
on its outer surface, These projections may consist of protein, carbo-
hydrate, or both, The possession or lack of an envelope is a feature

used to distinguish groups of animal viruses.

Most animal viruses have been classified into a number of major
groups on the basis of these chemical and structural criteria (Table I):
for example, the picornaviruses have single-stranded RNA, an icosahedral
capsid symmetry, and no envelope; the adenoviruses have double-stranded
DNA, icosahedral symmetry, and no envelope; the myxoviruses have single-
stranded RNA, helical symmetry, and possess an envelope. The arboviruses,
as might be expected, do not fit neatly into this scheme. The arthropod-

borne viruses are heterogeneous with respect to size, capsid structure,

It should be noted that some viruses may have a second protein coat
(e.g. reovirus) or internal proteins (e.g. adenoviruses) in addition
to the outer capsid,



TABLE I

Characteristics of Major Groups of Animal Viruses

(Adapted from Fenner, 1968)

Size of Number of
Strandedness virus Presence structure
of particles, of Capsid units or
nucleic acid nm envelope symmetry helix
diameter
RNA Viruses:
Picornavirus SS 20-30 - Icosahedral ?
Reovirus DS 60-90 - Icosahedral 540
Encephalovirusa SS 50-80 + ? ?
Rhabdovirus SS 70x180 + Helical 5 nm
Myxovirus SS 80-120 + Helical 8-9 nm
Paramyxovirus SS 120-450 + Helical 17-18 nm
Leukovirus SS 100-120 + ? ?
DNA Viruses:
Parvovirus SS 20 - Icosahedral 180
Adeno-associated
virus DS 20 - Icosahedral ?
Papovavirus DS 30-50 - Icosahedral 420
Adenovirus DS 80-90 - Icosahedral 1500
Herpesvirus DS 100-150 + Icosahedral 960
Poxvirus DS 200-300 + Complex 2

a . . .
Includes most arthropod-borne viruses (arboviruses),



and possession of an envelope, However, if only a relatively small
number of types are left out, most viruses in the arbovirus group do
fit into what appears to be a single class, Certainly this class in-
cludes all of the group A and B arboviruses; many other arboviruses
appear to be similar in structure to group A and B viruses., Viruses
in this class are sensitive to lipid solvents, such as ether and sodium
deoxycholate (Andrewes and Horstman, 1948; Theiler, 1957) and thus
probably possess an envelope; contain single-stranded RNA, which in a
number of cases has been successfully extracted in infectious form
(Cheng, 1958; Wecker, 1959); and are approximately spherical and of
relatively uniform size (500-800 A diameter) (Cheng, 1961; Morgan et
al., 1961; Sharp et al., 1943). However, the symmetry of the capsid

has not been conclusively determined for any arbovirus,

It has been suggested (Fenner, 1968) that the arboviruses which
share these characteristics be grouped together under the name

“encephaloviruses,"

a name which refers to the face that many of them
cause encephalitis, Vesicular stomatitis virus, a bullet-shaped
arthropod-borne virus, would then be grouped with the numerous other
bullet-shaped viruses which have been recognized (rhabdoviruses); and
bluetongue virus would be grouped with the structurally similar
reoviruses., This suggested reclassification of a large group of
important viruses would begin to clarify the similarities, and differ-
ences, among the arthropod-borne viruses, I shall now discuss the
chemistry, structure and biochemistry of replication of group A arbo-

viruses, as an introduction to the data to be presented in the body of

this thesis,.

C. Characteristics of Group A Arboviruses

1, Chemistry

The most detailed information on the chemical composition of a
group A arbovirus comes from Pfefferkorn and Hunter (1963), who analyzed
purified Sindbis virus preparations., Virus was purified by adsorption
to and elution from aluminum phosphate, followed by differential centri-
fugation, Analysis by colorimetric methods indicated that virus parti-

cles contain 65% protein, 28% lipid, and 6% RNA, Carbohydrate analysis



was not attempted. Cholesterol accounts for 25% of the lipid and
phospholipids for the remaining 75%. Sphingomyelin represents one
quarter of the phospholipid in the virus, although it is only 11% of
the phospholipid of the host chick embryo cells.

Thus Sindbis virus has a protein to lipid ratio of approximately
2,3:1, and a high sphingomyelin content., The latter is most likely
explained by the recent findings that plasma membranes of many verte-
brate cells have much higher sphingomyelin contents than the remainder
of the cellular membranes (Klenk and Choppin, 1969; Skipski et al.,
1965). Most Sindbis virus particles probably acquire their envelopes

at the plasma membrane of the cell.

