JOURNAL OF VIROLOGY, Sept. 1972, p. 492-503
Copyright © 1972 American Society for Microbiology

Vol. 10, No. 3
Printed in U.S.A.

Specific Membranous Structures Associated with the

Replication of Group A Arboviruses'

PHILIP M. GRIMLEY, JUDITH G. LEVIN, IRENE K. BEREZESKY, anp ROBERT M. FRIEDMAN
Laboratory of Pathology, National Cancer Institute, National Institutes of Health, Bethesda, Maryland 20014

Received for publication 14 April 1972

Intracytoplasmic membranous structures of a unique type were associated with
the replication of three group A arboviruses: Semliki Forest virus (SFV), Sindbis
virus, or Western equine encephalomyelitis virus. The structures, referred to as
type 1 cytopathic vacuoles (CPV-1), were membrane-limited and characteristically
lined by regular membranous spherules measuring 50 nm in diameter. The mem-
branous spherules typically contained a fine central density, but were neither virus
cores nor virions. Detection of CPV-1 by electron microscopy at 3 to 6 hr post-
infection coincided with the time of rapid virus growth and preceded the accumula-
tion of virus nucleocapsids. A range of 20 to 100 CPV-1 profiles were counted per
100 ultrathin cell sections at 6 to 9 hr postinfection when viruses were grown in
chick embryo, baby hamster kidney, or mouse L cells. Maximum counts remained
in the same range even when the multiplicity of infection was varied over 100-fold.
Inhibition of cellular ribonucleic acid (RNA) and protein synthesis by actinomycin
D during SFV infection did not decrease the counts of CPV-1; however, biogenesis
of CPV-1 was decreased when viral replication was limited by inhibitors of viral
RNA synthesis (guanidine) or of viral protein synthesis (cycloheximide). On the
basis of present and earlier findings, we concluded that formation of CPV-1 must
result from a virus-specified modification of pre-existing host cell macromolecules.

Host cell membranes evidently participate at
several stages in the development of group A
arboviruses. Envelopment of nucleocapsids, to
form mature virions, occurs either at the cell sur-
face membrane (1) or along cytoplasmic mem-
branes (17), and accumulation of nucleocapsids
around membranous vacuoles is characteristic
(17, 22, 24, 26). Investigations of Semliki Forest
virus (SFV) replication led to some initial obser-
vations that unique membranous structures could
be found in the cytoplasm of chick cells as early
as 3 hr after infection (11, 15). The structures
consisted of membrane-limited vacuoles which
enclosed regularly attached membranous spher-
ules (1, 11, 15) and which remained intact after
cell disruption (11). We referred to the integral
structures as type 1 cytopathic vacuoles (CPV-1)
(15), because they were the first evidence of sub-
cellular alteration during SFV infection.

High resolution autoradiography of SFV-
infected chick cells pulsed with *H-uridine showed
that *H-labeled macromolecules were localized
near CPV-1 (15). We interpreted this evidence to
suggest that CPV-1 might be sites of arboviral

1 Presented in part at the Annual Meeting of the American
Society for Microbiology, Miami Beach, Fla., 4-9 May 1969.

replication (12, 15). Present investigations pro-
vide additional biological evidence that CPV-1
are arbovirus-specific structures and that they
are associated with the replication of group A
arboviruses under varied conditions of infection.
In the accompanying paper, Friedman et al.
present biochemical and ultrastructural evidence
that CPV-1 could represent a membrane-associ-
ated replication complex similar to that demon-
strated in picornavirus infections (6).

