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GDVII virus growth in BHK-21 cells, a permissive host for the virus, resembled
productive infections with other picornaviruses. Virus yields ranged from 100 to
600 plaque-forming units (PFU)/cell. Virus replication in HeLa cells, a nonper-

missive host for GDVII virus, was characterized by virus yields of only 0.1 to 5
PFU/cell. Similar low yields of virus have been obtained from HeLa cells at all
multiplicities of input up to 6,000 per cell. The progeny particles from HeLa cells

were, like the infecting particles, restricted in the HeLa cell host. Despite the great
difference in final yields of virus from BHK-21 and HeLa cells, the times when
maximal yields were reached were similar. GDVII virus stock grown in BHK-21
cells was designated HeLa-. A variant of GDVII virus which is capable of exten-
sive growth in HeLa cells was obtained. This variant, designated HeLa+ GDVII
virus, was passaged serially in HeLa cells. Virus yields of 50 to 150 infective virus
particles per cell were obtained from infection of HeLa cells with HeLa+ GDVII
virus. The major species of HeLa+ virus-specific ribonucleic acid (RNA) pro-
duced was single stranded and sedimented with an S value of 35S. The rate of
accumulation of HeLa+ virus-specific RNA in HeLa cell cultures was about four
times that of HeLa- RNA. The amount of virus-specific HeLa+ RNA formed
in HeLa cells was several-fold greater than that of HeLa- RNA. With HeLa- parent
GDVII virus undergoing productive replication in BHK-21 cells or abortive repli-
cation in HeLa cells, the major species of virus-specific RNA produced was single
stranded and sedimented with an approximate S value of 35S. The amount of
HeLa- virus-specific RNA extracted from BHK-21 cells was several-fold greater
than the amount obtained from HeLa cells.

We reported in 1966 that GDVII virus, a
murine encephalomyelitis virus, undergoes a
complete or abortive replication cycle in tissue
culture, depending on the cell type used (10).
GDVII virus grows to high titer in BHK-21 and
L cell lines, but in several other cell types, in-
cluding HeLa cells, its multiplication is restricted
and virus yields are only about 1% of those ob-
tained in permissive hosts. Similar observations
have subsequently been made with two other
picornaviruses (3).

Restricted cycles of GDVII virus growth are
associated with cytopathological changes (10).
In HeLa cells, extensive cell destruction occurs

1 A summary of this work was presented at the 68th Annual
Meeting of the American Society for Microbiology (Bacteriol.
Proc., p. 163, 1968).

2 Present address: National Institute of Allergy and Infectious
Diseases, Bethesda, Md. 20014.

within 12 to 18 hr after infection. The extent
of cell damage is directly related to the amount
of virus inoculated. The cytopathological changes
associated with abortive multiplication appear
to depend on the expression of a genetic func-
tion of the input virus.

In the present communication, we describe the
kinetics of synthesis of viral ribonucleic acid
(RNA) and of production of infective virus in
permissive and nonpermissive cell hosts infected
with GDVII virus.

MATERIALS AND METHODS
Cell cultures and media. The origin of baby hamster

kidney (BHK-21) and HeLa cells and the growth
media for these cells were described previously (10).
The medium for the growth of virus in BHK-21 cell
cultures was a modified reinforced Eagle's medium
(10) supplemented with 10% tryptose phosphate
broth and in some instances with 10% unheated calf
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serum. The medium for the growth of virus in HeLa
cell cultures consisted of reinforced Eagle's medium
(1) supplemented with 10% tryptose phosphate
broth.

Virus stocks. GDVII virus, supplied as a mouse
brain suspension by Max Theiler, was propagated
several times by intracerebral inoculation of Swiss
mice. It was then used to infect cultures of BHK-21
cells and produced high yields in such cultures. The
BHK-21 cell-derived virus stock employed in the
present work represents the fifth BHK-21 cell passage
following triple plaque purification (which was carried
out after 18 consecutive passages in BHK-21 cells).
The virus stock was prepared by infecting confluent
BHK-21 cell monolayers in 100-mm plastic tissue
culture dishes as follows. Monolayers were washed
once with phosphate-buffered saline (PBS; 10) before
infection. The inoculum, 1.5 ml per dish, consisted
of undiluted GDVII virus of high titer, representing
pooled frozen and thawed infected cells and medium.
After adsorption for 90 min, 9 ml of modified re-
inforced Eagle's medium, supplemented with 10%
calf serum and 10% tryptose phosphate broth, was
added to each culture without removing the inoculum.
Released virus was harvested 22 hr after infection,
clarified by centrifugation, frozen in 2- to 30-ml
amounts in an alcohol-dry ice bath, and stored at
-25 or -60 C. The titer of this virus stock in BHK-21
cell cultures was 5 X 108 plaque-forming units
(PFU)/ml. For some experiments, we used virus
which had not been plaque purified.
GDVII virus, grown either in mouse brain or in

