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Previously, we reported (Fritsch and Temin, J. Virol. 21:119-130, 1977) that
infectious viral DNA was not present in spleen necrosis virus-infected stationary
chicken cells. However, a stable intermediate was present in such infected
stationary cells as evidenced by the appearance of infectious viral DNA shortly
after serum stimulation of these cells. After serum stimulation of infected station-
ary cells, the infectious viral DNA appeared first in the nucleus. In contrast, in
infected dividing cells the infectious viral DNA appeared first in the cytoplasm.
Significantly reduced amounts of complete plus- or minus-strand viral DNAs
were detected by nucleic acid hybridization in stationary chicken cells infected
with spleen necrosis virus or Schmidt-Ruppin Rous sarcoma virus compared
with the amounts detected in infected dividing cells. These experiments indicated
that infected stationary cells did not contain complete noninfectious copies of
viral DNA. Furthermore, 5-bromodeoxyuridine labeling and cesium chloride
density gradient centrifugation analysis of the infectious viral DNA that appeared
after serum stimulation of infected stationary cells indicated that most viral
DNA synthesis occurred after addition of fresh serum.

Production of progeny virus by cells infected
with retroviruses requires that the cells pass
through one normal replicative cell cycle after
infection (5-7, 15). Cells infected in the non-
replicative phase of the cell cycle (stationary
cells) do not synthesize viral RNA, viral pro-
teins, or infectious virus until some time after a
replicative cell cycle is initiated. Previous exper-
iments involving inhibitors of DNA synthesis
(16, 17) or 5-bromodeoxyuridine (BUdR) substi-
tution into DNA and subsequent light irradia-
tion (1, 2) have indicated, however, that some
viral DNA is synthesized in infected stationary
cells.
We have reported that infectious viral DNA

is not present in spleen necrosis virus-infected
stationary chicken cells (4). After addition of
fresh serum and initiation ofa normal replicative
cell cycle, infectious viral DNA can be detected
within 24 h, even if the addition of fresh serum
is delayed for 6 days after infection (4). We now
report that the amounts of complete plus- and
minus-strand viral DNAs are significantly re-
duced in stationary chicken cells infected with
either of two species of avian retroviruses com-
pared with the amounts in infected dividing cells
and that most viral DNA synthesis occurs after
addition of fresh serum.

t Present address: Department of Microbiology, School of
Medicine, University of Southern California, Los Angeles, CA
90033.

MATERIALS AND METHODS
Cells and viruses. Stationary cultures of chicken

embryo fibroblasts were prepared by arresting cells
in the non-replicative phase of the cell cycle as follows
(4). Cultures of tertiary or later chicken embryo fibro-
blasts were prepared at 2 X 106 cells per 100-mm petri
dish in 10 ml of Eagle minimal essential medium
containing 20% tryptose phosphate broth (ET me-
dium). After at least 4 h, the medium was changed to
10 ml of ET medium containing 1.5% fetal bovine
serum, and the cultures were incubated at 370C to
deplete the serum of multiplication-stimulating activ-
ity. Four days after the addition of serum, 5 ml of
Eagle medium without serum was added, and the cells
were used 3 or 4 days later (stationary cells). All
infections were carried out with such stationary cells.
After infection, the culture medium was replaced with
either the original depleted medium (these cells are
called infected stationary cells) or medium containing
fresh serum (these cells are called infected dividing
cells).

In some experiments cells were labeled with 5 ug
of BUdR (Calbiochem, Los Angeles, Calif.) per ml in
Eagle medium with no serum or with serum dialyzed
to remove any nucleosides. All manipulations with
BUdR-labeled cells or DNA were carried out in
darkened rooms, using a General Electric yellow lamp
as the only light source.

Spleen necrosis virus (SNV) has been previously
described (17). The Schmidt-Ruppin strain of Rous
sarcoma virus, subgroup D (SR-RSV-D), was from a
recently cloned stock and contained no detectable
excess of transformation-defective virus. Hirt fraction-
ation and cytoplasmic and nuclear fractionation of
infected cells, DNA extraction, cesium chloride equi-
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librium density gradient centrifugation, and assay of
infectious viral DNA were as described previously (4).
The amount of infectious viral DNA in a DNA sample
was quantitated by end-point dilution as before (4) in
terms of 50% infective dose (ID5o) units. Quadruplicate
cultures of chicken embryo fibroblasts were exposed
to two- br tnreetold serial dilutions of DNA, and the
amount of DNA necessary to infect 50% of the recipi-
ent cultures (one ID50 unit) was calculated (11).

