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Cell Killing by Avian Leukosis Viruses
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Infection of chicken cells with a cytopathic avian leukosis virus resulted in the
detachment of killed cells from the culture dish. The detached, dead cells
contained more unintegrated viral DNA than the attached cells. These results
confirm the hypothesis that cell killing after infection with a cytopathic avian
leukosis virus is associated with accumulation of large amounts of unintegrated
viral DNA. No accumulation of large amounts of integrated viral DNA was found
in cells infected with cytopathic avian leukosis viruses.

Some avian leukosis viruses and all avian re-
ticuloendotheliosis viruses can form plaques in
chicken embryo fibroblasts (4, 5, 8, 10). Visual-
ization of plaques requires specialized conditions
such as treatment of cells with neutral red under
agar (8). However, avian leukosis viruses of sub-
groups B, D, and F and reticuloendotheliosis
viruses cause generalized cytopathic effects in
infected avian cells during acute infection when
virus spread and reinfection are allowed; this
phenomenon does not require growth under agar
or the presence of neutral red (15, 19).

After infection with a cytopathic avian leu-
kosis virus, the cytopathic effects are first ob-
served on day 2 or 3 after infection (acute phase)
and persist until 8 to 10 days after infection. The
cytopathic effects then disappear, and the cells
resemble mock-infected cells and continue to
multiply and release virus (chronic phase).

The cytopathic avian leukosis viruses cause
characteristic changes in cells during acute in-
fection; cells become granular, there is an in-
creased number of rounded and floating cells,
and there is a reduction in the number of cells
attached to the culture dish relative to mock-
infected control cultures or cultures infected
with a noncytopathic avian leukosis virus (19).

A correlation exists between the reduction in
cell number caused by the cytopathic avian leu-
kosis and reticuloendotheliosis viruses and a
transient accumulation of unintegrated linear
viral DNA (9, 19). During acute infection, cells
infected with cytopathic viruses contain 50- to
100-fold more unintegrated viral DNA than cells
infected with noncytopathic viruses. During
chronic infection with a cytopathic virus, the
amounts of unintegrated viral DNA drop 50- to
100-fold from the maximal amounts found dur-
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ing acute infection. When virus spread is in-
hibited early after infection, there is a smaller
reduction in cell number and no accumulation
of large amounts of unintegrated viral DNA.
These results are consistent with the hypothesis
that the reduction in cell number and the accu-
mulation of unintegrated linear viral DNA dur-
ing acute infection are caused by early spread
and superinfection by the cytopathic virus.

In the present work, we tested the hypothesis
that the reduction in cell number in cytopathic
virus-infected cultures is caused by cell death
and detachment from the plate. We also tested
the hypothesis that the cells that have large
numbers of molecules of viral DNA die, leaving
as survivors cells with small amounts of viral
DNA. We found that infection with cytopathic
avian leukosis viruses resulted in the actual kill-
ing of some cells in the population; these cells
were recovered as nonadherent cells and were
shown to contain proportionately more uninte-
grated viral DNA than live cells.

MATERIALS AND METHODS

Cells and viruses. Primary cultures of chicken
embryo fibroblasts were prepared and characterized
as previously described (13, 14, 19). The growth and
assay of the avian leukosis viruses and spleen necrosis
virus (SNV) used in this study were previously de-
scribed (15, 16, 19).

Chicken embryo fibroblasts chronically infected
with SNV were obtained as follows. Chicken cells in
100-mm petri dishes were infected with SNV and
subcultured twice so that all cells were infected. After
two passages (at which time the transient cytopathic
effects had disappeared), the cells were plated in 100-
mm petri dishes and used for superinfection.

Separation of dead and living cells. To harvest
nonadherent cells, culture fluid was collected, and the
plates were washed twice vigorously with TD buffer
(0.14 M NaCl, 0.005 M KCl, 0.0007 M Na.HPO,, and
0.025 M Tris adjusted to pH 7.4 with HC]) to remove
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loosely attached cells. The harvested medium and the
fluid from the washes were pooled and centrifuged.
Adherent cells were harvested after trypsinization of
the remaining cells on the culture plates.

Viability assays. The viability of the nonadherent
and adherent populations of cells was tested in three
ways.