BHK-21 cells, undergoes a restricted cycle of multipli-
cation in HeLa cells, with production of cytopathic
effects but very little infective virus. HeLa cells are,
therefore, considered to be a nonpermissive host for
GDVII virus, and the stock virus grown in BHK-21
cells was designated HeLa7.
A variant of GDVII virus capable of extensive

growth in HeLa cells was obtained by alternating
passage in HeLa and BHK-21 cells. GDVII virus
from the 14th consecutive passage in BHK-21 cells
without plaque purification was submitted to the
following passages: two in HeLa, one in BHK-21,
one in HeLa, one in BHK-21, and two in HeLa cells.
Cells and medium from each passage were combined,
frozen and thawed three times, clarified by centrifuga-
tion, and used undiluted as inoculum for the succeed-
ing passage. Progressive cytopathic effects were ob-
served on the last passage in HeLa cells, and
hemagglutination titrations indicated considerable mul-
tiplication of virus. The virus capable of growing in
HeLa cells was designated HeLa+ and was passaged
serially in HeLa cells. The HeLa+ virus stock used in
the present studies represents the 18th consecutive
HeLa cell passage. The stock was prepared by in-
fecting confluent HeLa cell monolayers in 100-mm
plastic tissue culture dishes. Monolayers were washed
once with PBS before infection. The inoculum, 1.5 ml
per dish, consisted of undiluted released virus of high
titer. After adsorption for 60 min, 8 ml of reinforced
Eagle's medium supplemented with 10% tryptose
phosphate broth was added to each culture without
removing the inoculum. Released virus was harvested

23 hr after infection, clarified by centrifugation, frozen
in 2- to 30-ml portions in an alcohol-dry ice bath, and
stored at -25 C. The titer of this virus stock in HeLa
cell cultures was 108 TcID/ml.
HeLa+ virus is neutralized by antiserum prepared

against mouse brain-derived or BHK-21 cell-derived
HeLa- GDVII virus.

Intracerebral inoculation of mice with HeLa+
GDVII virus causes a disease indistinguishable from
that produced by BHK-21 cell-derived HeLa- GDVII
virus. No quantitive comparisons have been made,
however, between the two virus strains with respect
to virulence for mice.

Virus assays. The technique employed for plaque
assay of HeLa7 GDVII virus in BHK-21 cell mono-
layers was described previously (10). The 50% in-
fectivity end point titrations of HeLa+ GDVII virus
were performed on monolayers of HeLa cells grown
in 35-mm plastic tissue culture dishes. Serial 0.7
log unit dilutions of the virus were prepared. Groups
of six cultures were infected with suitably diluted
virus. Cultures were examined on the third to fifth
days after infection, and 50% tissue culture infectivity
end points (TCaDwo) were calculated by the method of
Reed and Muench (8). The 50% infective end points
were converted to infective units by multiplying by
0.69.

Hemagglutination titrations were performed as
described previously (10).

Extraction and sedimentation of virus-specific
RNA. The medium was removed from labeled, infected
BHK-21 or HeLa cell monolayers, and the cell sheets
were washed once with PBS at 4 C. The cells were
scraped off the culture dish and suspended in 0.02
M phosphate buffer, pH 7.2. Sodium dodecyl sulfate
was added to a final concentration of 0.5% and
ethylenediaminetetraacetic acid (EDTA) was added
to a final concentration 0.01 M. The cells were ex-
tracted twice at 25 C with equal volumes of buffer-
saturated phenol. Addition of a few drops of isoamyl
alcohol after the first extraction aided in the separa-
tion of the phenol and aqueous phases. Residual
phenol was removed by three extractions with ether,
and this was followed by passage of nitrogen gas
through the solution until the odor of ether was no
longer detected. Volumes (1 ml) of such RNA ex-
tracts were layered at 4 C on 29-ml, linear 15 to 30%
sucrose gradients preformed by the procedure de-
scribed by Britten and Roberts (2) in 0.15 M NaCl,
0.015 M sodium citrate, and 0.001 M EDTA. The
gradients were centrifuged at 4 C in the SW25 rotor
of a Spinco model L2 ultracentrifuge for 19 hr at
58,600 X g. At the end of the run, fractions of equal
volume were collected from the top of the gradient
by displacement with a 38% sucrose solution pumped
through the bottom of the tube. Continuous record-
ings of optical density were obtained by passage of the
effluent through an Isco model UA-2 flow cell. Sedi-
mentation coefficients of various types of virus-specific
RNA were calculated by the method described by
Martin and Ames (7).