MATERIALS AND METHODS

Viruses. SFV was the Kumba strain from an origi-
nal stock of Alick Isaacs, Mill Hill, London, England.
Pools were prepared in chicken embryo cells treated
with actinomycin D (13). Later, a plaque-purified
clone of this strain (RWGI) was obtained from
Joseph Sonnabend, Mt. Sinai Hospital, New York,
N.Y., and again was passaged in chicken embryo cells
(20). Sindbis virus (Oie) was obtained from Samuel
Baron, National Institute of Allergy and Infectious
Diseases, Bethesda, Md. This virus originated in
Malaya (1956) and came from mosquito pool MM
2215 (3-5-59) at Walter Reed Army Institute of Re-
search, Washington, D.C. After passage in mouse
brain two times and mouse embryo cells two times, it
had been passaged in chicken embryo cells since 1961.
The virus was passaged in primary mouse embryo
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cells three times by H. Oie before use in our labora-
tory. Western equine encephalomyelitis (WEE) virus
was obtained from Royce Lockhart at the Central Re-
search Station, E.I. DuPont de Nemours Co., Wil-
mington, Del. This virus was isolated from a mosquito
in the Rocky Mountains (Carl Eklund). It was orig-
inally passaged in mouse brain 100 times, but has been
carried in chicken embryo cells since 1955. A medium-
size plaque clone was selected in 1962,

Cell cultures. Chicken embryo cells were prepared
as primary monolayer cultures by previously described
techniques (13). Baby hamster kidney cells (BHK)
were originally a gift from Joseph Sonnabend and
were propagated in suspension cultures. Mouse L
cells (L-929) were obtained from Charles Buckler,
National Institute of Allergy and Infectious Diseases,
Bethesda, Md.

Method of infection. Virus was adsorbed in the
presence of actinomycin D (1 ug/ml) at either 4 or
37 C for 1 hr. In the former method, cells were main-
tained at 4 C for up to 16 hr after adsorption to en-
sure a synchronous infection. Differences in the ab-
sorption technique proved to have no effect on ob-
served morphological or biochemical events, and in
most experiments the absorption was carried out at
37 C. Time of infection was considered to begin with
the addition of virus at 37 C or when cultures were
rewarmed to 37 C. Virus titers were determined by
plaque assay in chicken embryo monolayers as de-
scribed previously (35).

Reagents. Actinomycin D was a gift from Merck,
Sharpe and Dohme Research Laboratories (Rahway,
N.J.). Guanidine was purchased from Eastman
Organic Chemicals (Rochester, N.Y.). Cycloheximide
was purchased from Calbiochem (Los Angeles,
Calif)).

Electron microscopy and cytochemistry. Infected
cell monolayers were detached with a rubber police-
man, sedimented for 10 min at 780 X g, and fixed
with 39, glutaraldehyde in 0.1 M phosphate buffer at
pH 7.2. Cell suspensions were similarly sedimented
prior to fixation of the pellet. Subsequent steps in
preparation for electron microscopy have been de-
tailed previously (15). The acid phosphatase method
was a modification of the Gomori technique (8).
Samples were fixed in 29, glutaraldehyde in cacodylate
buffer (pH 7.2) with 79, sucrose and incubated in
the reaction mixture at 37 C for up to 2 hr. Ultrathin
sections embedded in epoxy resin were stained with
uranyl acetate or lead citrate before examination in
an RCA EMUSJF at 50 kv or an Hitachi 11E at 75 kv.

Counts of CPV-1 were performed in a predeter-
mined number of unobscured ultrathin cell sections
(ca. 800 nm) without regard to the plane of section or
area of cell included.

Isolation of SFV ribonucleic acid (RNA) polymer-
ase. At 5.5 hr postinfection, the cells were harvested
as described in the accompanying paper. Cell pellets
were suspended in 5 ml of hypotonic buffer contain-
ing 10 mm tris(hydroxymethyl)aminomethane (Tris)
buffer (pH 7.4), 1 mm MgCl,, and 10 mM 8-mercapto-
ethanol for 15 min at 4 C. Cells were disrupted (15
strokes) in a Dounce homogenizer. After centrifuga-
tion for 10 min at 800 X g, the supernatant cytoplas-
mic extract was centrifuged for 15 min at 13,000 X g
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in a Sorvall SS34 rotor. The resulting pellets were each
resuspended in 5 ml of hypotonic buffer and resedi-
mented at 800 X g for 5 min. The supernatant fluids
were centrifuged for 15 min at 13,000 X g, and the
pellets were resuspended in a small volume of hypo-
tonic buffer (ca. 0.6 ml).