(i) Renografin-Ficoll separation. The procedure
for Renografin-Ficoll separation is similar to one used
by Boyum (2) to separate living and dead cells. The
cells to be tested (adherent or nonadherent) were
suspended in standard medium at a concentration of
5 %X 10° to 1 X 107 cells/ml. Then 5 to 10 ml of
suspended cells was layered onto a 5-ml cushion of
Renografin-Ficoll (1.077 g of Renografin per ml in 2.0%
[wt/vol] Ficoll) and centrifuged at 350 X g at room
temperature for 15 min in an International centrifuge
(model PR-2). Cells were recovered and counted with
a Coulter counter.

(ii) Replating assay. After Renografin-Ficoll sep-
aration, cells were assayed for their ability to adhere
to petri dishes and multiply. Cells from either the
interface or the pellet of the Renografin-Ficoll cushion
were suspended in standard medium and plated at
densities of 5 X 10° to 5 X 10° cells per 60-mm petri
dish (the usual cell density for plating chicken cells on
a 60-mm dish is 6 X 10°). Four hours after plating, fetal
bovine serum was added to a final concentration of
3%.

(iii) Trypan blue exclusion test. A small volume
of a suspension of nonadherent or adherent cells was
mixed with an equal volume of the vital exclusion dye
trypan blue (0.16% [wt/vol] in TD buffer), and the
cells were counted in a hemacytometer.

Purification of total cellular DNA. Total cellular
DNA was prepared from confluent monolayers of in-
fected cells. DNA was extracted with phenol as de-
scribed (19). The DNA was dissolved in 0.1x SSC (1x
SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH
7.0), and the concentration was determined by mea-
suring the optical density. When the DNA concentra-
tion was too low to measure by optical density, a spot
test was performed (3). Serial twofold dilutions of a
DNA standard and of the DNA to be measured were
made in water containing 2 pg of ethidium bromide
per ml. Then 0.005-ml portions of the DNA standard
and the DNA to be measured were placed on Saran
wrap and visualized with UV fluorescence. The DNA
concentration of the unknown sample was determined
(to within 15% accuracy) by comparing the UV fluo-
rescence of the dilutions of the sample with the UV
fluorescence of the dilutions of the DNA standard.

Separation of unintegrated and integrated
viral DNAs. The procedure of Hirt (6) was used to
separate high-molecular-weight DNA from low-molec-
ular-weight DNA as described previously (19). Alter-
nately, high-molecular-weight DNA was separated
from low-molecular-weight DNA on 5 to 20% (wt/vol)
NaCl gradients (0.01 M Tris-hydrochloride [pH 8.0]-
0.005 M EDTA) (11). Total cellular DNA (100 to 200
1g) was loaded onto a 10-ml gradient and centrifuged
at 35,000 rpm in a Beckman SW41 rotor for 6 h at
20°C.

Growth of Charon 21A clone ARAV-2 for DNA
extraction. The Charon 21A clone containing the
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Rous-associated virus-2 (RAV-2) genome at its Sall
site (ARAV-2, obtained from A. Skalka) (17) was grown
at 20°C with shaking in Escherichia coli DP50 supF
infected at a multiplicity of infection of 0.005 PFU/
cell in 2x NZYDT growth medium. Phage were puri-
fied as described previously (11).

Preparation of nick-translated viral DNA hy-
bridization probe. The RAV-2 insert from the
ARAV-2 clone was isolated after digestion with the
restriction enzyme Sall and purification by prepara-
tive agarose gel electrophoresis. Electroelution was
used to elute the insert from the gel slice. Insert DNA
was labeled in vitro by nick translation (12).

Gel electrophoresis, blotting, and molecular
hybridization. Electrophoresis was carried out in 0.5
to 1% agarose slab gels (3 to 6 mm thick) containing
0.5 pg of ethidium bromide per ml. Electrophoresis,
blotting, and hybridization with [**P]cDNA or nick-
translated *’P-labeled viral DNA were performed as
described previously (19) except for one modification:
after electrophoresis, the agarose gels were treated in
0.25 M HCl for 15 min at room temperature to partially
depurinate the DNA (18).

Autoradiography and densitometry scanning.
Autoradiography was carried out at —70°C with Ko-
dak X-Omat X-ray film as described (19).