Radiochemical counting procedures. Radioactivity
was determined in a Tri-Carb liquid scintillation
spectrometer (Packard Instrument Co., Inc., Downers
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Grove, Ill.). The scintillation fluid was a toluene-
Liquifluor mixture which contained 4 g of 2,5-di-
phenyloxazole and 0.05 g of 1 ,4-bis-2-(5-phenyl-
oxazolyl)-benzene per liter. Scintillation fluid (10
ml) was added to each sample.

For analysis of sucrose gradient sedimentation
profiles of 3H-uridine-labeled virus-specific RNA,
samples from the gradients were prepared by pre-

cipitation with 5% trichloroacetic acid, and precipi-
tates were collected on Whatman GF/C fiber glass
filter pads (2.4 cm). Bovine serum albumin, 50 or
100lg, was added as carrier to each sample. Each
precipitate was collected on a filter pad with suction
and washed twice with 2- to 3-ml portions of 5%
trichloroacetic acid. The glass-fiber filter pads were
dried in an oven at 70 C. For measurement of ribo-
nuclease-resistant RNA, samples were treated with
100lg of pancreatic ribonuclease (Worthington,
Biochemical Corp., Freehold, N.J.; 3 X recrystal-
lized) per ml for 30 min at room temperature in 0.3 M
NaCI before precipitation with trichloroacetic acid.

For measurement of radioactive 3H-uridine in-
corporation into virus-specific RNA by cells grown
on glass cover slips, the cover slips were fixed in cold
acetic acid-ethyl alcohol (1:3) for 15 min and then
were placed in cold 70% ethyl alcohol for at least 1

hr. Acid-soluble 3H-uridine was removed by extrac-
tion with cold 5% perchloric acid for 30 min (two
changes), followed by thorough washing in demin-
eralized water (five changes). The cover slips were
passed through ether-ethyl alcohol (1:1) and anhy-
drous ether and were dried in an oven at 70 C.

Autoradiography. For autoradiography, cover slips
were mounted with Permount, cell surface side up,
on uncoated glass slides and were coated by immer-
sion in Kodak NTB2 emulsion. When dry, the slides
were placed in black plastic lightproof boxes, sealed,
and stored at 4 C for 24 hr. The slides were then
developed and stained with a modified Giemsa stain
(9). Grains were counted with phase contrast illumina-
tion at a magnification of 800X. Grain counts are

based on examination of 100 cells on each cover slip
in randomly selected fields.

Chemicals. Actinomycin D was obtained from
Merck, Sharp and Dohme Research Laboratories,
Rahway, N.J. 3H-uridine, specific activity 15 to 30
c/mmole, was purchased from Nuclear-Chicago
Corp., Des Plaines, Ill. Liquifluor was purchased from
Pilot Chemicals, Inc., Watertown, Mass.

RESULTS

Growth kinetics of HeLa- GDVH in BHK-21
cells and the rate of viral RNA synthesis. The rate
of synthesis of HeLa- GDVII virus-specific
RNA and the kinetics of formation of infective
and hemagglutinating particles in the productive
infection of BHK-21 cells were determined.
BHK-21 cell monolayers were washed once

with PBS and were inoculated with plaque-
purified HeLa- GDVII virus at a multiplicity of
330 PFU/cell. After adsorption of virus for 1 hr
at 37 C, the monolayers were washed and in-

cubated with fresh medium containing 1 jug of
actinomycin D per ml. 3H-uridine, 10 ,uc/ml, was

added for a 15-min pulse at hourly intervals be-
ginning 1.75 hr after infection, and incorporation
into RNA was determined. Production of infec-
tive and hemagglutinating virus was measured in
similarly infected cultures which did not receive
actinomycin D. These cultures were also used to
follow the development of virus-induced cyto-
pathological changes (Fig. 1).

Synthesis of GDVII virus-specific RNA be-
came detectable approximately 3 hr after infec-
tion. The rate of virus-specific RNA synthesis
reached a maximum at 7 hr and then gradually
declined. Newly synthesized viral antigen became
detectable by fluorescent antibody staining in the
cytoplasm of infected cells 5 hr after infection.
Virus production was first detected 5 hr after
inoculation. During the exponential increase
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FIG. 1. Growth of HeLa- GDVII virus in BHK-21
cells and rate of synthesis of viral RNA. Input multi-
plicity: 330 PFU/cell. In determinations of virus-
specific RNA synthesis, I ug of actinomycin D per ml
was added after a 1-hr adsorption period, and 3H-
uridine, 10 ,uc/ml, was added for a 15-min pulse at
hourly intervals beginning 1.75 hr after infection. Pro-
duction of infective and hemagglutinating virus was

measured in similarly infected cultures which did not
receive actinomycin D. Yields of infective and hemag-
glutinating virus represent the sums of virus in cells and
medium.
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phase, the amount of virus doubled every 9 to 12
min. Maximal yields of virus were reached 12 to
16 hr after inoculation, and they ranged from 100
to 600 PFU/cell. Thus, large amounts of infective
and hemagglutinating virus were produced at a
time when the rate of viral RNA synthesis was
declining. Viral cytopathic effects were first de-
tected at 8 hr, and more than 90% of the cells be-
came rounded and detached from the surface of
the culture dish by 14 hr.
Growth kinetics of HeLa- GDVII virus in HeLa

cells. The kinetics of formation of infective HeLa-
virus were determined in the abortive infection of
nonpermissive HeLa cells.
HeLa cell monolayers were washed once with

