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Avian leukosis viruses of subgroups A and F (RAV-A and RAV-F) arose at a

low rate after passage of Rous sarcoma virus-Rous-associated virus-0, which is
subgroup E, in cells from ring-necked pheasant embryos. In cells of two em-
bryos, all of the viruses isolated after virus passage were RAV-F. However, in
cells of a third embryo, both RAV-A and RAV-F were isolated. In addition, there
sometimes were type-specific differences among the different isolates of RAV-A
and RAV-F from the cells of single embryos. These results indicate that the
RAV-A and RAV-F probably arose by recombination of viral and cellular genes,
that different ring-necked pheasant embryo may have different endogenous
avian leukosis virus-related nucleotide sequences, and that recombination at
different sites in these endogenous sequences might give rise to type-specific
differences among the RAV-A and RAV-F.

Many different groups, or species, of ribode-
oxyviruses have been described (18, 22). Within
each well-studied group of ribodeoxyviruses,
there are many different strains of virus. For
example, the avian leukosis virus group con-
tains six subgroups, and each of these
subgroups contains strains, or types, differing
in the type of transformation induced, the anti-
genicity of the envelope glycoproteins, and/or
the extent of replication in cells of fowl other
than chickens.
There appear to be two major processes re-

sponsible for the origin of the large numbers of
different ribodeoxyvirus strains. One varia-
tional process is spontaneous mutation, which
occurs at a high rate. For example, Zarling and
Temin (25) found that an avian leukosis virus,
B77 virus, mutates to an ability to infect duck
cells approximately once per 50 infected cell
generations. The second variational process is
recombination. The recombination can be be-
tween two viruses or between a virus and cellu-
lar genes. Recombination between an avian
leukosis virus and cellular genes is probably
illustrated by the appearance of Rous-associ-
ated virus (RAV)-61 or ring-necked pheasant
virus after multiplication of avian leukosis vi-
rus in ring-necked pheasant cells (2, 4, 16, 17).

In this paper, we present the results of a
study of variation in the envelope properties of
avian leukosis viruses after passage in pheas-
ant cells. We have studied the kinetics of ap-

pearance of avian leukosis viruses able to infect
C/E chicken cells after infection of ring-necked
pheasant cells with avian leukosis viruses in-
capable of infecting C/E chicken cells. In partic-
ular, we studied the kinetics of origin of viruses
able to infect C/E chicken cells in cells of differ-
ent pheasant embryos, and we determined
whether or not all of the newly isolated viruses
able to infect C/E chicken cells were of the same
subgroup and type.
We found that, after infection of pheasant

cells with subgroup E avian leukosis virus,
avian leukosis viruses of subgroups F and A
appeared at a low rate. In most cases, all of the
viruses arising from cells of a single pheasant
embryo were of subgroup F or subgroup A.
There was, however, sometimes type-specific
variation among the RAV-F or RAV-A from
cells of a single embryo. Some of the newly
isolated viruses had a cytopathic effect, al-
though the parental viruses were not cyto-
pathic.

MATERIALS AND METHODS
Cells, viruses, and antibodies. Chicken cells were

from C/E embryos from Spafas, which were negative
for avian leukosis virus group-specific antigen, sedi-
mentable DNA polymerase activity, and chick
helper factor. Ring-necked pheasant cells were pre-
pared from embryos from Poynette Game Farm,
Wisconsin Division of Natural Resources (pheasant
cells W2 and W8) or were a gift of P. K. Vogt,
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University of Southern California School of Medi-
cine (pheasant cells C8), and were negative for
avian leukosis virus group-specific antigen, sedi-
mentable DNA polymerase activity, and helper fac-
tor. DNA from these pheasant cells contained 10 to
20% of the nucleotide sequences of RAV-0 RNA (9;
Kang, personal communication). Duck cells were
from Muscovy duck embryos obtained from W.
Thrun, Madison, Wis. Turkey cells were from Or-
lopp turkey embryos obtained from the Wilmar
Poultry Co., Wilmar, Minn.
Most of the viruses used have been previously

described (8, 12). RAV-61 was originally obtained
from H. Hanafusa, Rockefeller University. Bryan
high-titer Rous sarcoma virus (RSV)-RAV-0, in-
duced leukosis virus from Reaseheath line I chicken
cells (I-ILV), and induced leukosis virus from Re-
gional Poultry Laboratory line 7 chicken cells (L7-
ILV) were obtained from P. K. Vogt and R. Weiss,
University of Southern California School of Medi-
cine, as infected pheasant cells C2 (23).

Sera from chickens immune to RAV-61, numbers
819 and 822, were a gift of H. Hanafusa. Immune
serum to RAV-1, number 102, was previously de-
scribed (1).

General experimental techniques. General exper-
imental techniques were similar to those used previ-
ously in this laboratory. Assay plates containing 6 x
105 chicken, pheasant, duck, or turkey cells were
prepared in 60-mm plastic petri dishes (Lux) in me-
dium without serum and were infected after either a
4-h or an overnight incubation. Complete medium
consisted of modified Eagle minimal essential me-
dium with 20% tryptose phosphate broth, 2% calf
serum, and 2% fetal bovine serum.