DNA samples that were subjected to electrophore-
sis in parallel lanes, blotted onto the same nitrocellu-
lose filter paper, and hybridized and autoradiographed
were used to make measurements of the amounts of
hybridizable DNA with a Joyce-Loebl microdensito-
meter. The exposure times used for scanning were
such that the recorded densities were in the linear
range of a standard dose-response curve. To obtain a
measurement of number of molecules of unintegrated
RAV-2 DNA, ARAV-2 DNA was used as a standard.
ARAV-2 DNA was digested with Sall to generate a
linear molecule of 5.0 megadaltons (Md). Serial two-
to threefold dilutions of this molecule were subjected
to electrophoresis in parallel with unintegrated viral
DNAs from the Hirt supernatant fractions. The DNA
was quantified as described above, and the numbers
of copies of unintegrated viral DNA were determined
with the ARAV-2 fragment used as a standard. To
obtain a measurement of the number of molecules of
unintegrated SNV DNA, a Charon 4A clone contain-
ing SNV (clone 14-44; 11) was used as standard. Clone
14-44 DNA was digested with Sacl to generate a linear
molecule of 4.6 Md. Unintegrated SNV DNA was
subjected to electrophoresis in parallel with the stand-
ard DNA and quantified as described above.

Statistical analysis. Statistical analysis was per-
formed by using the statistical program MINITAB at
the Madison Academic Computing Center.

RESULTS

Infection with a cytopathic virus results
in death and detachment of cells from the
culture dish. Chicken embryo fibroblasts were
infected with the cytopathic avian leukosis virus
RAV-2, and nonadherent and adherent cells
were harvested and counted at 2, 3, 4, 5, and 8
days after infection (Fig. 1). Three days after
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infection and thereafter, the number of adherent
RAV-2 infected cells was less than the number
of adherent mock-infected cells. In contrast, by
3 days after infection and thereafter, there were
more nonadherent RAV-2-infected cells than
nonadherent control cells. At 4 days after infec-
tion, there were nine times more nonadherent
RAV-2-infected cells than nonadherent control
cells. At this time, approximately 25% of the
RAV-2-infected cells were nonadherent, and
there were pronounced morphological differ-
ences between the RAV-2-infected and control
cultures (data not shown).

The viability of the adherent and nonadherent
RAV-2-infected cells was determined by the try-
pan blue exclusion test (data not shown). Be-
tween 50 and 80% of the nonadherent cells were
trypan blue positive. Approximately 10% of the
adherent cells were trypan blue positive. Most
of these were probably cells that would go on to
become nonadherent.

Similar results were found with a technique
that separates living and dead cells on the basis
of their behavior when centrifuged through a
Renografin-Ficoll cushion. After centrifugation,
nonviable cells sediment through the Reno-
grafin-Ficoll cushion, whereas viable cells band
at the top of the Renografin-Ficoll cushion. At
6 days after infection, nonadherent and adherent
chicken cells infected with RAV-2 were har-
vested, loaded onto a Renografin-Ficoll cushion,
and centrifuged. Most (60% or more) of the
nonadherent cells were found at the pellet; no
cells were observed at the interface (data not
shown). Most (90%) of the adherent cells were
found at the top of the Renografin-Ficoll cush-
ion.

Replated cells from the pellet were not viable,
even at 5 to 10 times the normal plating densities
(data not shown). On the other hand, replated
cells from the interface were able to attach and
multiply.

These results show that separation of cells
into nonadherent and adherent populations is
an effective way to separate dead from live cells
and that up to 25% of RAV-2-infected cells are
dead. Therefore, we conclude that infection by
cytopathic avian leukosis viruses results in the
killing of some cells in the population. These
cells become detached from the plate and can
be recovered as nonadherent cells; adherent cells
remain attached and either die later or go on to
become chronically infected.

Autolysis of cellular DNA in nonadherent
cells. Many of the trypan blue-staining cells
observed had undergone extensive autolysis and
appeared pycnotic or ghostlike. No cell nuclei
could be observed in some cells. Further autol-
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F16. 1. Number of nonadherent and adherent
RAV-2-infected and control chicken cells. Chicken
embryo fibroblasts on 100-mm culture dishes were
mock infected or infected with RAV-2 at a multiplicity
of infection of 0.25 PFU/cell. Nonadherent and ad-
herent cells were harvested at 2, 3, 4, 5, and 8 days
after infection, as described in Materials and Meth-
ods, and counted in a hemacytometer in the presence
of trypan blue.