Nucleic acid hybridization. A 3H-labeled comple-
mentary DNA (cDNA) probe was prepared from dis-
rupted virions of SNV as described previously (4).
The [3H]cDNA had a specific activity of approxi-
mately 2 x 107 dpm/pug and hybridized 40% to 20 jug
of total DNA from chicken cells chronically infected
(18) with SNV (data not shown). [3H]uridine-labeled
viral RNA was prepared by labeling SNV- or Rous
sarcoma virus-Rous-associated virus-0 (RSV-RAV-
0)-infected chicken or pheasant cells in 100-mm plas-
tic petri dishes with 4 ml of Eagle medium containing
100 uCi of [3H]uridine (New England Nuclear Corp.,
Boston, Mass.; specific activity, 49 Ci/mmol) per ml
and dialyzed serum (3% calf serum and 3% fetal calf
serum). Cells were prelabeled with the [3H]uridine for
12 h; then fresh radioactive medium was applied, and
the cells were harvested at three 12-h intervals. 3H-
labeled 60-70S viral RNA was isolated by published
procedures (8). The SNV [3H]RNA hybridized 82%
to 100 pg of total DNA from chicken cells chronically
infected with SNV (data not shown). RSV-RAV-0
[3H]RNA was a kind gift of E. Keshet. The [3H]cDNA
and the [3H]RNA probes detect the plus- and minus-
strand viral DNAs, respectively (using the convention
that the DNA strand identical in polarity to the viral
mRNA is designated the plus strand).

Unlabeled DNA for nucleic acid hybridization anal-
ysis was fragmented by alkaline hydrolysis (0.3 M
NaOH, 100'C, 20 min), neutralized, and ethanol pre-
cipitated as described (4). Nucleic acid hybridization
with cDNA or 60-70S viral RNA was in 0.6 M NaCl,
0.1% sodium dodecyl sulfate, 1% phenol, 0.001 M
EDTA, and 0.05 M Tris (pH 7.3) for 60 to 70 h at
630C as described previously (4). The percentage of
hybridization was determined after digestion with S1
nuclease (4) or RNase A (8).

RESULTS
Appearance ofinfectious viral DNA after

addition of fresh serum to infected station-
ary cells. We previously showed that infectious
viral DNA was not present in stationary chicken
embryo fibroblasts infected with SNV (4). No
infectious viral DNA was found for up to 5 days
after infection if cells were maintained in the
absence offresh serum. However, infectious viral
DNA did appear within 24 h after addition of
fresh serum to these cells.
For example, 48 h after infection of stationary

chicken embryo fibroblasts with SNV, there was
more than a 10-fold difference in the amounts
of infectious viral DNA recovered from cells
that did and did not receive fresh serum at the
time of infection (Fig. 1A, 0 h after serum).
When fresh serum was added to infected station-
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FIG. 1. Kinetics of appearance and cellular loca-
tion of infectious SNV DNA after addition of fr-esh
serum to infected stationary cells. Cultures ofstation-
ary chicken embryo fibroblasts (approximately 4 x
101 cells per culture) were infected with SNV at a
multiplicity of approximately 10 PFUlcell, and me-
dium with fresh serum (solid line) or the original
depleted medium without fr-esh serum (dashed line)
was replaced. Forty-eight hours after infection (0 h
after -serum), the medium on some ofthe cultures was
replaced with medium containing fresh serum, and
at different times after addition offresh serum three
cultures were harvested by Hirt fractionation (A) or
ten cultures were harvested for cytoplasmic and nu-
clear fractionation (B). Each sample was assayed
for infectious viral DNA. The recovery of infectious
viral DNA in the combined cellular fr-actions was
for unexplained reasons two- to fourfold lower than
in the combined Hirt /ractions. However, this reduced
recovery was not observed in other experiments that
had an otherwise similar result. Symbols: 0, Hirt
supernatant infectious viral DNA (A) or cytoplasmic
infectious viral DNA (B); *, Hirt pellet infectious
viral DNA (A) or nuclear infectious viral DNA (B).