Viruses were assayed by inoculation of 0.2 ml of
serial 10-fold dilutions of virus in complete medium,
and, after 40 min of incubation at 37°C with agita-
tion, by addition of 5 ml of complete medium. The
plates were (i) examined for the appearance of
transformation, giving titers in focus-forming units,
or (ii) examined for the appearance of plaques or
generalized cytopathic effects, giving titers in PFU.
(The plaques and cytopathic effects appeared within
a few days after infection in the absence of agar,
neutral red, or preinfection with a temperature-sen-
sitive mutant of RSV. They, thus, are not exactly
the same as the avian leukosis virus-induced
plaques described by Graf [3] and Kawai and Hana-
fusa [10]. The cytopathic effect disappeared after
one or two passages, similar to what was previously
described for spleen necrosis virus-induced cyto-
pathic effect [20].) In addition, (iii) the supernatant
media were harvested and concentrated by ultra-
centrifugation, the sedimented viruses were dis-
rupted, and the amounts of activated calf thymus
DNA-directed DNA polymerase activity were deter-
mined by using a standard of concentrated spleen
necrosis virus, as described previously (19), giving
titers in DNA polymerase-forming units; or (iv) the
supernatant media were inoculated on cultures of
sensitive cells, and these cells were tested for infec-
tion by methods (i), (ii), or (iii), giving titers in in-
fectious units.

Virus was "cloned" by end point dilution. The
supernatant medium was harvested from the last
plate in a serial 10-fold dilution series to show a
positive response by any of the assays described
above, and it was used as a virus stock.
Complement fixation was by techniques previ-

ously described (7).
DNA polymerase neutralization was carried out

as previously described (12).
Interference tests were carried out by inoculating

assay plates of chicken cells with the viruses to be
tested or control medium (mock infection), transfer-
ring the cells three times until all the cells were
infected and most of any cytopathic effect had disap-
peared, and then carrying out standard virus assays
looking for appearance of cytopathic effects or focus
formation. The amounts of interference were deter-
mined by comparison of virus titers in the infected
and mock-infected cells.

Antibody neutralizations were performed by incu-
bating equal volumes ofheat-inactivated immune or
normal chicken serum and virus diluted to contain
100 to 1,000 infectious units. After incubation at
37°C for 30 min, the mixtures were diluted and
inoculated on chicken cells to determine the amount
of virus surviving.

Cell growth curves were carried out by inoculat-
ing assay plates with 104 to 10" infectious units of
virus, growing the cells in complete medium with
one complete medium change, and, at 6 or 7 days
after infection, releasing the cells from the culture
dishes with trypsin and counting the cell number
with a Coulter counter.
Naming of viruses. The newly isolated viruses

were designated by the name of the pheasant cells
(W2, W8, C8, or C2), a number designating the virus
stock (1, the RSV-RAV-0 used in Fig. 1; 2, the RSV-
RAV-0 used in Fig. 2; 3, L7-ILV; 4, I-ILV), and the
passage number. For example, virus W2-1-2 was
isolated from passage 2 of virus 1 (Fig. 1) in pheas-
ant embryo cells of W2, and C2-3 was isolated from
L7-ILV.

RESULTS
Initial observations. This study had its gene-

sis in the following two observations. (i) In the
course of growing large quantities of RSV-
RAV-0 in pheasant cells (8, 13), a cytopathic
effect was seen in the infected pheasant cells,
and a cytopathic virus capable of replicating in
C/E chicken cells was isolated from the super-
natant medium of these infected pheasant cells.
(The RSV-RAV-0 actually used in the experi-
ments described by Kang and Temin [81 and
Mizutani and Temin [13] did not contain this
cytopathic virus nor virus capable of replicating
in C/E chicken cells.) (ii) Cytopathic viruses
capable of replicating in C/E chicken cells were
also found in stocks of I-ILV and L7-ILV grown
in other pheasant cells.

In both of these cases the original parental
viruses, that is, RSV-RAV-0 and ILV, respec-
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tively, did not induce a cytopathic effect in
pheasant cells and did not replicate in C/E
chicken cells.
A preliminary experiment was performed to

determine whether or not these observations
were reproducible. Passage in pheasant cells of
a stock of RSV-RAV-O that did not contain any
virus capable of replicating in C/E chicken cells
again led to the appearance of a virus capable of
replicating in C/E chicken cells (data not
shown).

Kinetics of origin of virus capable of repli-
cating in C/E chicken cells. A large experi-
ment was then performed to determine in
pheasant cells from different embryos the ki-
netics of origin from RSV-RAV-O of viruses ca-
pable of replicating in C/E chicken cells. Two
different stocks of RSV-RAV-O, each titering
about 10 DNA polymerase-forming units/ml
and 10O focus-forming units/ml and selected to
contain no virus capable of replicating in C/E
chicken cells, were serially passaged at 11-day
intervals in pheasant cells from three different
embryos. Eight and 11 days after each infection
of the pheasant cells, the supernatant media
were inoculated on cultures of C/E chicken cells
to test for the presence of a virus capable of
replicating in these cells. Such a variant virus
was recognized by the formation of foci in the
chicken cells, the appearance of a cytopathic
effect in the chicken cells, or the appearance of
a sedimentable DNA polymerase activity in the
supernatant medium of the chicken cells. The
results of this experiment are presented in Fig.
1 and 2. Several variant viruses capable of rep-
licating in C/E chicken cells were found. In a
control experiment, uninfected pheasant cells
were serially passaged, and the supernatant
media were inoculated on chicken cells. No vi-
rus was detected (data not shown).
With the RSV-RAV-O stock used in the ex-