PBS and were inoculated with plaque-purified
BHK-21 cell-derived GDVII virus at a multi-
plicity of 680 PFU/cell. After adsorption for 1 hr
at 37 C, the monolayers were washed and incu-
bated with fresh medium containing anti-GDVII
immune serum. The medium containing anti-
serum was removed after 30 min, the cell mono-
layers were washed twice with PBS, and fresh,
reinforced Eagle's medium supplemented with
10% tryptose phosphate broth was added. At
intervals, the cells were scraped off, and cells and
media from two plates were collected, pooled, and
assayed for infective virus by plaque formation in
BHK-21 cell cultures.
The results are shown in Fig. 2. For comparison,

the kinetics of GDVII virus production in BHK-
21 cells are also shown in the same figure. In this
experiment, maximal yields of 0.2 to 0.3 PFU per
cell in HeLa cell cultures were obtained by 12 to
16 hr. Viral cytopathic effects were first detected
at 12 hr, and more than 95% of the cells were de-
stroyed by 16 to 20 hr after infection.

Similar yields of HeLa- GDVII virus, i.e., 0.1
to 5 PFU per cell, have been obtained at all
multiplicities of input up to 6,000 per cell. As can
be seen by comparison of the two growth curves,
despite the great difference in final yields of
GDVII virus obtained from BHK-21 and HeLa
cells, the times when final yields were reached were
similar.

Isolation of HeLa+ GDVII virus and growth
kinetics in HeLa cells. To determine the ways in
which the replication of HeLa- GDVII virus may
be restricted in HeLa cells, we thought it would be
useful to have a variant of GDVII virus which is
not restricted in this cell host. Such a variant was
obtained after a series of alternating passages of
GDVII virus in HeLa and BHK-21 cells. This
variant, designated HeLat GDVII virus, was
passaged serially in HeLa cells. Infection of HeLa
cells with HeLa= virus yielded 50 to 150 infective
virus particles per cell. These yields are somewhat
lower than those of HeLa- GDVII virus in BHK-
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FIG. 2. Growth of HeLar GDVII virus in HeLa and
BHK-21 cells. Input multiplicity: 680 PFU/HeLa cell;
20 PFU/BHK-21 cell. Yields represent the sums of
virus in cells and medium.

21 cells. Serial propagation of plaque-purified
HeLa+ virus in BHK-21 cell cultures yielded virus
which exhibits reduced ability for multiplication
in HeLa cells.
The growth curve of HeLa+ GDVII virus in

HeLa cells is shown in Fig. 3. In this experiment,
the input multiplicity was 15 infective particles
per cell. A portion of the growth curve of HeLa-
GDVII virus in the same cell type is shown for
comparison. Since antiserum was not employed
to reduce the level of residual HeLa+ virus re-
maining from the inoculum, the background level
was higher than in the previous experiments. In
this experiment, HeLa+ GDVII virus production
was detected 6 hr after infection, but it probably
began earlier. By 12 hr, 100 infective particles of
HeLa+ GDVII virus had been produced per cell.
By comparison, the final yield of HeLa- GDVII
virus in HeLa cells was less than 1% of this value.
The growth and cytopathic effects of HeLa-
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difference in the ratios for HeLa- and HeLa+
GDVII virus may reflect a difference either in

HeL/ GDVII virus
efficiency of hemagglutination or in infectivity

HeLa+ GDVII virus assays or both.
/In HeLa cells Accumulation of GDVII virus-specific RNA in

HeLa cells. The rates of accumulation of GDVII
virus-specific RNA were investigated in HeLa cell
cultures and in individual HeLa cells in cultures
infected with HeLa- or HeLa+ GDVII virus.