Pfefferkorn and co-workers also showed that while the RNA and
protein of Sindbis virus are newly synthesized during the growth of
the virus in chick embryo cells, the phospholipids present in the virus
are derived from pre~existing cellular phosphatides (Pfefferkorn and
Hunter, 1963; Pfefferkorn and Clifford, 1964). The implication of
these results was that the viral envelope is formed by a combination
of cellular lipids with newly synthesized viral proteins. This was
largely confirmed by more recent analysis of Sindbis (Strauss et al.,
1968), western equine encephalitis (Sreevalsan and Allen, 1968), and
Semliki Forest virus (Friedman, 1968b; Hay et al., 1968) proteins,
which showed that the viral envelope contains only one polypeptide
chain as determined by electrophoretic migration in polyacrylamide gels.
It was also reported that the nucleocapsid of Sindbis virus contains
only one electrophoretically distinguishable protein (Strauss et al.,
1968)., However, two proteins have been found in Semliki Forest virus

nucleocapsids analyzed by gel electrophoresis (Friedman, 1968b).

Group A arbovirus particles contain single=stranded RNA which
sediments at 40 to 45 S, depending on the virus type and the exact
conditions of sedimentation. The RNA is ribonuclease-sensitive, and
contains unequal amounts of the four ribonucleotides. The molecular
weight of the RNA of group A arboviruses is not known, but it probably
falls within a range of 2-5 million daltons. A recent report (Strauss
et al., 1969) refers to unpublished findings that the RNA of Sindbis

virus has a molecular weight of 4 to 5 million daltons.



2, Morphology

In an early morphological study of Semliki Forest virus (Cheng,
1961), electron micrdgraphs of chromium-shadowed virus revealed col-
lapsed spherical particles of a relatively uniform diameter. Electron
micrographs of negatively-stained Sindbis virus (Mussgay and Rott, 1964)
and Semliki Forest virus (Osterreith and Calberg-Bacq, 1966) showed that
particles consisted of an envelope with a border of thin projections,
surrounding a spherical core. The envelopes could be removed by treat-
ment with a protease, caseinase C (Osterreith and Calberg-Bacq, 1966).
"Empty' envelopes could be isolated from crude virus preparations by
cesium chloride density gradient centrifugation (Mussgay and Rott, 1964).
In both cases, it was shown that the viral hemagglutinin was associated
with the envelope, rather than the core. Other group A and group B
arboviruses have a similar morphology (Wecker and Richter, 1962;
Saturno, 1963; Klimenko et al., 1965; Kitaoka and Nishimura, 1963;

Simpson and Hauser, 1968a).

Thin sections of cells infected with certain group A and group B
arboviruses had been examined by several investigators prior to the
present study (Chain et al., 1966; Morgan et al., 1961; Mussgay and
Weibel, 1962; Ota, 1965). Morgan et al., (1961) examined by electron
microscopy the growth of western equine encephalitis virus, a group A
arbovirus, in several cell types in tissue culture. They found
"precursor particles,' which probably correspond to the viral nucleo-
capsid, lining the cytoplasmic side of certain vacuoles in infected
cells, It was suggested that-the nucleocapsids are assembled at
template sites close to the vacuolar membranes, and are incorporated

into mature virus particles by ''budding' across cellular membranes.

3. Biochemistry of Replication

Very little is known about the early stages of the infection of
susceptible cells by group A arboviruses. Adsorption to the cell sur-
face seems to be rapid (Dulbecco and Vogt, 1954), and penetration
probably takes place via phagocytosis of virus particles (Grimley et al.,
1968) as appears likely for several other enveloped and non-enveloped

viruses (Dales, 1965). It is not known whether the viral nucleocapsid



10

is released intact into the cytoplasm and subsequently releases the
viral RNA, or if the RNA is released directly into the cytoplasmic
matrix from a phagocytic vesicle, It is cléar that infection can be
initiated by the viral RNA alone; infectious RNA has been isolated from

a number of group A arboviruses (Cheng, 1958; Wecker, 1959).

a, Viral protein synthesis. 1In cells infected with a picornavirus such

as poliovirus, it is well established that most virus-=specific protein
synthesis takes place on polyribosomes which are bound to intracellular
membranes (Penman et al., 1964). Host cell polyribosomes, most of

which in HeLa cells are not associated with membranes, are rapidly
degraded, and large polysomes containing poliovirus RNA are subsequently
found in the membrane fraction of cytoplasmic extracts from infected
cells (Becker et al,, 1963; Penman et al., 1964). These polysomes can
be released by detergent treatment, which solubilizes the lipoprotein
membranes., Newly-synthesized viral protein is found associated with

the polysomes (Scharff et al., 1963).

Friedman (1968a) and Ben-Ishai et al. (1968) claim that protein
synthesis in chick embryo cells infected with Semliki Forest virus or
with Sindbis virus also takes place in association with membranes.
Although work from both laboratories shows that viral protein synthesis
takes place on structures which sediment faster than 200-300 S, no con-=
clusive evidence has been reported that these structures represent

membrane-attached polyribosomes.