ary cells that were manandin the absence
of fresh serum for 48 h after infection, there was
a sharp increase 12 to 18 h later in the amounts
of infectious viral DNA recovered in both the
Hirt supernatant and pellet fractions. An addi-
tional increase occurred by 48 h after addition
of fresh serum.
The distribution of infectious viral DNA be-

tween the cytoplasmic and nuclear fractions of
the same cells at 12, 18, 24, and 48 h after
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addition of fresh serum is presented in Fig. 1B.
At 18 or 24 h after addition of fresh serum,
approximately 90% of the infectious viral DNA
was present in the nuclear fraction. Only by 48
h after addition of fresh serum did the cytoplas-
mic fraction contain a significant proportion of
the infectious viral DNA.
We previously showed (4) that at 1 and 2

days after infection of dividing cells, approxi-
mately 50% of the infectious viral DNA was in
the cytoplasmic fraction. The reproducible dif-
ferences observed in the proportions of infec-
tious viral DNA in the nuclear fractions of in-
fected dividing cells and of infected stationary
cells after addition of fresh serum indicate that
the site of appearance of infectious viral DNA
is distinctly different in these cells.
These experiments demonstrate that a stable

viral intermediate is present in infected station-
ary cells. Subsequent experiments attempted
first to determine whether this intermediate con-
sisted of complete noninfectious viral DNA.
Reduced amounts of complete viral DNA

in stationary cells. Synthesis of viral DNA is
apparently blocked in infected stationary cells
at a step before the formation of the infectious
linear double-stranded viral DNA (4; Fig. 1).
Since infectious unintegrated viral DNA can be
isolated from the supernatant fraction of a Hirt
fractionation (4), it seemed likely that the inter-
mediate present in infected stationary cells
would also be in the Hirt supernatant fraction.
Therefore, we attempted to detect this inter-
mediate in the Hirt supernatant fraction of in-
fected stationary cells by using nucleic acid hy-
bridization with probes that detect either the
plus- or the minus-strand viral DNA.
DNA was prepared from the Hirt supernatant

fractions of stationary or dividing chicken em-
bryo fibroblasts 48 h after infection with SNV.
At this time, there is in infected dividing cells a
peak in the amount of unintegrated infectious
viral DNA (4). Each DNA preparation was then
hybridized to SNV [3H]cDNA or [3H]RNA to
determine the amounts of plus- and minus-
strand viral DNAs present and titered to deter-
mine the amount of infectious viral DNA.
There were significantly less hybridizable

plus- and minus-strand viral DNAs in the DNA
preparation from infected stationary cells com-
pared with that from infected dividing cells (Fig.
2). These differences can be quantitated by com-
paring the amounts of DNA required to protect
a given proportion of the 3H-labeled probes. In
each case, approximately 10-fold more DNA
from infected stationary cells was required to
protect 10% of the 3H-labeled probes than DNA
from infected dividing cells.
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FiG. 2. Nucleic acid hybridization of SNV CHI-
cDNA or 3HJRNA to Hirt supernatant DNA from
SNV-infected stationary or dividing cells. PH1]-
cDNA prepared from disrupted virons of SNV or
SNV 3HJRNA (2,000 dpm each) was hybridized to
different amounts ofHirt supernatant DNA prepared
from parallel cultures of stationary (STAT, 0) or di-
viding (DIV, 0) cells 2 days after infection with SNV.
The abscissa represents the amount of Hirt super-
natant DNA in each hybridization reaction in terms
of the number of cultures from which that DNA was
prepared. -Hybridization and SI nuclease or RNase
A digestion were as described in Materials andMeth-
ods. Each point represents the average of duplicate
samples. The 3HlcDNA probe had an intrinsic nu-
clease resistance of 13%, which was subtracted. The
PHIRNA probe had an intrinsic nuclease resistance
of3% which was subtracted.

To insure that the intermediate was not pres-
ent in the Hirt pellet DNA, we performed a
similar hybridization experiment with Hirt pel-
let DNA from infected stationary cells. Reduced
amounts of Hirt pellet infectious viral DNA are
observed in infected stationary cells compared
with infected dividing cells (4; Fig. 1; and data
not shown). No significant hybridization of la-
beled viral RNA with DNA from the Hirt pellet
fraction of infected stationary cells was detected
(data not shown).