Overall rates of accumulation were determined
as follows. Monolayers of HeLa cells grown on
glass cover slips were infected at high multi-
plicities with either HeLa- or HeLat GDVII
virus. The accumulation of virus-specific RNA

HeLa- GDVII virus was measured by the amount of tritiated uridine
in HeLa cell Is incorporated into an acid-insoluble form in actino-

mycin-treated cultures. Tritiated uridine,10 ,uc/ml,
was added to groups of cultures hourly from 5 to

; 11 hr after infection, and four cover slips were
4 8 12 16 harvested 3 hr after each addition. Moreover,

Hours after addition of tritiated uridine at 5 hr after in-
fection, cover slips were also harvested 1 and 2 hrGrowth of HeLa+ and HeLa GDVII virus later. Cumulative curves of synthesis of virus-

!Ils. Input multiplicity: 15 HeLa+ TCID/cell;
PFU/cell. The portion of the growth curve specific HeLa+ and HeLa- RNA in HeLa cells
GDVII virus in HeLa cells is taken from are shown in Fig. 4. The rates of accumulation of
lds represent the sums of virus in cells and HeLa+ and HeLa- virus RNA were nearly con-

stant after the 6th and 7th hr, respectively, but the
rate of accumulation of HeLa- virus-specific
RNA was approximately one-fourth of that of

L+ GDVII viruses in HeLa cells are re- HeLa+ RNA. Occurrence of viral cytopathic
Table 1. In HeLa cells, the yield of effects prevented the observation of HeLa+ virus-

rus was 30- to 500-fold greater than infected cells beyond 9 to 10 hr after infection;
eLa- virus. HeLa+ and HeLa- viruses however, in HeLa- virus-infected cultures there
ed marked cytopathological changes in was no significant loss of cells until much later
ls, but such changes developed more in the growth cycle and the increase in HeLa-
er infection with HeLa virus. HeLat GDVII RNA remained linear to the 14th hr after
d be serially propagated in HeLa cells, infection.
he progeny particles of HeLa- virus For a study of virus-specific RNA in individual
the infecting particles, restricted in this cells, duplicate cover slips from the same experi-

ment were prepared for autoradiography. The
ity assays of HeLa- and HeLat GDVII interval after infection which was selected for
'rocedures and results of infectivity comparison was that 3-hr period during which the

assays of HeLa- and HeLatm viruses are sum-
marized in Table 2.
With HeLa- virus, the plaque and infectivity

end point assays in BHK-21 cells were in sub-
stantial agreement. In HeLa cells, neither assay
was possible with HeLa- virus.
With HeLa+ virus, the infectivity end point

assay in HeLa cells gave 10- to 50-fold higher
values than plaque assay in either HeLa or BHK-
21 cells.

Hemagglutination by HeLa- and HeLa+
viruses. Both HeLa- and HeLa+ GDVII viruses
agglutinated human red blood cells. The ratio of
infectivity to hemagglutinating activity for HeLa-
GDVII virus was l04 to 2 X 104 PFU (measured
in BHK-21 cells); for HeLa+ GDVII virus, this
ratio was 106 TCID (measured in HeLa cells). The

TABLE 1. Interaction of HeLa- and HeLa+ GDVII
viruses with HeLa cells

Virus strain
Virus effect in
HeLa cells

HeLaa HeLa+b

Maximal yield 0.1-5 PFU/cell 50-150 TCID/cell
Cytopathic ef- 3-4+ 4+

fects
Multiple cycles No Yes

of replication
Plaque forma- No Yes

tion

a Grown in BHK-21 cells.
b Grown in HeLa cells.
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TABLE 2. Infectivity assays ofHeLa- and HeLa+ GD VII viruses

BHK-21 cells HeLa cells

GDVIIviIus Relative sensi- Relative sensi-
strain Relative RtivetoenSi- Relative tivity of 50%stra|Plaque size |plaque assay infectivity end Plaque size sensitivity of infectivity end

plaqeasay point assay plaque assay point assay

HeLa- 3-5 mm at 5 days la 0.5-1 <104
HeLa+ 0.5-2 mm at 5 days 0.02-0.1 Not done 0.5-2 mm at 5 days 0.02-0.1 lb

a With HeLa- virus, plaque assay in BHK-21 cells gives the highest titers, and therefore the sensitivity
of this titration procedure with HeLa- virus is assigned the value 1.

b With HeLa+ virus, end point titration in HeLa cells gives the highest values.

Hours

FIG. 4. Accumulation of HeLac and HeLa+ GDVII
virus-specific RNA in HeLa cells. Monolayers ofHeLa
cells grown on glass cover slips were infected with
either HeLa- or HeLa+ GDVII virus at multiplicities
of 700 and 100, respectively. At hourly intervals, 4 to
10 hr after infection, 5 ,ug of actinomycin D per ml was
added to groups of infected cultures. One hour later,
3H-uridine was introduced to a final concentration of
10 ,uc/ml. Uridine incorporation was continuedfor 3 hr.
In addition, cover slips which received 3H-uridine at 5 hr
after infection were also harvested I and 2 hr later. The
accumulation of virus-specific RNA was measured by
the amount of 3H-uridine incorporated into an acid-
insoluble form. Since exposure to actinomycin D caused
deterioration of HeLa cells in S to 6 hr, accumulation
of virus-specific RNA was reconstructed from incorpo-
ration of 3H-uridine during overlapping 3-hr periods.
The design of this experiment also permitted autoradio-
graphic analysis of virus-infected cultures exposed to
3H-uridine during the 3-hr period when synthesis of the
greatest amount of virus-specific RNA occurred
(Fig. 5).

most rapid accumulation of virus-specific RNA
was obtained with each virus, namely, 9 to 12 hr
after infection for HeLa- and 6 to 9 hr after in-
fection for HeLa+ GDVII virus.