RESULTS

Ultrastructure and cytochemistry. The ultra-
structure of CPV-1 in SFV-infected chicken cells
has already been described (15). Identical struc-
tures were now found in cells infected by Sindbis
or WEE virus. As illustrated in Fig. 1, mem-
branous spherules measuring 50 nm in diameter
were regularly attached to the lining of vacuoles
in the cytoplasm. The vacuoles were membrane-
limited and varied in cross-sectional diameter
(Fig. 1). This was probably due to both actual
differences in size and the different planes of
random ultrathin sections. The average diameter
of CPV-1 was 1 to 2 um, but vacuoles of up to
5 wm were observed rarely. The spherules were
always formed of a trilaminar ‘“unit” membrane,
and at high magnification a threadlike central
density could usually be demonstrated (Fig. 2).
Thus the spherules were larger than the nucleo-
capsids of group A arboviruses (ca. 28 nm) and
also lacked the true core found in mature virions.
The CPV-1 appeared ultrastructurally identical
in different cell types (Fig. 1). As shown previ-
ously (15), the 50-nm spherules could sometimes
be observed in patches along the cell surface
(Fig. 3). This phenomenon may possibly be
explained by fusions of CPV-1 with the cell sur-
face (exocytosis) and consequent eversion of the
spherule-lined vacuoles. Experiments with thoro-
trast (15) have already demonstrated that CPV-1
do not form by invagination of surface mem-
brane. The cytochemical reaction for acid phos-
phatase showed enzyme localization in cisternae
and vesicles of the Golgi apparatus of uninfected
chicken cells and in both the Golgi apparatus
and CPV-1 of SFV-infected chicken cells (Fig. 4).

Comparison of viruses in chicken cells. SFV,
Sindbis or WEE viruses were serially passaged
in chicken embryo cells, and typical growth curves
obtained in our laboratory are illustrated in Fig. 5.
The shape of the growth curves was similar, with
an exponential phase occurring within 3 to 7 hr
after infection. In parallel experiments, we exam-
ined the ultrastructural developments. To stand-
ardize morphological comparisons, at least 100
random sections of the chicken cells were sur-
veyed at 1- or 2-hr intervals after infection with
each of the viruses. In repeated infections with
SFV or Sindbis viruses, CPV-1 appeared at 3 to
4 hr, and surface budding of virions could be
detected at the same times. The growth of WEE
in chicken embryo cells was less efficient than the
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FiG. 1. Typical type 1 cytopathic vacuoles in cells infected by group A arboviruses. Mouse L cell infected by
SFV(1A4); chicken embryo cell infected by Sindbis virus (1B); chicken cell infected by SFV (1C). Regularly ar-
ranged membranous spherules (50 nm in diameter) lining the interior surface of the vacuoles are a characteristic
Sfeature. The vacuoles vary in size, and large ones may contain membranous debris (1C). X 32,000.
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FiG. 2. High magnification of spherules in chicken
embryo cell infected by Semliki Forest virus. Note unit

membrane (arrow). Threadlike density within the

spherules is characteristic. X 130,000.

growth of either SFV or Sindbis virvses (Fig. 5),
and CPV-1 were not observed until at least 6 hr
after WEE infection. Surface budding of virions
also was not detected until this later time.
Because CPV-1 were well defined structures,
although of varied sizes, we considered that
counts in random samples of 100 cell sections
might provide a useful index of the morpho-
logical developments with different viruses. In
repeated experiments, counts of CPV-1 ranged
from 10 to 20 per 100 cell sections at 3 to 4 hr
after infection with SFV or Sindbis virus. By 6
to 8 hr postinfection, the typical range of counts
was 20 to 60 CPV-1 per 100 cell sections, with a
maximum of 99 CPV-1 found in one of the many
experiments with SFV. During infections with
WEE, the counts ranged from 10 to 20 CPV-1
at 8 to 12 hr. These lower counts with WEE ap-
peared to correlate with the lower yield of infec-
tious virus (Fig. 5). Considering geometric limi-
tations of the thin-section sampling method (37),
small differences in the individual hourly counts
of CPV-1 during SFV and Sindbis infection did
not appear significant; nevertheless, there was a
repeated trend of a several-fold increase in counts
between 6 to 8 hr postinfection as compared with
3 to 4 hr postinfection. The counts at 12 hr or
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later were never higher, and usually lower, than
the counts at 6 to 8 hr.