periment of Fig. 1, a variant virus capable of
replicating in C/E chicken cells appeared in
passage 2 or 3 in PH-W2 and PH-W8 cells,
respectively. Such a variant virus was not pres-
ent in the original RSV-RAV-O stock, as shown
by its failure to appear after infection of
chicken cells with passage 1 virus (data not
shown) and its failure to appear in an early
passage in PH-C8 cells. In addition, it will be
shown later that the variant viruses isolated
from passage 2 in PH-W2 cells and from pas-
sage 3 in PH-W8 cells were different.

In the other passage series described in Fig. 1
and 2, a variant virus capable of replicating in
C/E chicken cells appeared only after several
passages or did not appear at all.
The variant viruses capable of replicating in

C/E chicken cells had no apparent selective

advantage for replication in pheasant cells, as
shown by their failure to persist in some cases
of continued passage in pheasant cells (for ex-
ample, Fig. 1, passage 2 in PH-W2 cells and
passage 6a in PH-C8 cells) and their failure to
increase markedly in other passages in pheas-
ant cells (for example, Fig. 1, passage 3 in PH-
W8 cells, and Fig. 2, passage 6a in PH-C8 cells).
Characterization of newly isolated viruses

that replicate in C/E chicken cells: classifica-
tion in virus species or group. The supernatant
media of the cultures of chicken cells positive
for variant virus in the experiments described
in Fig. 1 and 2 were inoculated on fresh C/E
chicken cells to confirm the presence of a virus
capable of replicating in these cells. In all
cases, a virus was shown to be present by one or
more of the assays described above. The viruses
were named as described in Materials and
Methods by the name of the pheasant cells (W2,
W8, or C8), the number of the virus (1 or 2), and
the passage number. These viruses were then
cloned as described above, and stocks were
grown in C/E chicken cells. These stocks had
usually undergone only two or three passages
in chicken cells after the passages in pheasant
cells. In no case did these viruses still cause
focus formation.

In addition to stocks of the variant viruses
isolated from the experiments described in Fig.
1 and 2, stocks of cloned viruses were prepared
in a similar fashion from the preliminary ex-
periments (viruses W8-1-1, W8-1-lb, W8-1-2)
and from I-ILV and L7-ILV (viruses C2-4 and
C2-3, respectively).
There are two species or groups of ribodeoxy-

viruses that replicate in chicken cells, the
avian leukosis viruses and the avian reticulo-
endotheliosis viruses (14, 18, 22). The newly
isolated viruses were studied to determine the
species to which they belonged. The presence of
group-specific antigenic proteins and group-
specific DNA polymerase was used for this clas-
sification.

All of the newly isolated viruses, except W8-
2-7a, were grown in C/E chicken cells, and the
infected cells were collected and tested by com-
plement fixation for the presence of avian leu-
kosis virus group-specific antigens. All of the
infected cells were positive for avian leukosis
virus group-specific antigens (data not shown).
Therefore, all of the viruses tested belonged to
the avian leukosis virus group, or species.

In an additional test, the supernatant me-
dium from cultures of chicken cells infected
with all of the newly isolated viruses, except
W8-2-7a, were harvested and concentrated, the
viruses were disrupted with detergent, and the
specificity of the DNA polymerases was tested
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FIG. 1. Kinetics oforigin from RSV-RA V-0-infected pheasant cells of viruses capable of replicating in CIE

chicken cells. A stock ofRSV-RAV-0 (number 1) was serially passaged in cells from three different pheasant
embryos (PH-W2, PH-W8, and PH-C8). The passage inocula were, with three exceptions, 0.2 ml of undiluted
media from the 11-day harvests ofthe previous passage. In addition, media from the 8-day harvests ofpassage
3 in PH-W2 cells, ofpassage 3 in PH-W8 cells, and ofpassage 4 in PH-C8 cells were also used as inocula. The
passages continuing, at 11 days after infection, from these 8-day harvests are shown on the right-hand side of
the figure and are marked with "a." At each passage, 0.2 ml of undiluted medium was inoculated on cultures
containing 6 x 105 pheasant cells. After 40 min of absorption, 5 ml of complete medium was added. At
approximately 8 and 11 days after each infection, the supernatant media were harvested and frozen. A 0.2-ml
amount of undiluted medium from all of the 8- and 11-day harvests was inoculated on chicken cells. After
absorption, 5 ml ofcomplete medium was added, and the chicken cells were examined for foci (focus-forming
units [FFU]) or cytopathic effects (PFU). (The abscissas are marked FFU or PFU depending on whether foci
or plaques were observed.) At approximately 7 or 8 days after infection of the chicken cells, media were

harvested, concentrated by ultracentrifugation, and assayed for DNA polymerase activity. In a few cases

where there were many FFU or PFU, the DNA polymerase activity was not determined. The DNA polymerase
activity is expressed relative to a standard ofconcentrated spleen necrosis virus, which incorporated approxi-
mately 20,000 cpm (1.25 pmol) of[:H]TMP in 15 min. The figure presents the results of the assays in chicken
cells (ordinate) plotted against the passage number (2 to 6 or 3a to 7a) and days after infection of the pheasant
cells that the media were harvested (8 or 11 days) (abscissa).