Grain counts on infected cultures were per-
formed on 100 cells on each cover slip. The results
are illustrated in Fig. 5, in the form of bar graphs
showing the numbers of cells with increasing
numbers of grains. The background in uninfected
cultures was between two and three grains per
cell. Cells with more than 100 grains are grouped
together at the extreme right.

One-third of the cells infected with HeLa-
GDVII virus showed less than 10 grains per cell,
and another one-third of the cells contained more
than 30 grains per cell. In contrast, less than 5%
of the cells in the culture infected with HeLa+
GDVII virus contained fewer than 10 grains per
cell, whereas at least 30 grains occurred in each of
more than two-thirds of the cells. It is apparent
from this distribution of grains that virus-specific
RNA accumulates at a slower rate in cells in-
fected with HeLa- virus than it does in cells in-
fected with HeLa+ GDVII virus.
One measure of the maximal rate of accumula-

tion of virus-specific RNA per cell, based on
autoradiographic analysis, is the mean grain num-
ber for cells containing more than 10 grains. The
lower limit of 10 is three standard deviations
from the mean number of grains in uninfected
cells. Such an estimate indicated that the maximal
rate of accumulation of HeLa- virus-specific
RNA is at least 40% lower than that of HeLa+
RNA. Some of the cells containing fewer than 10
grains probably also produced HeLa- virus-
specific RNA. For this reason, the estimate of the
maximal rate of accumulation of virus-specific
RNA in HeLa- virus-infected cells was probably
too high.

Species of GDVII virus-specific RNA produced
in BHK-21 and HeLa cells. To determine whether
the same species of GDVII virus-specific RNA
are produced during infection of permissive and
nonpermissive cell hosts, the sedimentation
pattern of HeLa- virus-specific RNA produced in
BHK-21 cells was compared with the distributions
of HeLa- and HeLa+ virus-specific RNA pro-
duced in HeLa cells. BHK-21 and HeLa cell
cultures were infected at high multiplicities with
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the same preparation of HeLa- GDVII virus, and
duplicate HeLa cell cultures were infected at a
high multiplicity with HeLat GDVII virus. The
cell cultures were treated with actinomycin D,
5 ,.g per ml, 1 hr before the addition of tritiated
uridine to a final concentration of 10 uc per ml.
BHK-21 cells infected with HeLa- GDVII virus
were labeled with tritiated uridine from 6 to 9 hr
after infection. HeLa cells infected with HeLa-
virus were labeled with tritiated uridine from 7 to
11 hr after infection, and duplicate cultures in-
fected with HeLat GDVII virus were labeled
from 6 to 10 hr after infection. RNA was extracted
from suspensions of whole cells by phenol and the
extracts were sedimented through 15 to 30%
sucrose gradients (Fig. 6).

In both permissive and nonpermissive cell
types, the major species of HeLa- virus-specific
RNA produced sedimented with an approximate
S value of 34S to 35S (left and center diagrams in
Fig. 6). The virus-specific 35S RNA was sensitive
to digestion with pancreatic ribonuclease and is
probably single stranded. In analogy with results
obtained with poliovirus, this RNA species prob-
ably represents the viral RNA. In both cell types,
labeled uridine was also incorporated into species

A. HeLa- GDVII virus
in HeLa cells

B. HeLa+ GD VII virus
in HeLa cells

Grains/cel

FIG. 5. Autoradiographic analysis of synthesis of
virus-specific RNA in HeLa cells infected with HeLa-
or HeLa+ GDVII virus. Duplicate cover slips from the
experiment described in Fig. 4 were preparedfor auto-
radiography. The interval after infection which was

selected for comparison was that 3-hr period during
which maximal accumulation of virus-specific RNA was

obtained with each virus, namely 9 to 12 hr after infec-
tion with HeLa- virus and 6 to 9 hr after infection with
HeLa+ GDVII virus. Grain counts on infected cultures
were performed on 100 cells on each cover slip in ran-

domly selected fields. The background in uninfected
cultures, based on counts on 200 cells, was between 2

and 3 grains per cell. The height of each bar corre-

sponds to the number of cells with grain counts within

multiples of 10 grains. Cells with more than 100 grains
are grouped together at the extreme right.

of RNA which sediment in a broad region of the
gradient from 14S to 28S. A portion of this RNA
was relatively resistant to pancreatic ribonuclease
digestion and may be double stranded.
The sedimentation pattern of labeled HeLat

RNA from HeLa cells revealed a major peak
sedimenting with an S value of approximately
35S and a shoulder extending to about 20S (dia-
gram on right in Fig. 6). There was a smaller peak
of labeled material in the region of 14S to 205.
Much of the RNA in the smaller peak was resis-
tant to digestion with pancreatic ribonuclease,
whereas the RNA in the 35S peak was ribo-
nuclease-sensitive.