An RNA polymerase which produces virus=specific RNA is synthe=
sized in Semliki Forest virus-infected chick cells (Martin and Sonnabend,
1967). This polymerase is present predominantly in the large-particle
fraction of cytoplasmic extracts; presumably the enzyme is membrane-
bound, although again no conclusive evidence on this point has been

reported.

Hay et al. (1968) analyzed the proteins in fractions of cell
extracts by gel electrophoresis at various times after Semliki Forest
virus infection. They found that at least six new proteins are synthe-
sized in infected cells; at no time are any of these proteins present

in the soluble phase of the cytoplasm. Thus viral proteins are at all
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times either bound to heavy structures, possibly cellular membranes, or
assembled in particulate form, probably as complete nucleocapsids and

virus particles.

Much experimental work remains to be done to characterize arbo-
virus protein synthesis; however, in analogy with the better=-studied
picornaviruses, it appears likely that the polysomes which translate
virus messenger RNA into virus proteins are associated with large
structures, most likely membranes, in the cell cytoplasm. These pro-
teins do not seem to be released after synthesis, but either remain
associated with large structures or rapidly enter virus nucleocapsids

and virus particles.

b. RNA synthesis, Three types of RNA are found in cells infected with

group A arboviruses (Friedman et al,, 1966; Sreevalsan and Lockart,

1966; Sonnabend et al., 1967): they have approximate sedimentation
coefficients of 45 S, 26 S, and 20 S. The 45 S form is single stranded
and corresponds to the RNA in mature virus. The 26 S RNA is
ribonuclease-sensitive (Friedman et al., 1966) and has a base composition
and buoyant density (Friedman and Berezesky, 1967; Sreevalsan et al.,
1968) similar to that of the 45 S RNA. Thus it is also single stranded.
It has a much lower specific infectivity than 45 S RNA (Sonnabend et al.,
1967; Sreevalsan and Lockart, 1966). Sreevalsan et al. (1968) report
interconversion of 45 S and 26 S RNA after denaturation or change of
salt concentration, However this is difficult to distinguish from

partial breakage and nonspecific aggregation of RNA molecules,

The 20 S RNA is partly ribonuclease resistant (Friedman et al.,
1966; Sonnabend et al., 1967). It has a very high melting temperature
(103 C) and becomes completely ribonuclease-sensitive if melted and
rapidly cooled (Sonnabend et al,, 1967). In addition, it has a lower
buoyant density than the single-stranded 45 S species (Martin and
Sonnabend, 1967). These characteristics all indicate that the 20 S RNA

is a double~stranded form,

The 20 S form is the first RNA to be labeled by a short pulse of
3H-uridine given early in the period of viral RNA synthesis. The 26 S

RNA takes up label somewhat more slowly, and the 45 S form is labeled
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only after a delay of some 15=30 minutes (Friedman et al., 1966). How-
ever, the 20 S RNA is never present in large amounts in infected cells
(Mecs et al., 1967). The 26 S RNA is the major species present at all
times in cells infected with western equine encephalitis virus
(Sreevalsan and Lockart, 1966), while in Semliki Forest virus-infected
cells, the 45 S RNA is the predominant form late in the infectious

cycle (Mecs et al., 1967).

The kinetics of labeling of the various RNA's imply that the
20 S BRNA, or a part of it, is a precursor to the 26 S and 45 S forms.
The 20 S form thus may be analogous to the ''replicative intermediate'
found in bacterial cells infected with RNA phages. Three kinds of
evidence reinforce this hypothesis., First, the infecting RNA enters a
20 S form soon after infection (Friedman et al., 1966; Pfefferkorn et
al,, 1967), suggesting that the 20 S RNA is a duplex consisting of the
infecting "'plus' strand and a newly~synthesized "minus' strand.
Second, a viral RNA polymerase from virus=infected cells synthesizes,
in vitro, 20 S RNA which is indistinguishablé from the 20 S RNA found
in infected cells (Martin and Sonnabend, 1967)., Third, the base compo=
sition of 20 S RNA synthesized early in the infectious cycle resembles
that expected of a duplex: the 20 S RNA synthesized later has the base
composition of the "plus" (45 S) viral RNA strand (Friedman and
Berezesky, 1967; Kaariainen and Gomatos, 1969). This suggests that
at early times, both strands are being synthesized, but that later
only the plus strands are made, using the previously synthesized minus

strands as template,

Cell fractionation studies (Kaariainen and Gomatos, 1969) show
thatkthe 20 S RNA is located in a large particle fraction which is
probably membranous, and the RNA can be released by treatment with
sodium deoxycholate. Some 26 S RNA is also found in this fract;ona
However, the 45 S RNA is never found associated with membranes; it is
found in nucleocapsids and completed virus particles. Not all of the
26 S RNA is present in the large particle fraction (Kaariainen and
Gomatos, 1969); according to one report (Sreevalsan and Allen, 1968),
a 65 S particle, whose integrity is destroyed by EDTA or RNAse

treatment, also contains 26 S viral RNA. This may be a precursor to,
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or a breakdown product of, viral polyribosomes. It may also be an
artifactual combination of cellular protein with free viral RNA, as
is found in extracts of poliovirus-infected cells (Girard and
Baltimore, 1966). The type of RNA present in viral polyribosomes has

not been directly determined.