Accumulation of virus nucleoids after 8 hr of
infection is a characteristic feature of group A
arbovirus infections (1, 12, 22, 26) and again was
found in the present experiments. We previously
referred to accumulations of SFV nucleocapsids
around membrane-limited vacuoles as type 2
cytopathic vacuoles (CPV-2) because they oc-
curred consistently later than CPV-1 (12, 15).
This observation was confirmed in the present
experiments with SFV, Sindbis, and WEE.
CPV-2 were rarely observed before 6 hr after
infection, and maximum numters (up to 80 per
100 cell sections) were found after 12 hr.

CPV-1 in mammalian cells. The experiments in
chicken embryo cells showed that the formation
of abundant CPV-1 was not dependent upon
infection with a specific group A arbovirus. We
now wished to learn if formation of CPV-1 might
be dependent upon the host cell type. Although
the yield of SFV in BHK or mouse L cells (Fig.
6) was generally lower than that obtained in
chicken embryo cells (Fig. 5), the kinetics of
virus growth appeared to bte similar. As in the
chicken cells, CPV-1 were observed at 3 to 4 hr
after infection and during the phase of exponen-
tial virus replication; however, the numbers of
CPV-1 at early times appeared to be slightly
smaller (2 to 10 per 100 cell sections). Maximum
counts of CPV-1 in the BHK or L cells infected
by SFV occurred at 6 to 12 hr after infection and
were then in a range comparable (20 to 50 per
100 cell sections) to the counts found in chicken
cells. Attention was focused upon the growth of
SFV in BHK and L cells because the cell lines
were vigorous and might prove useful for future
biochemical comparisons; however, CPV-1 were
also numerous when growth of SFV or WEE was
tested in primate cells (unpublished data).

Multiplicity of infection and virus pools. The
“virus-like” size and morphology of the mem-
branous spherules within CPV-1 (Fig. 2) led us
to question whether they might represent in-
complete or defective virus particles. It is known,
for example, that defective interfering particles
can accumulate after repeated passages of an
arthropod-borne rhabdovirus (vesicular stoma-
titis) at high multiplicities of infection in certain
cell types (18). When virus pools contain such
defective virus, yields of infectious virus can be
improved by decreasing the multiplicity of infec-
tion. Fig. 7A illustrates that the maximum titers
of SFV after a low multiplicity of infection (0.1
PFU per cell) were, in fact, slightly lower than
after a high multiplicity of infection (10 PFU per
cell). The kinetics of virus growth was altered
only by a shift of the logarithmic phase to a
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F1G. 3. Membranous spherules at surface of cells infected by Semliki Forest virus. Surface of chicken embryo cell
(A); surface of baby hamster kidney cell (B). Note arrangement of spherules in small patches, suggesting origin
by fusion of type 1 cytopathic vacuoles (Fig. 1) with cell surface. X48,000.

later time. Differences in titer during the early
hours of infection (Fig. 7A) were evidently nar-
rowed by repeated cycles of infection. The counts
of CPV-1 (Fig. 78) paralleled the early differ-
ences in virus growth and became similar as infec-
tion progressed. In additional experiments, the
multiplicity of infection was varied up to 500-fold
with similar results. Comparisons of counts of
CPV-1 at 6 hr after infection, when maximal
numbers may be found, showed no more than
10-fold differences (Fig. 8). In some of these
experiments, the inoculum virus was obtained
from pools grown in mouse brain (17) rather
than chicken embryo cells. Again, there was no
remarkable difierence in virus titers or counts of
CPV-1.

Because CPV-1 have been associated with
viral RNA synthesis by autoradiography (15)
and cell fractionation experiments (accompany-
ing paper), we also examined viral RNA polym-
erase activity and viral RiVA synthesis in the
high- and low-multiplicity infections. Assay of
viral polymerase activity also showed minimal
differences during the logarithmic growth phase.