Since the three gradients contained approxi-
mately equal quantities of cellular RNA, as
measured by optical density at 260 nm, and com-
parable periods in the growth cycles were selected
for study, the results indicated that the produc-
tion of HeLa- GDVII viral RNA is restricted in
the nonpermissive HeLa cell host.

DISCUSSION

The host cell range of GDVII virus was estab-
lished previously (10). The murine picornavirus
GDVII undergoes a restricted cycle of growth in
some cell types of mouse, sheep, monkey, or
human origin. GDVII virus causes cytopathic
effects in a nonpermissive host such as the HeLa
cell, although little virus is produced. Because of
restricted replication in HeLa cells, we designated
this virus HeLa-. The same virus causes a pro-
ductive infection in BHK-21 Syrian hamster
kidney cells and certain other cell types of ham-
ster or mouse origin. HeLa- GDVII virus growth
in permissive hosts such as BHK-21 cells closely
resembles productive infection with other picorna-
viruses; the virus yields range from 100 to 600
PFU/cell and cytopathological changes develop
rapidly in the infected cells.

In the nonpermissive host, the HeLa cell, pro-
duction of infective virus is characterized by the
following features. The amount of infective
HeLa- GDVII virus progeny produced is only
0.1 to 5 PFU/cell. Similar yields of virus have
been obtained from HeLa cells at multiplicities of
input up to 6,000 per cell. The progeny particles
from HeLa cells are, like the infecting particles,
restricted in the HeLa cell host. Despite the great
difference in yields of HeLa- GDVII virus from
HeLa and BHK-21 cells, the times when final
yields are reached in nonpermissive or permissive
cells are similar. The differences in the rate of
development of viral cytopathic effects in the
productive and restricted cycles of GDVII virus
growth may reflect differences in rates of accumu-
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FIG. 6. Sedimentation of 3H-uridine-labeled virus-specific RNA from BHK-21 cells infected with HeLa- virus
and from HeLa cells infected with HeLa- or HeLa+ virus. Cultures of BHK-21 and HeLa cells were infected
with the same preparation of HeLai GDVII virus at multiplicities of30 and 150, respectively. BHK-21 and HeLa
cells were exposed to 5 ,ug of actinomycin D per ml S and 6 hr after infection, respectively. One hour later, triti-
ated uridine was added to a final concentration of 10 ,uc/ml. BHK-21 cells were exposed to the isotope from 6 to
9 hr and HeLa cells from 7 to 11 hr. Duplicate cultures of HeLa cells were infected with HeLa+ GD VII virus
at a multiplicity of 30, treated with 5 jig of actinomycin D per ml beginning 5 hr after infection, and labeled with
tritiated uridine from 6 to 10 hr after infection. RNA was extracted from suspensions of whole cells by phenol,
and the extracts were sedimented through 15 to 30% sucrose gradients at 58,600 X g for 19 hr in an S W25
rotor of a Spinco model L2 centrifuge. The bottom of each gradient is at the left. The upper curves represent
the acid-insoluble counts in one-half of each fraction. The lower curves represent the acid-insoluble counts remain-
ing after pancreatic ribonuclease digestion of the remaining half of each fraction. The position of 28S ribosomal
RNA is indicated by the arrow on the right in each diagram. The gradients contained approximately equal quaniti-
ties of cellular RNA, as measured by optical density at 260 nm.

lation of cytotoxic viral products in the two host
cell types.

Restriction of the growth of GDVII virus in
HeLa cells is not due to a general defect in the
ability of the cells to support the multiplication of
small RNA viruses. Other picornaviruses, such as

poliovirus, multiply well in HeLa cells with pro-
duction of several hundred infective particles
per cell. Furthermore, a variant of GDVII virus
which is capable of extensive growth in HeLa cells
has been obtained. The variant has been desig-
nated HeLa+. Usually virus yields of 50 to 150 in-
fective virus particles per cell are obtained from
HeLa cells infected with HeLa+ GDVII virus.
The rate of accumulation of HeLa+ virus-