Similarly, SR-RSV-D-infected stationary cells
contained ificantly less hybridizable minus-
strand viralDNA than did infected dividing cells
(Fig. 3). SR-RSV-D-infected stationary chicken
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FIG. 3. Nucleic acid hybridization of RSV-RAV-
O fH]RNA to Hirt supernatant DNA from SR-RSV-
D-infected stationary or dividing cells. RSV-RAV-O
3HIRNA (1,000 dpm) was hybridized to different
amounts of Hirt supernatant DNA prepared from
parallel cultures ofstationary (STAT, 0) or dividing
(DIV, 0) cells 2 days after infection with SR-RSV-D.
(RSV-RAV-O and SR-RSV-D RNAs have extensive
nucleic acid sequence homology [81, and therefore
RSV-RAV-O fH]RNA was used as a probe in these
experiments because of availability.) Hybridization
and RNase A digestion were as described in Mate-
rials andMethods. Eachpoint represents the average
of duplicate samples. The PHIRNA had an intrinsic
nuclease resistance of0.5%, which was not subtracted.
Control experiments with Hirt supernatant DNA
from uninfected cells showed no significant hybridi-
zation.

cells also contained reduced amounts of infec-
tious viral DNA (data not shown).
These experiments indicate that infected sta-

tionary cells do not contain amounts of complete
noninfectious viral DNA similar to the amounts
of complete infectious viral DNA in infected
dividing cells.
The hybridizable viral DNA detected in the

DNA preparations from infected stationary cells
can be explained either by the presence ofpartial
copies of the plus- and minus-strand viral DNAs
or by the low background of infectious viral
DNA in the infected stationary cells (approxi-
mately 10-fold less infectious viral DNA was
recovered from infected stationary cells than
from infected dividing cells [Fig. 1A and data
not shown]). Per infectious viral DNA molecule,
there were approximately the same amounts of
hybridizable viral DNA in the Hirt supernatant
fractions either from infected stationary or di-
viding cells or in purified linear viral DNA (Fig.
4). Furthermore, the hybridizable minus-strand
viral DNA that was present in infected station-
ary cells sedimented in an alkaline sucrose gra-
dient (Fig. 5) with the approximate rate expected
for full-length single-stranded viral DNA (14).
No small viral DNA from infected stationary

cells was detected as slower-sedimenting mate-
rial. These data, therefore, indicate that the
hybridizable DNA detected in the DNA prepa-
rations from infected stationary cells is the result
of the background of infectious viral DNA in
these cells and not of the presence of partial
copies of the viral DNA. This background of
infectious viral DNA is consistent with viral
DNA synthesis in the small proportion of cells
that proceed through the replicative cell cycle
in the absence of fresh serum (4, 5).
The appearance of hybridizable viral DNA

after serum stimulation of infected stationary
cells was also examined. In the experiment de-
scribed in Fig. 1, we found that the appearance
of minus-strand viral DNA in the Hirt superna-
tant fractions exactly paralleled the appearance
of infectious viral DNA. That is, only a small
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FIG. 4. Nucleic acid hybridization to Hirt super-
natant infectious viral DNA from' SNV-infected sta-
tionary or dividing cells or to purified linear infec-
tious viral DNA. The data from Fig. 2 are replotted
after normalization to the number of IDwo units of
each DNA per hybridization reaction. Also included
is hybridization to purified linear viral DNA (LIN-
EAR, A) prepared from infected dividing cells (4). As
stated in the text and in reference 4, infected station-
ary cells contain a reduced, but detectable, amount
of infectious viral DNA. This reduced level of infec-
tivity was used in normalizing the hybridization re-
sults for the infected stationary cell DNA. Other
symbols are as in Fig. 2.
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FIG. 5. Sedimentation in alkaline sucrose gra-

dients of Hirt supernatant DNA from SR-RSV-D-
infected stationary or dividing cells. Hirt supernatant
DNAs from the experiment of Fig. 3 representing six
cultures each of stationary or dividing infected cells
were centrifuged in parallel 10 to 30% alkaline su-
crose gradients in 0.3 M NaOH-0.5 M NaCI-0.005
M EDTA for 5 h at 48,000 rpm in a Spinco SW50.1
rotor. Phage fd 3H-labeled DNA (molecular weight,
1.7 x 106) was centrifuged in a parallel gradient as
a sedimentation marker (13). After fractionation,
each fraction was heated at 100"C for 20 min to
fragment the DNA and hybridized to 1,000 dpm of
RSV-RAV-O 3HJRNA. The P3HIRNA had an intrin-
sic nuclease resistance of 2%, which was subtracted.