™

ysis probably resulted in complete cell disinte-
gration and probably explains the fact that the
number of adherent and nonadherent infected
cells was less than the number of adherent con-
trol cells.

The extent of autolysis in the nonadherent
cells was studied by measuring the total cellular
DNA recoverable from the nonadherent cells in
relation to the amount of cellular DNA recover-
able from adherent cells. The average of the
amounts of total cellular DNA recovered from
cells at 2, 3, 4, and 5 days after infection with
RAV-2 was 1.4 pg/cell for nonadherent cells and
11.8 pg/cell for adherent cells. This significant
reduction in the amount of DNA per cell re-
covered in the nonadherent cells relative to the
amount in the adherent cells indicates that sub-
stantial degradation of DNA occurred in the
nonadherent cells.

Figure 2 (lanes A and B) shows the extensive
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FiG. 2. Agarose gel electrophoresis and autoradi-
ogram of DNAs from RAV-2-infected nonadherent
and adherent cells. Total cellular DNA was extracted
from nonadherent and adherent RAV-2-infected
chicken cells at 3 days after infection. The DNA was
subjected to electrophoresis in a 0.5% agarose gel. In
lanes A and B, the gel was stained with ethidium
bromide, the DNA bands were visualized with UV
fluorescence, and the gels were photographed. In
lanes C and D, the DNA on the same gel was trans-
ferred to nitrocellulose filter paper and processed as
described in Materials and Methods. Nick-translated
RAV-2 [**P]DNA was used as a hybridization probe.
(A) Gel electrophoresis of total DNA from adherent
RAV-2-infected chicken cells; (B) gel electrophoresis
of total DNA from nonadherent RAV-2-infected
chicken cells; (C) autoradiogram of DNA from ad-
herent RAV-2-infected chicken cells; (D) autoradi-
ogram of DNA from nonadherent RAV-2-infected
chicken cells. Bacteriophage A DNA was digested
with EcoRI and served as a molecular weight stand-
ard.

degradation of the total DNA from the nonad-
herent cells.

Amounts of unintegrated viral DNA in
adherent and nonadherent cells. The hy-
pothesis that cells that accumulate large
amounts of unintegrated viral DNA die and
become detached from the culture dish, leaving
behind surviving cells that do not contain large
amounts of viral DNA, was tested by measuring,
after infection with a cytopathic virus, the
amounts of unintegrated viral DNA in the non-
adherent cells relative to the amounts of unin-
tegrated viral DNA in the adherent cells. Figure
2 shows an autoradiogram of unintegrated viral
DNA from the adherent (lane C) and nonadher-
ent (lane D) RAV-2-infected chicken cells at 3
days after infection. Although extensive degra-
dation of total cellular DNA was observed in the
nonadherent infected chicken cells (Fig. 2, lane
B), a clear band of viral DNA was observed in
these cells (Fig. 2, lane D). The largest amounts
of unintegrated viral DNA were found in the
nonadherent cells at 3 to 4 days after infection
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(Fig. 3). At this time there were five to six times
as many molecules of unintegrated viral DNA
per microgram of cellular DNA in the nonad-
herent cells as in the adherent cells.