specific RNA in HeLa cell cultures is about four
times that of HeLa- RNA. The amount of virus-
specific RNA extracted from HeLa+ virus-in-
fected HeLa cells per unit of cellular RNA is
several-fold greater than that obtained from
HeLa- virus-infected HeLa cells under similar
conditions. Thus, the restricted multiplication of
HeLa- GDVII virus in HeLa cells is associated
with restricted synthesis of the viral RNA.
By sedimentation analysis on sucrose density

gradients, HeLa- GDVII virus-specific RNA
synthesized in HeLa and BHK-21 cells and HeLa+
GDVII virus RNA synthesized in HeLa cells are
qualitatively similar. In both the abortive infec-
tion in HeLa cells and the productive infection in
BHK-21 cells, the major species of HeLa- virus-
specific RNA produced is single stranded and
sediments with an approximate S value of 35S.
However, the amount of labeled HeLa- virus-
specific RNA obtained from HeLa cells is several-
fold lower than that from BHK-21 cells. The
major species of HeLa+ virus-specific RNA pro-
duced in HeLa cells is also single stranded and
sediments with an approximate S value of 35S.

Since our first report (10), it has been found
that two other picornaviruses, mengovirus and
bovine enterovirus 1, also cause abortive infec-
tions in several different animal cell hosts (3).
Cells which support a productive infection with
one of the two viruses may be nonpermissive for
the other. One cell type which is a permissive host
for both mengovirus and bovine enterovirus 1 is
the HeLa cell, a nonpermissive host for GDVII
virus. No variant of mengovirus or bovine entero-
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virus 1 with extended host range (analogous to
HeLa+ GDVII virus) has been reported.
No qualitative differences have been discovered

in the pattern of mengovirus-directed protein
synthesis through analysis by acrylamide gel
electrophoresis of extracts from productively or
abortively infected cells (6). Though the total
amount of viral proteins synthesized in nonper-
missive cell hosts is reduced, the different proteins
are synthesized in similar proportions in non-
permissive and permissive cells.
The evidence obtained in the present investiga-

tion indicates that host-dependent restriction of
picornavirus growth is associated with restricted
synthesis of the viral RNA. Reduced synthesis of
viral RNA could well lead to reduced synthesis of
virus-specific proteins, as observed in infection of
nonpermissive cells with mengovirus (6). It should
be emphasized, however, that RNA replication
depends both on successful translation and trans-
cription of the viral genome, and that these two
processes are interdependent (5). Synthesis of
viral RNA, which in picornaviruses is also the
messenger RNA, depends on the synthesis of viral
RNA polymerase. Reduction in the synthesis of
the viral RNA polymerase would be expected to
lead to reduced synthesis of viral RNA. Further
work is clearly needed to elucidate the nature of
the primary defect in picornavirus replication in
nonpermissive cells. We do know, however, that
the restricted infection of HeLa cells with HeLa-
GDVII virus is not one in which normal amounts
of RNA are made while production of infective
virus is curtailed. Rather, the evidence which we
obtained indicates that the production of HeLa-
viral RNA itself is restricted.

Although the cytopathological changes indicate
that all cells in a culture can be infected under
conditions of restricted growth of virus in non-
permissive cells, the possibility exists that an early
step, such as uncoating, is delayed or incompletely
executed. Our results could, at least in part, be
explained on the basis of delayed or restricted
initiation of messenger and replicative functions
by the RNA of the infecting particles. Host-de-
pendent differences in the rate or efficiency of
uncoating have been reported previously for
poliovirus (4). Another possibility is that input
or progeny viral RNA or the replicating viral
RNA may not interact properly with the mem-
branous structures with which picornavirus-
directed biosynthesis is associated in the infected
cell. This, too, could result in limited synthesis
of viral RNA as well as proteins.

Restriction in the production of infective virus
is more than 10-fold greater than restriction in the
synthesis of viral RNA. If there are strict spatial
and temporal requirements for efficient encapsida-

tion of viral RNA, even a moderate restriction in
the total amount of RNA may lead to a very
marked reduction in the formation of infective
virus. On the other hand, limited availability of
capsid proteins could also be a factor in the re-
duced production of HeLa- virus in HeLa cells.

In a previous communication (10), we discussed
some of the known mechanisms that determine
whether a particular phage is capable of repli-
cation in a particular bacterial cell to which it can
adsorb. These mechanisms, which involve host-
controled modification of nucleic acid and in-
formational suppression, have not yet been re-
ported for animal viruses, and there is at present
no indication whether they may provide a bio-
chemical basis for the specific host-dependent
viariablity in the growth of picornaviruses.

Although, in general, different types of cells
from the same species behave in the same way,
it is of particular interest that two kinds of cells of
mouse origin respond differently to GDVII virus
infection. The same observation has been made
with mengovirus which also undergoes productive
or abortive infection in different cell types of
mouse origin. This indicates that, depending on
limited changes in the genome of the host cell, the
ability of cells to support the replication of viruses
may vary.
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