amount of minus-strand viral DNA was detected
in cells without fresh serum; there was no in-
crease in the amount of minus-strand viral DNA
by 12 h after addition of fresh serum; and there
was approximately a 12-fold increase 12 to 18 h
after addition of fresh serum (data not shown).
These experiments indicate that infected sta-

tionary cells contain only small amounts of com-
plete plus and minus strands of viral DNA,
consistent with the small fraction of infected
stationary cells that proceed through the repli-
cative cell cycle in the absence of fresh serum.
We next attempted to determine whether, in
addition, synthesis of a portion of the viral DNA
molecule occurs in most infected stationary cells.
Labeling with BUdR of viral DNA syn-

thesized in infected stationary cells. Evi-
dence that viral DNA is synthesized in most

infected stationary cells has come from experi-
ments in which BUdR was present in the me-
dium after infection (1, 2). Subsequent sensitiv-
ity of the infection to light irradiation indicated
that incorporation of the BUdR (and therefore
viral DNA synthesis) did occur in most of the
infected stationary cells. These experiments
were performed with avian sarcoma viruses
(Schmidt-Ruppin Rous sarcoma virus and the
Bryan strain of Rous sarcoma virus). We have
confirmed them with a reticuloendotheliosis vi-
rus, SNV (Table 1).

Since incorporation ofBUdR into DNA leads
to an increase in the buoyant density of DNA
in CsCl equilibrium density gradients (9), it
should be possible to determine what proportion
of the viral genome is synthesized in infected
stationary cells by labeling the DNA synthesized
in infected stationary cells with BUdR and ex-
anining the density of infectious viral DNA
appearing soon after addition of fresh serum in
the absence of BUdR.

In an experiment done in parallel with the
TABLE 1. Comparison of light inactivation ofSR-
RSV-D- and SNV-infected stationary chicken cells

No. of cells
Virus BUdR plated/infectious

center
SR-RSV-D - 104
SR-RSV-D + 5 x 104

SNV - 6x 103
SNV + 30 x 103

aStationary chicken embryo fibroblasts were in-
fected with either SR-RSV-D or SNV at a low multi-
plicity, and Eagle medium containing no or 5 usg of
BUdR per ml was replaced. Twenty-four hours later,
each culture was washed twice with 2 ml of a buffer
containing 0.14 M NaCl, 0.005 M KCl, 0.0007 M
Na2HPO4, 0.001 M CaCl2, 0.0005 M MgCl2, and 0.025
M Tris (pH 8.0), 6 ml of the same buffer was replaced,
and the cultures were exposed for 1 h to light from
two Westinghouse FS-20 fluorescent sun lamps from
the underside at a 6-cm distance and through a filter
consisting of a 300-.g/ml thymidine solution in water
in a Falcon tissue culture flask (path length, 3 cm).
This lamp emits a peak efficiency at 310 nm. After
exposure, the cells were trypsin treated, washed twice,
counted, and seeded at serial 10-fold dilutions (in
quadruplicate) onto freshly prepared cultures of
chicken embryo fibroblasts; medium with fresh serum
was added, and the cultures were examined for the
presence or absence of virus several days later. Control
cultures incubated with or without BUdR and with
or without light exposure demonstrated that virus
production (SNV) or focus formation (SR-RSV-D)
was inhibited in cultures exposed to BUdR and light
and that there was no effect of light exposure or
BUdR incorporation per se on either of the above
parameters (unpublished data).