In the experiment described in Fig. 3, the
number of molecules of unintegrated viral DNA
was normalized to the amounts of cellular DNA
recovered from the nonadherent or adherent
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Fi16. 3. Amounts of unintegrated viral DNAs from
nonadherent and adherent chicken cells infected with
RAV-2. Chicken cells from the experiment described
in the legend to Fig. 1 were fractionated by the Hirt
extraction procedure. DNA was extracted, subjected
to electrophoresis in a 0.7% agarose gel, and proc-
essed as described in Materials and Methods. Nick-
translated RAV-2 [®?P]DNA was used as a hybridi-
zation probe. \RAV-2 DNA was digested with Sal-1
and served as a standard for calculating numbers of
molecules of unintegrated viral DNA. Twofold serial
dilutions of the marker were subjected to electropho-
resis in parallel with the DNA samples. The number
of molecules of viral DNA was normalized per micro-
gram of cellular DNA recovered. The amounts of
viral DNA at each time point (with the exception of
DNA from the nonadherent cells at 2 days after
infection and the DNA from adherent cells at 8 days
after infection) was measured on two or more sepa-
rate gels, and the mean number of molecules per
microgram of cellular DNA was plotted. Error bars
span 2 standard deviations from the mean value. At
8 days after infection, the amount of cellular DNA in
the nonadherent cells was very low; an accurate
measurement of unintegrated RAV-2 DNA could not
be made.
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cells. This normalization was performed because
many cells in the nonadherent population had
undergone extensive autolysis and had lost most
or all of their DNA (see above). This normali-
zation is valid only if unintegrated viral DNA is
degraded to the same extent as total cellular
DNA. The following experimental strategy was
used to test this assumption. It had previously
been shown that during chronic infection with
SNV, a small but constant amount of uninte-
grated viral DNA (5.5 Md) persists for as long
as the cells survive (9, 17). The amount of un-
integrated SNV DNA in chronically infected
cells was, therefore, used as a standard to deter-
mine the extent of degradation of low-molecular-
weight DNA relative to total cellular DNA.

Chicken embryo cells, chronically infected
with SNV, were superinfected with RAV-2. In
parallel, normal, uninfected chicken cells were
also infected with RAV-2, The numbers of non-
adherent and adherent cells per culture were
determined (S. K. Weller, Ph. D. thesis, Univer-
sity of Wisconsin, Madison, Wis., 1980). The
results were similar to those presented above;
there were fewer adherent RAV-2-infected cells
(SNV chronic and normal chicken) than adher-
ent, mock-infected SNV chronic chicken cells,
and there were more nonadherent RAV-2-in-
fected cells (SNV chronic and normal chicken)
than nonadherent, mock-infected SNV chronic
cells. The number of RAV-2-infected nonadher-
ent cells peaked at 4 days after infection, at
which time there were roughly 10 times more
nonadherent RAV-2-infected cells than nonad-
herent mock-infected SNV chronic cells. At 4
days after infection, the number of trypan blue-
positive cells in the two RAV-2-infected cultures
comprised approximately 20% of the total cells
.and approximately 80 to 85% of the nonadherent
cells. These results indicate that, as before, we
were able to separate dead and living cells based
on adherence to the culture dish.

Unintegrated RAV-2 DNA from the adherent
and nonadherent cells was quantified by nucleic
acid hybridization as described above (Fig. 4).
The amounts of unintegrated viral DNA were
normalized as before to the number of micro-
grams of total cellular DNA recovered. The
numbers of molecules of RAV-2 DNA per mi-
crogram of cellular DNA in the RAV-2-infected
chicken cells and in the RAV-2-infected SNV
chronic cells are presented in Fig. 4A and B,
respectively. The largest amounts of full-length
unintegrated RAV-2 DNA were found at 3 to 4
days after infection in the nonadherent chicken
cells and the nonadherent SNV chronic chicken
cells (Fig. 4A and 4B, respectively). There were
four- to fivefold more unintegrated RAV-2 DNA

CELL KILLING BY AVIAN LEUKOSIS VIRUSES 717

molecules per microgram of cellular DNA in the
nonadherent RAV-2-infected cells than in the
adherent RAV-2-infected cells (Table 1).

The numbers of molecules of SNV DNA in
the nonadherent and adherent RAV-2-infected
SNV chronic cells were also measured and were
normalized per microgram of cellular DNA re-
covered (Table 2). The numbers of molecules of
SNV DNA per microgram of cellular DNA in
the nonadherent or the adherent cells were sim-
ilar at 3 and 4 days.

The mean ratio of SNV DNA in nonadherent
relative to adherent cells was calculated from
separate measurements of the ratios taken at 3
and 4 days after infection (Table 1). The mean
ratio, 1.4 + 0.9, indicates that the amount of
SNV unintegrated DNA in the nonadherent
cells was approximately the same as in the ad-
herent cells.