At 5.5 hr after infection, when the virus titer
differed by about 10-fold, polymerase activity
differed by about 3-fold (Fig. 9). In other experi-
ments, viral RNA was extracted from cells
infected with SFV at high and low multiplicities
of infection following a 1-hr incubation with
3H-adenosine and *H-uridine between 5 and 6 hr
postinfection. The specific radioactivity of total
viral RNA was not significantly affected by varia-
tions in multiplicity of infection (unpublished
data). Furthermore, analysis of the viral RNA
samples by polyacrylamide gel electrophoresis
revealed all of the RNA forms previously identi-
fied in SFV-infected chick cells (20), and there
were no striking differences in the proportions of
the replicative intermediate, replicative forms, or
42S or 26S RNA species. These findings were
thus consistent with other evidence that the pres-
ence of CPV-1 was related to active virus replica-
tion at various multiplicities of infection.
Treatment of cells with actinomycin D. The
correlations of virus growth and counts of CPV-1
observed bty electron microscopy suggested that
biogenesis of CPV-1 was closely related to the
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uct is localized within type 1 cytopathic vacuoles (CPV-1) and in cisternae or vesicles of the Golgi region. X32,500.

formation of infectious virus, irrespective of the
host cell. We then questioned whether host cell
synthetic functions were required. This was par-
tially answered by evidence that the numbers of
CPV-1 were similar in cells infected by SFV and
Sindbis virus, even though SFV depresses host
cell transcription (9, 35) more rapidly and effec-
tively than Sindbis (3, 36). Addition of actino-
mycin D supported the evidence that biogenesis

of abundant CPV-1 continues in the absence of
significant host cell transcription. Actinomycin
D was added at levels (up to 2 ug/ml) which
effectively block *H-uridine incorporation by un-
infected chicken embryo cells (3, 21, 35) and
which inhibit amino acid incorporation by more
than 809, within 4 hr (9). The yield of SFV, as
shown by Taylor (35), was increased at least
50% in the cells pretreated with actinomycin D
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FiG. 5. Growth of group A arboviruses in chicken
embryo cells. Virus at a multiplicity of 20 PFU per cell
was adsorbed for 1 hr at 37 C in tubes with 1 X 10%
cells in serum-free Eagle medium containing 1 ug of
actinomycin D per ml. After washing the cells three
times in Eagle medium, incubation was continued in the
presence of 0.1 ug of actinomycin D per mil. Points
represent the yield from duplicate samples assayed for
plaque formation on chicken cell monolayers (35).

(Fig. 10). In the same experiment, there was no
appreciable decrease in the overall counts of
CPV-1 up to 15.5 hr, although their development
may have been slightly delayed (Table 1).
Inhibition of viral replication. In view of the
above correlations, we anticipated that biogenesis
of CPV-1 would depend upon continued expres-
sion of viral functions. This presumption was
supported by experiments in which virus replica-
tion was inhibited by cycloheximide or guanidine.
SFV protein synthesis is almost totally blocked
within a few minutes after the addition of cyclo-
heximide (12), whereas guanidine inhibits the
viral RNA synthesis up to 909, within 10 min
(10). The experiments were designed so that
numbers of CPV-1 could be compared at 6 hr
after infection when their development would
normally be maximal. Initial counts of CPV-1
per 100 chicken cell sections were made at the
time when inhibitor was added. In the same
experiment, parallel samples were treated with
the inhibitor for specified intervals up to 6 hr
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postinfection and counted at the latter time.
Infected cells, not treated with inhibitor, served
as the controls and also were counted at the end
of the experiment. As shown in Table 2, cyclo-
heximide added before 2 hr of infection com-
pletely prevented the biogenesis of CPV-1; how-
ever, addition of cycloheximide at 2 or 3 hr post-
infection did not prevent the appearance of a few
CPV-1. Addition of cycloheximide at 4 hr after
infection apparently had no significant effect. In
the experiments with guanidine (Table 3), there
was evidently an inhibition of CPV-1 when the
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FI1G. 6. Growth of Semliki Forest virus (SFV) in
baby hamster kidney (BHK) cell suspensions and in L
cell monolayers. Method for L cells was as in Fig. 5,
except that cells were grown on plates (1 X 107 cells).
BHK cells (1 X 108 cells) were adsorbed with SFV at
a virus to cell ratio of 10 in a volume of 5 ml. After 15 hr
at 4 C, the cells were warmed to 37 C and incubated for
30 min in the presence of actinomycin D (0.5 ug/ml).
The cells were then diluted to 200 ml with Eagle Spin-
ner medium containing 2.5, fetal bovine serum, and
incubation was continued at 37 C. At the indicated
times, portions of the culture were removed and sub-
sequently assayed for plaque formation on chicken cell
monolayers (13, 35). Zero time was considered to be
the time at which the Eagle Spinner medium was added.
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FiG. 7. A, Growth of Semliki Forest virus (SFV) in
chicken embryo cells at different multiplicities of infec-
tion. Method was as in Fig. 5. B, Counts of viral struc-
tures in a parallel set of chicken cells cultures on plates
(2 X 107). and simultaneously infected with the appro-
priate dilutions of SFV. Type 1 cytopathic vacuoles
(CPV-1) were counted in 100 random, thin sections of
chicken cells in each experiment.