with antibodies to DNA polymerases of RSV-

RAV-O and of spleen necrosis virus (a reticu-
loendotheliosis virus). (Representative data
are presented in Table 1.) The DNA polymer-
ases of all of the newly isolated viruses tested
were neutralized by antibody to RSV-RAV-O
DNA polymerase, and no DNA polymerase was

neutralized by the antibody to spleen necrosis
virus DNA polymerase, which neutralizes all
reticuloendotheliosis virus DNA polymerases
(13).
These two tests demonstrated that the newly

isolated viruses were members of the avian
leukosis virus group, or species, and not of the
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P~IG. 2. Kinetics of origin from RSV-RA V-O-infected pheasant cells of viruses capable of replicating in CIE

chicken cells. Another stock ofRSV-RAV-O (number 2), different from that used in the experiment described

in Fig. 1, was serially passaged as described in the legend to Fig. 1. (No foci were seen in chicken cells infected
with supernatant media from PH-W8.) FFU, Focus-forming units.

avian reticuloendotheliosis virus group, or spe-
cies. Therefore, the viruses are referred to as
RAV.

Classification in subgroup, or subspecies,
of avian leukosis viruses. The newly isolated
RAV were then classified as to subgroup by
tests of host range, interference, and neutrali-
zation of infectivity.

Since RAV-61, which belongs to subgroup F,
grows well in chicken, pheasant, and duck
cells, the newly isolated RAV were titered in C/
E chicken, Ph/BD pheasant, and D/ABDE duck
cells (Table 2). Almost all of the viruses fell into
two groups. The members of one group of seven
viruses, W2-1-2, W2-1-5a, C8-2-6, C8-2-6a, C8-1-
6, C8-1-6a, and C2-3, were like RAV-61 in hav-
ing approximately equal titers in chicken,
pheasant, and duck cells and in being cyto-
pathic. This result and the origin of these vi-
ruses from avian leukosis virus-infected pheas-

ant cells indicated that these viruses were prob-
ably of subgroup F, like RAV-61.
Four other viruses, W8-1-4, W8-1-1, W8-1-2,

and W8-2-7a, did not replicate in duck cell and
were not cytopathic. W8-2-7a had a low titer
that was not increased by passage. This low
titer prevented carrying out many experiments
with W8-2-7a. W8-1-1b was cytopathic and had
a very low titer in duck cells, whereas C2-4 was
only cytopathic at low dilutions of virus and
had a very low titer in duck cells. C2-4 and the
viruses from W8, therefore, appeared to be
different from the other seven RAV.

To determine if W8-1-lb and C2-4 were mix-
tures of viruses, the parental viruses were "re-
cloned," and the viruses isolated from infection
of duck cells were titered on chicken and duck
cells. W8-1-lb, after recloning or passage
through duck cells, gave viruses with proper-
ties generally similar to those of the parental

J. VIROL.
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TABLE 1. Neutralization ofDNA polymerase
activitya

% Neutralization by antibody to

Virus DNA polymerases

IgG-RSV-RAV-O IgG-SNV

SNV 0 56
RSV-RAV-O 97 0
W2-1-2 100 0
C8-2-6a 95 0
W8-1-4 100 0
W8-1-2 95 0
C2-4 95 0

a Cultures of chicken cells were infected with 104
to 106 DNA polymerase-forming units of the indi-
cated viruses. The infected cells were transferred
two times and plated in 100-mm petri dishes. A 10-
ml amount of medium was harvested from each
culture on each of 3 successive days; the media from
each culture were combined and centrifuged; the
pellets were incubated with detergent and the indi-
cated antibody to RSV-RAV-O DNA polymerase
(immunoglobulin G [IgGI-RSV-RAV-O), antibody to
spleen necrosis virus (SNV) DNA polymerase (IgG-
SNV), or control serum; and the DNA polymerase
activity remaining was measured as described in
Materials and Methods. See text for virus designa-
tions.

virus, with the virus isolated from duck cells
having a higher plating efficiency on duck cells.

In contrast, two very different viruses were
isolated from C2-4. One was like W2-1-2, W2-1-
5a, C8-2-6, C8-2-6a, C8-1-6, C8-1-6a, and C2-3.
The other was like W8-1-4, W8-1-1, and W8-1-2.
These viruses are called C2-4-F and C2-4-A,
respectively, for reasons that will become ap-
parent later.

Interference tests were performed to deter-
mine the subgroup of the cytopathic viruses.
W2-1-2, W2-1-5a, C8-2-6, C8-1-6, C8-1-6a, C2-3,
C2-4-F, and W8-1-lb were inoculated (approxi-
mately 104 PFU) on chicken cells chronically
infected with RAV-61. No cytopathic effects
were seen (Table 3). (The control experiments
with RAV-2, Schmidt-Ruppin-RSV, and spleen
necrosis virus showed that there was only
avian leukosis virus subgroup-specific interfer-
ence.) The reciprocal experiment was per-
formed with C8-2-6a. Cells chronically infected
with C8-2-6a were resistant to the cytopathic
effects of RAV-61 and W8-1-lb (data not
shown). Therefore, these interference tests in-
dicated that these viruses are in subgroup F.
They, therefore, are called RAV-F. (W8-1-lb is
in subgroup F, although it has a low plating
efficiency on duck cells. There is not always
correspondence between subgroup and infection
of duck cells. For example, B77 virus type I is in
subgroup C, although it does not infect duck
cells [25].)