The mean ratio of unintegrated SNV DNA in
nonadherent cells relative to that of uninte-
grated SNV DNA in adherent cells was com-
pared according to a ¢-test in pairwise combina-
tions with the mean ratios of RAV-2 DNA in
nonadherent cells relative to RAV-2 DNA in
adherent cells at 3, 4, and 5 days after infection
(data presented in Fig. 3 and 4 and Tables 1 and
2). There were significant differences between
the mean ratio of SNV DNA and the mean
ratios of RAV-2 DNA at 3, 4, and 5 days after
infection (P of 0.92, 0.96, and 0.99, respectively,
by t-test). This result indicates that high-molec-
ular-weight DNA was not degraded preferen-
tially. Therefore, the normalization used in the
experiment of Fig. 3 and 4 to determine the
amounts of RAV-2 DNA in nonadherent and
adherent cells was valid.

Amounts of integrated viral DNA in
chicken cells infected with cytopathic and
noncytopathic avian leukosis viruses. In the
experiments described above, we demonstrated
that there is a correlation between cell killing
and the transient accumulation of unintegrated
viral DNA. To determine whether there is also
a correlation between cell killing and the accu-
mulation of large amounts of integrated DNA,
cells were collected at different times after infec-
tion with RAV-2 or RAV-1, and the number of
molecules per cell of unintegrated and integrated
DNA was measured by nucleic acid hybridiza-
tion.

There were roughtly 40 copies of unintegrated
RAV-2 DNA per cell at 3 days after infection
(Fig. 5). By 10 days after infection, there was an
80-fold decrease in the number of unintegrated
RAV-2 DNA molecules per cell to approxi-
mately 0.5 molecules per cell.

At 3 to 4 days after infection, there was ap-
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F1G6. 4. Amounts of unintegrated RAV-2 DNA in RAV-2-infected chicken cells and in RAV-2-infected SNV
chronic chicken cells. Chicken embryo fibroblasts on 100-mm culture dishes were infected with RAV-2 at a
multiplicity of infection of 0.15 PFU/cell. In parallel, SNV chronic chicken cells (prepared as described in
Materials and Methods) were infected with RAV-2 at the same multiplicity of infection. Nonadherent and
adherent cells were harvested at 2, 3, and 4 days after infection, as described in Materials and Methods.
Total DNA was extracted from the nonadherent and adherent RAV-2-infected chicken cells (A) and RAV-2-
infected SNV chronic chicken cells (B). The DNA was subjected to electrophoresis in a 0.5% agarose gel,
which was processed, and the DNA was quantified as described in the legend to Fig. 3. The number of
molecules of unintegrated RAV-2 DNA at each time point was measured on two or more separate gels, with
the exception of the 3-day time points of the nonadherent and adherent RAV-2-infected SNV chronic chicken
cells (B), which were measured once. The mean number of molecules of RAV-2 DNA per microgram of cellular
DNA was plotted; error bars span 2 standard deviations from the mean value. In (B), at 5 days after infection,
the amount of cellular DNA in the nonadherent cells was very low; an accurate measurement of unintegrated
RAV-2 DNA could not be made. Symbols: (A) O——CO, RAV-2 DNA in nonadherent cells; O-----O, RAV-2
DNA in adherent cells. (B) A——/A, RAV-2 DNA in nonadherent cells; A-----A, RAV-2 DNA in adherent cells.

proximately 1 molecule of unintegrated RAV-1
DNA per cell (Fig. 5). Thus, during acute infec-
tion there was approximately 40 times more
unintegrated viral DNA in the RAV-2-infected
cells than in the RAV-1-infected cells.

To quantify integrated viral DNA, the high-
molecular-weight DNA (over 20 Md) was sepa-
rated from low-molecular-weight DNA in so-
dium chloride gradients as described in Mate-
rials and Methods. When undigested RAV-1
high-molecular-weight DNA was subjected to
electrophoresis and detected by hybridization
(Fig. 6, lane A), all the viral DNA was found at

the origin; no viral DNA was seen at the position
of unintegrated viral DNA (5.2 Md). However,
when undigested RAV-2 high-molecular-weight
DNA was subjected to electrophoresis and hy-
bridized, viral DNA was observed at the origin
and at a position corresponding to unintegrated
viral DNA (lane E). Thus, the high-molecular-
weight RAV-2 DNA was contaminated with un-
integrated viral DNA. To determine the
amounts of integrated RAV-2 DNA, the
amounts of contaminating unintegrated RAV-2
DNA were measured and subtracted from the
total amounts of viral DNA measured, as de-
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TABLE 1. Mean ratios of viral DNA in nonadherent

and adherent cells
Mean ratio of Mean ratio of
Days after RAV-2DNAin SNV DNA in non-
RAV-2infection nonadherent and adherent and ad-

adherent cells® herent cells’

3 4.2 + 2,0°

4 53 +3.1¢

5 4.2 £ 0.1°

3and 4 14+ 09

¢ Calculated for each individual pair of measure-
ments of RAV-2 DNA in nonadherent and adherent
cells. Ratios from RAV-2-infected SNV chronic and
RAV-2-infected normal chicken cells were pooled, and
the mean ratio + 1 standard deviation was calculated.
Numbers shown are derived from the data presented
in Fig. 3 and 4.