b Calculated number of cells required to register as
an infectious center.
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experiment described in Table 1, the medium
of some SNV-infected cells was changed 48 h
after infection from medium without serum and
with BUdR to medium with fresh serum and
without BUdR. Infectious viral DNA was pre-
pared from the Hirt supernatant fraction of
these cells 24 h after addition of fresh serum
and was centrifuged to equilibrium in a CsCl
density gradient (Fig. 6).
The infectious viralDNA in this CsCl gradient
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FIG. 6. Cesium chloride equilibrium density gra-
dient centrifugation of infectious SNV DNA after
addition of fr-esh serum to infected stationary cells
labeled for 48 h with BUdR in the absence of serum.
Ten cultures of stationary chicken cells were pre-
pared in parallel with the. cells described in Tabke I
and infected with SNV at a multiplicity of infection
of about 10 PFUlcell, and Eagle medium without
serum and containing 5 pq of BUdR per ml was
replaced. After 48 h of incubation at 370C, the me.
dium was changed to Eagle medium with 3% calf
serum and with 3% fetal calf serum and no BUdR,
and the cells were harvested by Hirt fractionation
24 h later. There was approximately a 30-fold in-
crease in the amount of infectionviral DNA per
culture in the cesos24 h after serum stimulation.
There was no detectable increase in virusproduction
in the cets 24 h after serum stimulation (data not
shown). The Hirt supernatantDNA waspurified and
then sedimented to equilibrium in a cesium chloride
density gradient (starting density 1.735 glcm3, 62 h,
18°C, 33,000 rpm, Sipinco type 40 rotor). 3H-labeled
marker DNAs, consisting of native chicken cellular
DNA (LL) and chicken cellular DNAs substituted in
one strand with BUdR (HL) or in both strands with
BUdR (HH) (prepared from, chicken cells labeled
with 5 ang of BUdR per ml for 24 h and with LOHd
cytidine and 5 hgofBiUdRper ml for an additional
24 h), were added as internal density markers. The
gradient wasfnactionatedfrom the bottom,refaoactive
indexes of selected factionshere determined, and a
portion of each fraction was counted to determine
thepositions ofthe marker DNA& Each fraction was
dialyzed extensively against 0.015 M NaCI-0.15 M
sodium citrate (pH 7H0)to remove the CsCt and then
quantitatively assayed for infectious viral DNA.

had a density slightly greater than the density
of chicken cellular DNA not substituted with
BUdR. This density is indistinguishable from
the density ofunintegrated infectious SNVDNA
(4). Therefore, the infectious viral DNA that
appeared after addition of fresh serum did not
contain BUdR in a significant portion of the
genome. BUdR incorporation into the equiva-
lent of 20% of one strand of the viral DNA
would have resulted in a detectable shift in the
density of the infectious viral DNA.
In similar experiments using SR-RSV-D, the

infectious viral DNA had a density only slightly
greater than the density ofchicken cellularDNA
not substituted with BUdR (Fig. 7). Therefore,
the infectious SR-RSV-D DNA that appeared
after fresh serum addition also did not contain
BUdR in a significant portion of the genome.

In both of these experiments (Fig. 6 and 7),
only very small amounts of infectious viral DNA
were found in the denser regions ofthe gradients,
and, in particular, no infectious viral DNA of
hybrid density (which would band at a density
slightly greater than that of the HL marker
DNA) was observed.
The proportion of the viral genome synthe-

sized in stationary cells was also determined by
BUdR labeling of the DNA synthesized after
addition of fresh serum to infected stationary
cells. In such a reciprocal experiment in which
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FIG. 7. Cesium chloride equilibrium density gra-
dient centrifugation of infectious SR-RSV-D DNA
after addition of fresh serum to infected stationary
cells labeled for 48 h with BUdR in the absence of
serum. This experiment was performed as that de-
scribed in Fig. 6 except the cells were infected with
SR-RSV-D at a multiplicity of infection of about 5
focus-forming units/cell. There was approximately a
20-fold increase in the amount of infectious viral
DNA per culture in the cells 24 h after serum stimuu-
lation. There was no detectable increase in virus
production 24 h after serum stimulation (data not
shown).
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BUdR was added at the time of addition of
fresh serum to SNV-infected stationary cells,
the majority of the infectious viral DNA banded
in a CsCl gradient as two peaks near the density
of DNA fully labeled with BUdR (Fig. 8). The
peak of infectious viral DNA banding at a den-
sity slightly higher than that of the HH marker
DNA is consistent with the occurrence of viral
DNA fully labeled with BUdR. The peak of
infectious viral DNA banding at a density
slightly lower than that of the HH marker DNA
is consistent with results obtained with viral
DNA labeled with BUdR in all but the equiva-
lent of 20 to 30% of one strand of the viral DNA.
This latter result indicates that synthesis of 20
to 30% of one strand of the viral DNA occurs in
some infected stationary cells.
The experiments presented in this paper,

therefore, indicate that viral DNA synthesis is
controlled by the replicative cell cycle. The ma-
jor portion ofviral DNA synthesis after infection
of stationary cells only occurs after the cells are
stimulated by fresh serum to enter the replica-
tive cell cycle.