drug was added at 2 hr postinfection, and a slight
reduction in the counts when the drug was added
at later times.

The maximal effect of cycloheximide at early
times of SFV infection (Table 2) could have been
related to a secondary effect on RNA replication
as shown previously with Sindbis virus (29).
Comparison of viral RNA samples from control
and cycloheximide-treated chicken cells showed
that addition of the drug at 2 or 4 hr after in-
fection with SFV had little effect on total RNA
synthesis measured at 3 hr (Fig. 11) or 5 hr (12),
respectively. When, however, the RNA made be-
tween 2 to 3 hr after infection was analyzed by
polyacrylamide gel electrophoresis (20) an effect
of cycloheximide treatment on the distribution of
viral RNA forms was apparent (Fig. 11). Most
striking, was the relative reduction in amounts of
replicative intermediate and replicative forms.
Presumably, this effect of cycloheximide was
consequent to a block in the synthesis of viral
polymerase protein rather than to any new type
of action.

DISCUSSION

The membranous structures described as
CPV-1 are morphologically unique. Other vacu-
oles of a multivesicular type have been described
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in virus infections (4, 5, 31), but only CPV-1 are
differentiated by the regular attachment of 50-nm
membranous spherules with a fine central den-
sity. The nature of the spherules remains un-
explained, and an obvious consideration would be
that they represent an incomplete form of virus
consisting of membranous envelopes without the
complete nucleic acid core. Although such incom-
plete particles have been described in cells infected
by Sindbis virus (25) and influenza virus (23),
present findings do not support the hypothesis
that the membranous spherules are incomplete
arbovirus nor that CPV-1 are an expression of
infection by defective arbovirus or a ‘“satellite”
virus. Not only did CPV-1 form in a variety of
cells infected by any of three group A arboviruses,
but passage of SFV through different cells or
inoculation of SFV or Sindbis at different mul-
tiplicites of infection had minimal effect on the
numbers of CPV-1 counted at 6 hr after infection.
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FiG. 8. Counts of type 1 cytopathic vacuoles (CPV-1)
per 100 thin sections of chicken embyro cells infected
with some different multiplicities of Semliki Forest virus
(SFV) or Sindbis virus. Method was as in Fig. 7B. In
the experiments with SFV, the inoculum was obtained
either from chicken cell or mouse brain pools.
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FIG. 9. The effect of multiplicity of infection on
Semliki Forest virus (SFV) RNA polymerase activity.
Chicken embryo cell monolayers were adsorbed at 4 C
with SFV at a multiplicity of 10 or 1071, After 15 hr,
fresh Eagle medium was added, and the cells were
warmed to 37 C. At 5.5 hr postinfection, the cells were
processed according to the procedures given in Ma-
terials and Methods. Polymerase activity was assayed
as a function of protein concentration in 0.1-ml reac-
tions, as described in the accompanying paper, except
that the final concentration of actinomycin D in the
reaction was 1 ug/ml and the incubation was carried
out at 28 C for 15 min. Multiplicity of infection
(MOI) = 10 (@); MOI = 0.1 (A).