A different test was used to determine the
subgroup of some of the noncytopathic, non-
duck-plating RAV (W8-1-4, W8-1-1, W8-1-2,
and C2-4-A). Separate cultures of chicken cells
were infected with these viruses, three RAV-F
(W2-1-5a, C8-1-6a, and C2-4-F) and RAV-1, pas-
saged three times, and inoculated with serial
10-fold dilutions of a cytopathic RAV-F (W2-1-
2). The titers of the W2-1-2 are shown in Table
4. No cytopathic effect was seen on the RAV-F-
infected cells. However, W2-1-2 had a high titer
in the cells infected with the noncytopathic
RAV from pheasant W8, C2-4-A, and RAV-1.
Therefore, these RAV from pheasant W8 and
C2-4-A do not appear to belong to subgroup F.
To determine with an interference test the

TABLE 2. Assay ofRAV in chicken, pheasant, and
duck cellsa

Titer (units/0.2 ml) in cells of:
Virus

Chicken Pheasant Duck

RAV-61 106 PFU 105 DPFU 106 IU
W2-1-2 105 PFU 105 PFU 105 IU
W2-1-5a 105 PFU 105 PFU 104 IU
C8-2-6 105 PFU 105 PFU 105 PFU
C8-2-6a 104 PFU 103 PFU 104 PFU
C8-1-6 106 PFU 105 PFU 104 PFUb
C8-1-6a 105 PFU 105 PFU 104 PFU
C2-3 105 PFU 104 PFU 104 PFU
C2-4 106 DPFUc 10' DPFU 1 IU
W8-1-lb 106 PFU 105 DPFU 1 IU
W8-1-4 106 DPFU 105 DPFU 0 IU
W8-1-1 105 DPFU 104 DPFU 0 IU
W8-1-2 106 DPFU 104 DPFU 0 IU
W8-2-7a 102 DPFUd 103 DPFUd 0 IU

a Assay plates containing chicken, pheasant, or
duck cells were inoculated with serial 10-fold dilu-
tions of the viruses listed, and the end points for
cytopathic effect (PFU) were determined. In addi-
tion, the supernatant media were harveted from all
of the cultures approximately 6 and 7 days after
infection, and the amount of sedimentable DNA
polymerase activity in the pooled media was mea-
sured to determine the end point for DNA polymer-
ase formation (DNA polymerase-forming units
[DPFU]). In all but one case (C2-4) where there was
a cytopathic effect, the end points for DPFU and
PFU were similar. In these cases, only the PFU titer
is given. In cases where there was no cytopathic
effect, but sedimentable DNA polymerase activity
was found, the titer is given in DPFU. In several
cases, the supernatant media from duck cells inocu-
lated with virus were assayed on chicken cells, and
the measurements of sedimentable DNA polymer-
ase activity were repeated to test for infectious units
(IU).

b 106 IU.
c A cytopathic effect was seen at low dilutions of

virus. Approximately 103 PFU were present.
d These titers were reproducibly lower than the

others.
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TABLE 3. Interference by RAV-61'

Cells infected with:
Virus

RAV-61 Control medium

RAV-61 0 +
W2-1-2b 0 +
C8-2-6C 0 +
C2-3 0 +
C2-4-F 0 +
W8-1-lb 0 +
RAV-2` + +
SR-RSVW + +
SNVf + +

' Cultures of chicken cells were mock-infected or
infected with RAV-61 and were transferred three
times until the cytopathic effects had disappeared.
Assay plates were prepared and inoculated with
approximately 104 PFU or focus-forming units of the
viruses listed. The cultures were examined for cyto-
pathic effects or focus formation. + indicates the
expected amount of cytopathic effect or focus forma-
tion; 0 indicates no cytopathic effect.

W2-1-5a was similar.
C8-1-6 and C8-1-6a were similar. C8-2-6a inter-

fered with the cytopathic effects of RAV-61 and of
W8-1-lb and, therefore, is also of subgroup F.

" RAV-2, a cytopathic avian leukosis virus of
subgroup B.

" Schmidt-Ruppin RSV-D, a transforming avian
leukosis virus of subgroup D.

f Spleen necrosis virus (SNV), a cytopathic reticu-
loendotheliosis virus.

subgroup of the RAV that did not interfere with
RAV-F (W8-1-4, W8-1-1, W8-1-2, and C2-4-A),
chicken cells were infected with these viruses,
passaged three times, and inoculated with
avian sarcoma viruses of subgroups A, B, C,
and D. The chronically infected cells were sen-
sitive to the viruses of subgroups B, C, and D
and were resistant to the viruses of subgroup A
(data not shown). This resistance was con-
firmed by titration of Schmidt-Ruppin-RSV-A
and RSV-RAV-1 on these chronically infected
cells (Table 5). Reductions in titer of >103 to
> 104 were found on these cells and not on the
uninfected or RAV-F-infected cells. Therefore,
these noncytopathic RAV appear to be of
subgroup A, and they are, therefore, called
RAV-A.