To summarize, the 20 S RNA is probably a replicative form of
viral RNA, and it is found exclusively associated with membranous
structures, where the viral RNA polymerase is located., The 26 S RNA
has an unknown function, although it may act as a messenger for the
translation of virus proteins, This may or may not take place on
membranes, The 45 S RNA, which is the most highly infectious of the
three types, is incorporated into nucleocapsids and completed virus

particles and is thus the progeny viral RNA,



II. AN ELECTRON MICROSCOPIC STUDY
OF THE REPLICATION OF SEMLIKI FOREST VIRUS
IN CHICK EMBRYO CELLS

14



15

A, Introduction

Semliki Forest virus is a favorable model for the study of the
structure and assembly of group A arboviruses., It grows well in several
types of cells in culture, is easily assayed by plaque formation, and is
not pathogenic for man. A previous electron microscopic study of the
development of western equine encephalitis virus, another group A arbo-
virus, demonstrated that mature virus is formed by the budding of
"precursor particles' or virus nucleoids across cellular membranes
(Morgan et al,, 196l). Nucleoids were also found lining the cytoplasmic
surface of certain membrane-bounded vacuoles., It was suggested that the
nucleoids are assembled at template sites close to these vacuolar

membranes,

In the present investigation, the replication of Semliki Forest
virus during a single cycle of growth was studied with the electron
microscope. Morphological findings were correlated with the kinetics
of production of infectious virus, Evidence was obtained that the
envelope, which surrounds the viral nucleoid during virus assembly,
consists of a portion of a cellular membrane which has become covered
with projections., Small empty vesicles were found apparently budding
from the plasma membrane or the inner surface of certain vacuoles,
These vesicles may represent aberrant viral envelopes, In addition it
was found that the aggregation of nucleoids around cytoplasmic vacuoles
is a phenomenon that occurs late in the virus growth cycle and is

probably not related to the assembly of nucleoids.

B, Materials and Methods

1. Virus

The Kumba strain of Semliki Forest virus (Macnamara, 1953;
Smithburn, 1952; Kerr, 1952) was obtained from Dr. Robert M, Friedman
through the courtesy of Dr., Charles E, Buckler, Laboratory of Biology
of Viruses, National Institute of Allergy and Infectious Diseases., It
was grown at 37 C in primary cultures of chick embryo cells or in a
continuous line of baby hamster kidney cells (BHK21) obtained from
Dr. N, Karabatsos, Rockefeller Foundation Virus Laboratory. Growth

medium was reinforced Eagle's medium (Bablanian et al., 1965) with
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0.5% bovine serum albumin. When cytopathic effects were maximal, cells
were scraped from the petri dish, frozen with the medium and rapidly
thawed, and the cellular debris was sedimented at 1000 x g for 15 minutes

at 4 C., The supernatant fluid containing the virus was stored at =56 C.

The virus employed had undergone several passages in chick embryo
cells in this laboratory, and produces both small and large plaques.
The experiments reported here were carried out with stocks containing
about 90% small plaque (1 to 3 mm) and 10% large plaque (4 to 6 mm) virus,
It has thus far been possible to isolate and prepare pure stocks of the

small plaque variant, but not of the large plaque variant,

2. Cell Cultures

All experiments were carried out in primary monolayer cultures of
chick embryo cells. 9 to ll-day old embryos were minced and trypsinized.
60 mm plastic petri dishes were seeded at a cell density sufficient to
allow growth to a monolayer of 4 x 108 cells in three days at 37 C in

lactalbumin hydrolyzate medium with 2% calf serum (Choppin, 1964).

3. Assay of Infectious Virus

Plaque assays were performed on monolayers of chick embryo cells,
Cell sheets were washed once with phosphate-buffered saline (PBS)
(Dulbecco and Vogt, 1954) and inoculated with virus diluted in Eagle's
medium containing 1% bovine serum albumin. After adsorption for 1 hour
at 37 C, the inoculum was removed and 8 ml of agar overlay medium (1.9%
agar, 0.1% yeast extract, and 0.1% bovine serum albumin in reinforced
Eagle's medium) was added. Plaques, visualized by oblique lighting,

were counted after incubation for 44-48 hours at 35 C,

4, Growth Curve

An input multiplicity of 50 plaque-forming units (PFU) per cell
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