The possibility of a passenger virus in SFV pools
had been excluded previously (20). Furthermore,
CPV-1 have been identified in suckling mouse
brain infected by SFV (17) or Eastern equine
encephalomyelitis virus (24) and during single
cycle infections of mouse striated muscle (16). Al-
though CPV-1 have never been observed in other
than group A arbovirus infections, similar mem-
branous vesicles have been observed in the Golgi
region of cells infected with spring-summer en-
cephalitis virus (19) and yellow fever virus (Grim-
ley and Young, unpublished data). If these vesicles
are homologous to the membranous spherules in
CPV-1, they may constitute a morphogenetic link
in the development of group A and group B
arboviruses.

The experiments with actinomycin D-pre-
treated cells showed that formation of CPV-1
did not require transcription of cellular RNA
and that participation of cellular proteins formed
after 4 hr of infection must be minimal, if at all
significant in their biogenesis. At a high multi-
plicity of infection (10 PFU per cell), SFV itself
depresses the rate of total chicken cell protein
synthesis by almost 909, in 4 hr, whereas the
rate of cell-directed protein synthesis in SFV-
infected chicken cells pretreated with actinomycin
D is less than 29, of uninfected controls (9).
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Surprisingly, the demand for membranes during
arbovirus envelopment and the biogenesis of
large numbers of CPV-1 also does not appear to
be accompanied by a specific stimulation of host
cell lipid metabolism in Sindbis infection (28,
36), and some preliminary experiments by Fried-
man (unpublished data) failed to suggest any dif-
ferential incorporation of 3*H-choline by the
membrane fraction 5 density = 1.16 g/cm?®) of
SFV-infected chicken cells, which include CPV-1
(see accompanying paper). These findings with
arboviruses contrast with results reported for
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Fic. 10. Growth curve of Semliki Forest virus

(SFV) in chicken embryo cells with (O) or without (@)
actinomycin D. SFV at a multiplicity of 45 PFU per
cells was adsorbed at 37 C in tubes with 1.4 X 10° cells.
Remainder of method was as in Fig. 5.

TaBLE 1. Effect of actinomycin D (ACD) on counts
of type 1 cytopathic vacuoles (CPV-1) in chicken
embryo cells®

CPV-1 per 100 cell sections after
infection with SFV (hr)®

Treatment

3 | 5 l 7 Ii 9.5 ‘ 15.5
Control 11 20 32 ‘ 45 l 29
ACD Nt | 18 0 ‘ 35 ‘ 22

@ Same experiment as Fig. 10, except cell mono-
layers were grown in plates (2 X 107 cells).
b SFV, Semliki Forest virus; N, None observed.
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TaBLE 2. Effect of cycloheximide on counts of type
1 cytopathic vacuoles (CPV-1)
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TABLE 3. Effect of guanidine on counts of type 1
cytopathic vacuoles (CPV-1)

! Counts of CPV-1 per 100 cell

ime guanidine was added ‘ sections 6 hr after infection*

Counts of CPV-1 per 100 cell
Cycloheximide added? sections (Time after infection)®

5 hr 6 hr
No.1 2Hr 0
3 Hr 5
Controls® 25

No.2 1Hr 0

2 Hr 0

3 Hr 6

Controls® 32

No.3 2Hr 7

4 Hr 42

Controls? 58

« In different experiments, chicken embryo cells
were infected with Semliki Forest virus at a mul-
tiplicity of 20 PFU/cell (1), 10 PFU/cell (3), or
0.1 PFU/cell (2).

b Cycloheximide (100 ug/ml) was added at speci-
fied times after infection.