Type-specific differences among newly iso-
lated RAV. Some type-specific differences
among the RAV-F have already been pre-
sented. For example, W8-1-lb differs from the
other RAV-F (W2-1-2, W2-1-5a, C8-2-6, C8-2-6a,
C8-1-6, C8-1-6a, C2-3, and C2-4-F) in having a
much lower titer in duck cells.
A criterion in addition to host range and

interference that is used for subgroup classifi-
cation and that often recognizes type-specific

differences is neutralization by antibody to the
virion envelope. Therefore, some of the newly
isolated RAV were incubated with antibody to
RAV-61 and assayed (Table 6). RAV-61 and
four of the nine newly isolated RAV-F (C8-2-6a,
C8-1-6, C8-1-6a, and C2-4-F) were neutralized;
two of the nine newly isolated RAV-F (W2-1-2
and W2-1-5a) were somewhat neutralized; and
the other three newly isolated RAV-F (C8-2-6,
C2-3, and W8-1-lb) and all of the RAV-A were
not neutralized by the antibody to RAV-61.
These results are consistent with the previous
subgroup classification of RAV and also con-
firm that there are type-specific differences
among RAV-F.

TABLE 4. Interference with RA V-Fa

Cells infected with: Virus titer (PFU/ml)

Nothing 5 x 106
SNV 5 x 105
RAV-F
W2-1-5a <5
C8-1-6a <5
C2-4-F <5

W8-1-4 5 x 104
W8-1-1 5 x 104
W8-1-2 5 x 104
C2-4-A ca. 5 x 104b
RAV-1C 5 x 105b

a Chicken cells were inoculated with the viruses
listed and were transferred three times. Assay
plates were prepared and were inoculated with se-
rial 10-fold dilutions of W2-1-2, a cytopathic RAV-F,
and the number of plaques was determined. In a
parallel experiment, no significant reduction in titer
of C8-1-6a was found on RAV-A-infected cells
(see text). SNV, Spleen necrosis virus.

b Separate experiments.
'Subgroup A.

TABLE 5. Interference with viruses of subgroup Aa

Virus titer (FFU/ml)
Cells infected with:

SR-RSV-A RSV-RAV-1

Nothing 104 105
RAV-F: W2-1-5a 104b 104b
W8-1-4 <5 <5
W8-1-1 <5 <5
W8-1-2 <5 <5
C2-4-A <5' <5'

a Chicken cells were inoculated with the viruses
listed and were transferred three times. Assay
plates were prepared and inoculated with serial 10-
fold dilutions of Schmidt-Ruppin RSV-A (SR-RSV-
A) or RSV-RAV-1, and the number of foci were
determined. FFU, Focus-forming units.

b Approximate titer only because of some residual
cytopathic effect in these cells.

' Separate experiment.

J. VIROL.



RSV-RAV-0 PASSAGE IN PHEASANT EMBRYO CELLS

TABLz 6. Neutralization ofRAV by antibody to
RAV-61a

DNA polymerase
Virus Antibody activity (cpm ofVirus Antibody [3H]TMP incorpo-

rated/15 min)

RAV-F
RAV-61 0 1,170

+ 60
W2-1-2b 0 2,100

+ 370
W2-1-5ac 0 1,610

+ 290
C8-2-6e 0 1,550

+ 780
C8-2-6ab 0 1,430

+ 60
C8-1-6 0 325

+ 0
C8-1-6a 0 1,810

+ 30
C2-3b 0 150

+ 110
C2-4-Fw 0 4,700

+ 60
W8-1-lbb 0 6,100

+ 8,700
RAV-A

W8-1-4f 0 810
+ 700

C2-4-A 0 800
+ 920

a Portions of virus diluted to contain roughly 102
to 103 DNA polymerase-forming units in 0.1 ml were
incubated for 30 min at 37°C with equal volumes ofa
20-fold dilution of immune or control chicken sera.
The mixtures were diluted 5- and 50-fold with com-
plete medium and were inoculated on assay plates
containing chicken cells. The cells were overlaid
with complete medium; 6 and 7 days after infection
the supernatant media were harvested, and the
amounts of sedimentable DNA polymerase activity
were determined. The rates of incorporation were
linear for 30 min. Only the values for the cultures
inoculated with the fivefold dilutions of the neutral-
ization mixtures are given, except for C8-2-6. The
relative amounts of neutralization seen with the
cultures inoculated with the 50-fold dilutions were
similar. The relative amounts of neutralization
were reproduced in usually two other experiments.
Since non-neutralized virus may proliferate, the rel-
ative amounts of neutralization should be consid-
ered minimal estimates.

b.c.d Separate experiments.
e Supernatant medium from cultures inoculated

with 50-fold dilution of neutralization mixture.
' W8-1-1, W8-1-2, and W8-2-7a were similar in not

being neutralized by this antibody.