DISCUSSION
Chicken cells infected by avian retroviruses

do not synthesize progeny virus if they are pre-
vented from entering a normal replicative cell
cycle after infection. Treatments that interfere
with the normal replicative cell cycle, including
X-irradiation and serum starvation (5, 6, 12, 15),
prevent the appearance of progeny virus.

Stationary chicken cells prepared by serum
starvation do not synthesize viral RNA after
infection until some time after a replicative cell
cycle is initiated by addition of fresh serum (6).
Addition of fresh serum results in the appear-
ance of both viral RNA and progeny virus 18
to 24 h later, even if addition of fresh serum is
delayed for several days (5, 6). Therefore, a
normal replicative cell cycle is required early in
the replication cycle of the virus before or at
the initiation of transcription of viral RNA. Fur-
thermore, the viral information must be present
in infected stationary cells in a stable form.
We have attempted to determine at what

stage the viral replication cycle is arrested in
infected stationary cells by examining the syn-
thesis of viral DNA in infected stationary cells.
Our results indicate that both infectious viral
DNA and hybridizable viral DNA are present
in reduced amounts in infected stationary cells
compared with the amounts in infected dividing
cells and, therefore, that a normal replicative
cell cycle is required for the synthesis of viral
DNA. The requirement for a normal replicative
cell cycle was observed with both the avian
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FIG. 8. Cesium chloride equilibrium density gra-
dient centrifugation of infectious SNV DNA from
cells labeled with BUdR for 24 h after addition of
fresh serum to infected stationary cells. Seven cul-
tures of stationary chicken cells were prepared and
infected with SNV at a multiplicity of infection of 10
PFU/cell, and the original depleted medium was
replaced. After 48 h of incubation at 370C, the me-
dium was replaced with Eagle medium with 3% di-
alyzed calf serum and with 3% dialyzed fetal calf
serum and 5 fig of BUdR per ml. The cells were
harvested by Hirt fractionation 24 h later. There was
approximately a fivefold increase in the amount of
infectious viral DNA per culture in the cells 24 h
after serum stimulation. There was no detectable
increase in virus production in the cells 24 h after
serum stimulation (data not shown). DNA from the
Hirt supernatant fraction was then centrifuged and
assayed as described in the legend to Fig. 6.

leukosis-sarcoma virus species and the reticulo-
endotheliosis virus species of avian retroviruses.
While this research was in progress, Varmus

et al. similarly observed reduced amounts of
complete plus- and minus-strand viral DNAs in
stationary quail embryo fibroblasts infected with
the B77 strain of avian sarcoma virus (19). How-
ever, they did detect, also, some plus- and minus-
strand viral DNAs in infected stationary cells
that were shorter in length than viral DNAs in
infected dividing cells.

Infected stationary cells contain the viral ge-
netic information in a stable form (Fig. 1; 4, 5),
possibly as DNA, RNA, or a combination of
DNA and RNA. The cellular location of this
stable intermediate in infected stationary cells
was first examined. In contrast to the cytoplas-
mic appearance of infectious viral DNA after
infection of dividing cells (4), the infectious viral
DNA that first appeared after addition of fresh
serum to infected stationary cells was primarily
in the nuclear fraction. This result indicates that
the intermediate present in the infected station-
ary cells probably migrates to the nucleus or to
a site near the nucleus.
The nature of the intermediate present in
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infected stationary cells was examined by BUdR
labeling and nucleic acid hybridization experi-
ments. The inactivation of virus infection by
light irradiation of stationary cells infected in
the presence of BUdR (Table 1; 1, 2) and the
effect of inhibitors of DNA synthesis on virus
infection in stationary cells (15-17) indicate that
some viral DNA synthesis does occur in infected
stationary cells. However, the BUdR-label-
ing-buoyant density experiments (Fig. 6-8) in-
dicate that the major portion of viral DNA syn-
thesis occurs after addition of fresh serum. Also,
the nucleic acid hybridization experiments (Fig.
2-4) indicate that complete plus- and minus-
strand viral DNAs are not present in as many
copies in infected stationary cells as in infected
dividing cells.
Our results can be explained in two ways.