® Calculated for each individual pair of measure-
ments of SNV DNA in the RAV-2-infected SNV
chronic cells. The mean ratio + 1 standard deviation
was calculated from six separate measurements pooled
from 3 and 4 days after infection. Numbers shown are
derived from the data presented in Table 2. The ratios
at 3 and 4 days were not significantly different.

¢ Average of four individual pairs of measurements,
two from RAV-2-infected SNV chronic cells and two
from RAV-2-infected normal chicken cells.

4 Average of five individual pairs of measurements,
two from RAV-2-infected SNV chronic cells and three
from RAV-2-infected normal chicken cells.

¢ Average of two individual pairs of measurements
from RAV-2-infected normal chicken cells.

TABLE 2. Amounts of unintegrated SNV DNA in
RAV-2-infected SNV chronic cells

Days
after No. of molecules of uninte-
RAV-2- Type of cell grated SNV DNA/ug of
infec- cellular DNA®
tion
3 Nonadherent 1.8 X 10° £ 1.2 x 10°
Adherent 1.1 x 10° £ 2.2 x 10°
4 Nonadherent 1.1 x 10° + 4.2 x 10°
Adherent 1.2 x 10° + 4 x 10°

¢ Determined as described in Materials and Meth-
ods, using nick-translated SNV DNA (a gift of I. Chen)
as a hybridization probe. The average of four or more
separate measurements + 1 standard deviation is
shown.

scribed in the legend to Fig. 5. (The contaminat-
ing unintegrated viral DNA comprised 10 to 15%
of the total viral DNA in the high-molecular-
weight samples.)

There were 10 to 20 copies of integrated RAV-
2 DNA per cell (Fig. 5). Thus, there was not a
significant decrease in the amount of integrated
RAV-2 DNA per cell as the cells progressed
from the acute to the chronic phase of infection;
this is in contrast to the observed 80-fold de-
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crease in the amount of unintegrated RAV-2
DNA in the same time period. (We previously
reported a fivefold drop in the amount of infec-
tious viral DNA in the Hirt pellet fraction as the
cells progressed from acute to chronic infection
[19]; however, this drop was probably the result
of the presence of contaminating unintegrated
viral DNA in the Hirt pellet fractions.)

At 3, 4, and 10 days after infection with RAV-
1, there were two to four copies of integrated
RAV-1 DNA per cell (Fig. 5). There appear to
be roughly 5 to 10 times more integrated RAV-
2 DNA than integrated RAV-1 DNA per cell
during acute infection, in contrast to the 40-fold

40

RAV-2 UNINTEGRATED

VIRAL DNA
(MOLECULES /CELL)