The type-specific differences among the
RAV-F were also confirmed with another anti-
body to RAV-61, number 822. C8-1-6a, C8-2-6a,
W2-1-2, and W2-1-5a were neutralized, whereas

C8-2-6 and W8-1-lb were not (data not shown).
In addition, some of the newly isolated RAV

were incubated with antibody to RAV-1 and
assayed (Table 7). The RAV-F were not neu-
tralized. Four of the RAV-A (W8-1-1, W8-1-2,
W8-2-7a, and C2-4-A) were neutralized by the
antibody to RAV-1, whereas one RAV-A (W8-1-
4) was not significantly neutralized, indicating
type-specific differences among the RAV-A.
A further type-specific difference among the

newly isolated RAV-F was in the extent of cell
killing. (The newly isolated RAV-A caused no
detectable cell killing.) Most of the RAV-F, for
example, W2-1-2 and C8-1-6, caused a cyto-
pathic effect with only a small decrease in cell
number, whereas two of the RAV-F (C8-1-6a
and W8-1-lb) caused a cytopathic effect with a
larger decrease in cell number in relation to
the control cultures (Table 8).

DISCUSSION
Bryan high-titer strain RSV-RAV-0 is a mix-

ture of two viruses, Bryan high-titer RSV and

TABLE 7. Neutralization by antibody to RAV-la
DNA polymerase

Virus Antibody activity (cpm ofVirus Antibody [3HITMP incorpo-
rated/15 min)

RSV-RAV-1 0 2,095
+ 550b

RAV-F
RAV-61 0 3,340

+ 3,300
C8-1-6 0 1,350

+ 1,570
W8-1-lb 0 2,350

+ 4,775
RAV-A
W8-1-4 0 360

+ 240c
W8-1-1 0 400

+ 0
W8-1-2 0 1,005d

+ 270
W8-2-7a 0 850e

+ 180
C2-4-A 0 1,515

+ 0

a Experimental procedures were as described in
footnote a, Table 6, except the antibody was only
diluted fivefold.

b The number of foci per plate was also reduced
five- to tenfold.

c Not a significant reduction in DNA polymerase
activity.

d A 75% decrease in amount of DNA polymerase
activity was also found in two other experiments.

e Complete neutralization was found with anti-
body diluted twofold.
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RAV-0, which replicate in pheasant cells with
transformation and no cytopathic effect. Bryan
high-titer RSV-RAV-0 does not infect C/E
chicken cells since Bryan high-titer RSV is de-
fective in an envelope glycoprotein and C/E
chicken cells have no receptor for the glycopro-
tein of RAV-0. When Bryan high-titer RSV-
RAV-0 was serially passed in pheasant cells
and supernatant media were inoculated on C/E
chicken cells, variant avian leukosis viruses
capable of replicating in C/E chicken cells were
found.
Eight variant viruses were isolated from the

12 different passage series described in Fig. 1
and 2, whereas in the other four passage series
no variant viruses were detected. There were
approximately 10" pheasant cells/culture, 11
days/passage, and 3 to 7 passages/series, with
an average of about 5 passages/series. There-
fore, a variant virus capable of replicating in C/

TABLE 8. Cytopathic effects ofRAV-Fa

Virus Cytopathic No. of cells
effect

None 0 4.7 x 106
RAV-61 + 4.1
W2-1-2 + 4.2
C8-1-6 + 4.1
C8-1-6a + 3.1
W8-1-lb + 2.9

a Duplicate cultures containing 6 x 105 chicken
cells were inoculated with approximately 105 DNA
polymerase-forming units of the viruses listed and
were overlaid with complete medium. Medium and
distilled water were added at 4 days after infection,
and, at 7 days after infection, the cultures were
examined for the presence of a cytopathic effect, and
the number of cells per culture was determined. The
values listed are the average of the values for dupli-
cate cultures. Similar differences in extent of cell
killing were found after inoculation of lower concen-
trations of virus.

E chicken cells appeared approximately once in
5 x 107 RSV-RAV-0-infected pheasant cell-days
(10" cells x 11 days/passage x 5 passages gave a
probability of about 1 L8/12] of appearance of a
variant virus capable of replicating in C/E
chicken cells).
Two major classes of viruses capable of repli-

cating in C/E chicken cells were found (Table
9). One class, RAV-F, includes viruses similar
to the previously described RAV-61 and ring-
necked pheasant virus. The RAV-F included
both of the viruses isolated from pheasant cells
W2 (W2-1-2 and W2-1-5a), the four viruses iso-
lated from pheasant cells C8 (C8-2-6, C8-2-6a,
C8-1-6, and C8-1-6a), two of the three viruses
isolated from ILV (C2-3 and C2-4-F), and one of
the five viruses isolated from pheasant cells W8
(W8-1-lb). The RAV-F had a subgroup F enve-
lope and were cytopathic, and eight of nine
replicated well in duck cells.
Viruses of the second major class, RAV-A,

had a subgroup A envelope, were not cyto-
pathic, and did not replicate in duck cells. The
RAV-A consisted of four of the five viruses iso-
lated from pheasant cells W8 (W8-1-4, W8-1-1,
W8-1-2, and W8-2-7a) and one of the viruses
isolated from I-ILV (C2-4-A). C2-4 was origi-
nally a mixture ofRAV-A with some RAV-F.
No RSV-A or RSV-F were found. This obser-

vation is consistent with the previous failures
to secure nondefective Bryan high-titer RSV
(24). The early focus formation seen in Fig. 1
must have been the result of phenotypic mix-
ing.
However, there also were type-specific differ-

ences among the RAV. C8-1-6a caused more cell
killing than most of the other RAV-F; C8-2-6,
C2-3, and W8-1-lb were not neutralized by anti-
body to RAV-61; and W8-1-lb had a low titer in
duck cells and caused more cell killing than
most of the other RAV-F. W8-1-4 was not neu-