First, only a small segment of the complete viral
DNA molecule might be synthesized in all in-
fected stationary cells. Synthesis of this segment
of viral DNA in the presence of BUdR renders
the infection sensitive to light irradiation (Table
1). After addition of fresh serum, the cells enter
the replicative cell cycle, and the remaining por-
tion of the genome is copied into DNA. The
segment of viral DNA made in stationary cells
is below or at the limit of detection by the
nucleic acid hybridization or the BUdR-label-
ing-buoyant density experiments. (The limit of
detection by the nucleic acid hybridization ex-
periments is difficult to assess because of the
background of infectious viral DNA in infected
stationary cells. We estimate conservatively that
synthesis of 25% of one strand of the viral DNA
would have been detected. As stated in Results,
the limit of detection by the BUdR-label-
ing-buoyant density experiments is synthesis of
the equivalent of 20% of one strand.) This hy-
pothesis explains the hybridizable and infectious
viral DNA present in infected stationary cells
as a background resulting from the small pro-
portion of cells in the infected stationary cell
population that enter the replicative cell cycle
in the absence of fresh serum.

Alternatively, a limited number of complete
viral DNA molecules might be synthesized in
all infected stationary cells and later be ampli-
fied by rapid viral DNA replication after addi-
tion of fresh serum. The difference in the
amounts of hybridizable and infectious viral
DNA between infected stationary and infected
dividing cells would be the result ofamplification
by replication only in infected dividing cells.
The hybridizable and infectious viral DNA de-
tected in infected stationary cells would be the
result of synthesis of the complete viral DNA
molecules from infectious virions without addi-
tional replication of the viral DNA.

However, some of the hybridizable and infec-
tious viral DNA detected in infected stationary
cells probably results from replication of viral
DNA in infected stationary cells that enter the
replicative cell cycle in the absence of fresh
serum. The finding of small amounts of Hirt
pellet infectious viralDNA in infected stationary
cells is consistent with this explanation. There-
fore, under the second hypothesis there must
be considerable amplification of viral DNA after
addition of fresh serum.

In addition, no hybrid density viralDNA (HL)
was detected in the gradients of Fig. 6 and 7.
HL viral DNA should represent a detectable
portion of the replicated viral DNA in these
experiments.
We cannot distinguish conclusively between

these hypotheses. However, in the experiment
of Fig. 8, a peak of infectious viral DNA was
present at a density indicating incorporation of
BUdR into the equivalent of 20 to 30% of one
strand of viral DNA in some infected stationary
cells. This finding favors the hypothesis that
synthesis of a segment of viral DNA occurs in
infected stationary cells and that completion of
the viral DNA occurs after addition of fresh
serum. We are presently attempting to test this
hypothesis by determining whether a specific
region(s) of the viral genome is copied into DNA
in infected stationary cells.
The mechanisms) by which the replicative

cell cycle controls the synthesis of viral DNA is
unknown. Specific cell factors, normally present
in dividing cells but depleted in stationary cells,
might be required at particular early stages in
the synthesis ofviral DNA. More general factors,
such as availability of deoxyribonucleotide pre-
cursors either as a result of effects on the pool
sizes (which appear to be only slightly reduced,
if at all, in stationary chicken cells; see reference
3) or on their cellular localization, might also
result in decreased viral DNA synthesis. In ad-
dition, mechanisms involving specific degrada-
tion of viral DNA in infected stationary cells,
analogous to bacterial restriction (10), cannot
be ruled out.
The amounts of both infectious viral DNA

and minus-strand viral DNA increased 12 to 18
h after addition of fresh serum to infected sta-
tionary cells. Although not directly studied in
this work, this period corresponds to mid to late
S phase as reported previously (6). The synthesis
of viral DNA after addition of fresh serum is
likely due to the reappearance during S phase
of the factor(s) necessary for completion or rep-
lication of the viral DNA.
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