DAYS AFTER INFECTION

F16. 5. Amounts of unintegrated and integrated
viral DNAs in RAV-1- or RAV-2-infected cells. Un-
integrated and integrated viral DNA was quanti-
fied as described in the text. Nick-translated RAV-2
[2P]DNA was used as a hybridization probe. The
amounts of integrated DNA were determined as fol-
lows. The high-molecular-weight DNA was digested
with EcoRI, and the amount of DNA in the 1.5-Md
band was measured (see Fig. 5). \RAV-2 DNA was
digested with Sall and EcoRI, and the 1.5-Md frag-
ment served as a standard for calculating the number
of molecules of total viral DNA. The unintegrated
viral DNA in each sample of high-molecular-weight
DNA was quantified by subjecting undigested DNA
to electrophoresis. \RAV-2 DNA was digested with
Sall and the 5.2-Md fragment served as a standard
for ealculating the numbers of molecules of uninte-
grated DNA. The amount of unintegrated viral DNA
in each high-molecular-weight sample was sub-
tracted from the total viral DNA in each sample in
order to determine the amount of integrated viral
DNA. The number of molecules of unintegrated and
integrated viral DNA per cell was calculated from
two or more separate measurements, and the mean
values were plotted. Error bars for the numbers of
molecules of integrated viral DNA per cell span 2
standard deviations from the mean value. Error bars
are not presented for the numbers of molecules of
unintegrated viral DNA per cell. The standard de-
viations were as follows: for unintegrated RAV-2
DNA, 18 at 3 days and 4 at 4 days; for unintegrated
RAV-1 DNA, 1 at 3 days and 0 at 10 days. When no
standard deviation is shown, only one measurement
was made.
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F1G6. 6. Autoradiogram of high-molecular-weight
DNA from RAV-1- or RAV-2-infected cells before and
after digestion with EcoRI. Chicken embryo fibro-
blasts in 100-mm petri dishes were exposed to RAV-
1 or RAV-2 at a multiplicity of infection of 2.5 or 1.0
IU/cell, respectively. Total cellular DNA was ex-
tracted at 4 days after infection, and high-molecular-
weight DNA was obtained after centrifugation in
sodium chloride gradients. High-molecular-weight
DNA was digested with EcoRI and subjected to elec-
trophoresis in a 0.5% agarose gel. Five to 10 pg of
cellular DNA was used per slot. The gel was proc-
essed as described in Materials and Methods. Nick-
translated RAV-2 [*P]DNA was used as a hybridi-
zation probe. (A) Undigested RAV-1 high-molecular-
weight DNA at 4 days after infection; (B) EcoRI-
digested RAV-1 high-molecular-weight DNA at 4
days after infection; EcoRI-digested RAV-2 high-mo-
lecular-weight DNA at 4 days after infection; (D)
Eco-RI-digested uninfected chicken cell DNA; (E)
undigested RAV-2 high-molecular-weight DNA at 4
days after infection; (F) EcoRI-digested RAV-2 high-
molecular-weight DNA.

observed difference in the amounts of uninte-
grated DNA in these cells.

DISCUSSION

In the present study, we demonstrated that
infection with a cytopathic virus results in de-
tachment of killed cells from the culture dish.
We also demonstrated that the detached dead
cells contain approximately five to six times
more unintegrated viral DNA than cells which
remain attached to the culture dish. The actual
accumulation of unintegrated viral DNA in non-
viable cells may be greater than the observed
five- to sixfold accumulation, since many of the
adherent cells eventually will die and probably
have begun to accumulate unintegrated viral
DNA. This result is consistent with the hypoth-
esis that cells that accumulate large amounts of
unintegrated viral DNA die and become de-
tached from the culture dish, leaving behind
surviving cells that do not contain large amounts
of viral DNA.

J. VIROL.

In addition, we found no accumulation of large
amounts of integrated viral DNA in cells in-
fected with cytopathic avian leukosis viruses.

Virus production. Virus production by cells
infected with noncytopathic viruses is 20- to 400-
fold lower than virus production by cells infected
with cytopathic viruses (17, 19; Weller, Ph.D.
thesis, 1980). However, the levels of integrated
viral DNA in cells infected with RAV-1 or RAV-
2 differed only by 5- to 10-fold (Fig. 5). Thus,
there does not seem to be a simple correlation
between virus production and amounts of inte-
grated viral DNA (1, 9).

Mechanism of cell killing. The mechanism
of cell killing by cytopathic viruses is still un-
known, but cell killing is correlated with an
accumulation of 300 to 400 molecules of uninte-
grated viral DNA per cell. This accumulation of
unintegrated viral DNA may be toxic to cells
either by itself or as a result of RNA or proteins
coded by it. We are currently performing exper-
iments to test whether the unintegrated viral
DNA can be used as a template for RNA syn-
thesis. We have found no correlation between
the amount of unintegrated viral DNA and the
amount of virus production (17, 19; Weller,
Ph.D. thesis, 1980), indicating that unintegrated
DNA is not used as a template for virus produc-
tion.

Alternatively, it may be that it is not the
accumulation of viral DNA (or its products) that
is toxic to cells, but rather the multiple super-
infections could cause both cell killing and viral
DNA accumulation. Further experiments will be
necessary to elucidate the mechanism of cyto-
pathogenicity by avian retroviruses.
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