TABLE 9. Comparison of newly isolated viruses, RAV-61, and RAV-O

Relative titer Interference with: Proportion of neutral-
ALV grouP- ALV DNA ization by: % Cell kill-Virus specific anti- polymerase AiRVA-A- nggens ] polymerase Ph/Cha Du/Ch" RAV-61 RSV-A 61c ld

RAV-61 + + 0.1 1 >10.' 0' 0.95 0 lOf
RAV-F + + 0.1-1 0.1-1 >105 0 0-0.95 0 10-35
RAV-A + + 0.1-1 <10-5 0-10 >104 0 0.35-1.0 0
RAV-0 + + >106 0 0 0 0 0

a Ph/Ch, Titer in pheasant cells/titer in chicken cells.
Du/Ch, Titer in duck cells/titer in chicken cells.
Ab-RAV-61, Antibody to RAV-61.

"Ab-RAV-1, Antibody to RAV-1.
Amount of reduction of titer of RAV-61 or RSV-A when assayed on infected chicken cells.

f Reduction in number of cells 7 days after infection with viruses.JW8-1-lb had a relative titer of 10-.
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tralized by antibody to RAV-1 as were the other
RAV-A, and W8-2-7a had a lower titer than the
other RAV-A.
The results indicate that the pheasant em-

bryo was the major determinant of the kind of
RAV that appeared. The two RAV that ap-
peared after RSV-RAV-0 passage in pheasant
cells W2 were both of subgroup F and had simi-
lar type-specific characteristics. The four RAV
from pheasant cells C8 were all of subgroup F
and, with the exception of more cell killing by
C8-1-6a and no neutralizationa of C8-2-6 by anti-
body to RAV-61, had similar type-specific char-
acteristics. Four of the five RAV from pheasant
cells W8 were RAV-A with similar type-specific
characteristics, except for less neutralization of
W8-14 by antibody to RAV-1 and a lower titer
for W8-2-7a. The relative uniformity of the
RAV from cells of a single embryo and the
differences between the RAV isolated from cells
of different embryos strongly supports recom-
bination between virus and cellular nucleotide
sequences as the mechanism for the origin of
the RAV-A and RAV-F. Such a mechanism has
been established by Hayward and Hanafusa
(6) for the origin of RAV-60 in chicken cells and
by Shoyab and Baluda (16, 17) for the origin
of RAV-61 in pheasant cells.
The rate of appearance of RAV-A and RAV-

F, one per 5 x 107 infected cell-days, is also
consistent with such a mechanism. The rates of
spontaneous mutation and of deletion are much
greater (11, 21, 25). The rate of appearance of
RAV-A and RAV-F is similar to those for the
appearance of RAV-60 after passage in chick
helper factor-negative cells and of RAV-61 and
ring-necked pheasant viruses after passage in
pheasant cells (2, 4, 5).

If the RAV-F and RAV-A arose by recombi-
nation with cellular nucleotide sequences,
these results indicate that the endogenous
avian leukosis virus-related nucleotide se-
quences in cells from different pheasant em-
bryos are different; that is, pheasant cells W2
and C8 had subgroup F specificity, whereas
pheasant cells W8 had subgroup A specificity.
The properties of W8-1-lb indicate that W8
also had subgroup F specificity. One could spec-
ulate that the subgroup A specificity arose by
duplication and mutation of the gene for
subgroup F specificity or the reverse. C24 was
originally a mixture of RAV-A and RAV-F.
This mixture is consistent with such a relation-
ship between subgroups A and F.
The type-specific differences among the

RAV-F from C8 and the RAV-A from W8 and
the origin of both RAV-A and RAV-F from cells
of pheasant W8 could be the result of recombi-
nation at different sites in the endogenous

avian leukosis virus-related nucleotide se-
quences.
The origin of the genes for the cytopathic

effect is unclear. To confirm that the induction
of a cytopathic effect was a new property of the
RAV-F, RSV-RAV-0 and three RAV-F (W2-1-2,
C8-1-6a, and W8-1-lb) were assayed on turkey
cells. All of the RAV-F caused a definite cyto-
pathic effect, with plaques appearing at higher
dilutions of virus. However, the RSV-RAV-0
caused no cytopathic effect, although there was
virus replication as shown by the production of
sedimentable DNA polymerase activity (data
not shown). (A similar problem occurs in un-
derstanding the origin of the genes for transfor-
mation in Kirsten murine sarcoma virus [15].)
Since almost all of the RAV-F were cytopathic,
and the RAV-A were not, the cytopathic effect
seems linked to the subgroup F character.

Finally, these experiments may indicate that
the envelope gene of subgroup A avian leukosis
viruses originated from endogenous avian leu-
kosis virus-related nucleotide sequences in
pheasant cells, and, therefore, that subgroup A
viruses may not have originated exclusively
from the chicken cell genome.
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