¢ Initial counts showed that no CPV-1 were
present when cycloheximide was added at 1 to 3 hr.

d Jnitial counts showed no CPV-1 at 2 hr and
49 CPV-1 at 4 hr.

| s

2 Hr

3 Hr 13
4 Hr 15
Controls® 21

@ Chicken embryo cells were infected with
Semliki Forest virus (SFV) at a multiplicity of 10
PFU/cell. Guanidine (10 mMm) was added at 2 to 4

hr after infection.
® Initial counts showed no CPV-1 at 2 hr, 4
CPV-1 at 3 hr, and 6 CPV-1 at 4 hr.

picornavirus infections, where lipid metabolism
is stimulated and cytomembranes proliferate
(2, 27), and lead us to conclude that biogenesis
of CPV-1 must result from a virus-induced
modification of pre-existing host cell macromole-
cules. A common localization of acid phospha-
tase enzyme in the Golgi apparatus and the CPV-1
of SFV-infected chicken cells suggested that
membranes of the Golgi cisternae or the small
Golgi vesicles could have been utilized by arbo-
viruses during the formation of CPV-1.
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FiG. 11. Polyacrylamide gel electrophoresis of *H-labeled Semliki Forest virus (SFV) RNA formed in the pres-
ence or absence of cycloheximide. Monolayers of chicken embryo fibroblasts were infected with SFV at a mul-
tiplicity of 10~*. After 1 hr at 4 C, Gey medium containing 109, fetal bovine serum and 1 pg of actinomycin D/ml
was added, and the cells were maintained at 4 C for 15 hr. The cells were rewarmed to 37 C. After 2 hr the medium
was replaced with Eagle medium containing *H-adenosine and 3H-uridine (100 uCi/ml each). Hal}t of the cells re-
ceived the same medium with the addition of 100 ug of cycloheximide per ml. After incubation for another hr at
37 C, RNA from control and cycloheximide-treated cells was extracted at room temperature with 0.5% sodium
dodecyl sulfate and phenol (20). Samples containing 50 pliters of 3H labeled RNA and 5-pliters of SFV RNA
labeled with 2P between 1 and 6 hr postinfection (marker) were subjected to polyacrylamide gel electrophoresis
for 4.25 hr on composite 2.0, polyacrylamide-0.5%; agarose gels. The gels were processed as described previously
(20). Values for 3H were corrected for 5%, crossover of P, and the data were plotted by computer as percentage
of total radioactivity (counts/min) recovered on the gels. The values for total radioactivity were as follows: A,
Control, 3H = 12,007 counts/min; *P = 26,744 counts/min. B, Cycloheximide, 3H = 12,178 counts/min;
2P = 29,785 counts/min. *H (@); 2P (O). Abbreviations: RI, replicative intermediate; RF, replicative forms.
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Biogenesis of CPV-1 correlated well with the
replication of infectious virus, and the time of
their appearance in chicken cells was coincident
with the reported peaks of SFV and Sindbis RNA
synthesis (3, 21, 35). Experiments in which virus
replication was inhibited by guanidine or cyclo-
heximide resulted in a decrease or absence of
CPV-1. The central question posed by high-
resolution autoradiography and cell fractionation
experiments summarized by Friedman et al. (ac-
companying paper) is whether CPV-1 represent
the membrane-associated viral replication com-
plex. Conceivably, the clusters of membranous
spherules within CPV-1 might be analogous to
the factories of other virus infections, in which
parental strands of viral nuclei acid are amplified
in a specialized environment (7, 30). Friedman
and Sreevalsan (14) have shown that 36¢; of
input SFV RNA binds to cell membranes within
1 hr after infection, and it will be of interest to
determine whether any of this RNA remains
associated with membranes of CPV-1. Efforts to
localize replicative RNA by immunologic tech-
niques (32) are in progress.

Temperature-sensitive arbovirus mutants could
provide an alternative approach to investigating
the relationship of CPV-1 and viral RNA syn-
thesis and would avoid unknown secondary ef-
fects of inhibitors on viral development. In some
studies already reported (33), temperature-sensi-
tive (RNA) mutants of SFV caused formation of
“membranous spherules” (CPV-1) in cells in-
fected at the permissive temperature (30 C), but
these structures were fewer, or absent, at the
nonpermissive temperature (38.5 C). The SFV
mutants made only 13 to 249, of the normal
amount of viral RNA, and there was an increased
proportion of ribonuclease-resistant (replicative)
forms (34). If the temperature-sensitive protein
actually represents an RNA polymerase, as sug-
gested by Tan et al. (34), the observed decrease
of CPV-1 at nonpermissive temperatures would
strongly support other evidence of their role in
arbovirus replication.
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