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Endogenous retroviruses of chickens are closely related to exogenous viruses
isolated from spontaneous tumors in the same species, yet differ in a number of
important characteristics, including the ability to transform cells in culture, ability
to cause sarcomas or leukemias, host range, and growth rate in cell culture. To
correlate these differences with specific sequence differences between the two
viral genomes, the genome RNA of transforming subgroup E recombinants
between the Prague strain of Rous sarcoma virus, subgroup B (Pr-RSV-B), and
the endogenous Rous-associated virus-0 (RAV-0), subgroup E, and seven non-
transforming subgroup E recombinants between the transformation-defective
mutant of Pr-RSV-B and RAV-0 was examined by oligonucleotide fingerprinting.
The pattern of inheritance among the recombinant viruses of regions of the
genome in which Pr-RSV-B and RAV-0 differ allowed us to draw the following
conclusions. (i) Nonselected parts of the genome were, with a few exceptions,
inherited by the recombinant virus progeny randomly from either parent, with no
obvious linkage between neighboring sequences. (ii) A small region in the Pr-
RSV-B genome which maps in the 5 region was found in all transforming but
only some of the nontransforming recombinants, suggesting that it plays a role in
the control of the expression of transformation. (iii) A region of the Pr-RSV-B
genome which maps between env and src was similarly linked to the src gene and
may be either part of the structural gene for src or a control sequence regulating
the expression of src. (iv) The C region at the extreme 3’ end of the virus genome
which is closely related in all the exogenous avian retroviruses but distinctly
different in the endogenous viruses is the major determinant responsible for the
differences in growth rate between RAV-0 and Pr-RSV-B. This latter observation
allowed us to redefine the C region as a genetic locus, ¢, with two alleles ¢* (in

RAV-0) and ¢* (in exogenous viruses).

On the basis of their origin, the avian retro-
viruses can be divided into two distinct cate-
gories: the endogenous viruses which are spon-
taneously expressed by or can be induced from
normal cells of certain chickens (26) and the
exogenous viruses which were originally isolated
from spontaneously arising chicken neoplasms
(1, 2, 12, 17, 28, 29). Close genetic similarity has
been observed between the endogenous and the
exogenous avian retroviruses (10, 23). In spite of
this similarity, there are distinct biological dif-
ferences between them. All known exogenous
viruses are pathogenic for chickens, causing neo-
plastic or other diseases (3, 25, 28). For example,
all strains of avian sarcoma virus both transform
chicken embryo cells in culture and induce sar-
comas in the appropriate hosts (25), whereas
transformation-defective (¢d) mutants of these
viruses do not induce transformation or sarco-
mas but cause leukemias (3, 25). In contrast,

endogenous viruses do not transform cells, nor
do they induce any known disease (25; L. B.
Crittenden, personal communication). Further-
more, they replicate to relatively low titers in
cell cultures compared with exogenous viruses
(20, 27), and all are classified by host range into
subgroup E—a subgroup not found in exogenous
viruses (26).

The nucleotide sequence relationship between
the two genomes has been studied in our labo-
ratory (10) and elsewhere (23). Comparison of
the genomes of Rous-associated virus-0 (RAV-
0), a spontaneously expressed replication-com-
petent endogenous virus, with that of the Prague
strain of Rous sarcoma virus subgroup B (Pr-
RSV-B), a replication-competent transforming
virus (Fig. 1E) confirms the close relationship
between these viruses. Significant differences in
sequence are found only near their 3’ ends. RAV-
0 appears to be missing the src gene and an

238



VoL. 33,1980

undefined region between env and sre, and the
sequence nearest the 3’ end (the C region [37,
38]) is not detectably related to that of exoge-
nous viruses.

The experiments presented here were per-
formed to correlate such nucleotide sequence
differences between exogenous and endogenous
avian tumor viruses with biological differences
between the two. For this purpose, we took
advantage of the different host range of the two
viruses to select for viruses generated by recom-
bination between the two virus strains. Recom-
binant viruses were further selected on the basis
of their transforming capacity or their ability to
grow to high titers. Analysis of the genomes of
the recombinant viruses allowed us to infer (i)
that two portions of the avian sarcoma virus
genome outside of src are linked to the ability of
the virus to transform cells and (ii) that the
major—and perhaps the only—determinant re-
sponsible for the difference in growth rate is the
C region, which we redefine here as a genetic
locus, ¢, with two alleles, ¢” (in RAV-0) and ¢*
(in exogenous viruses).

MATERIALS AND METHODS

Cells and viruses. RAV-0-producing line 100
chicken embryo fibroblasts (VE* C/0) were kindly
provided by L. B. Crittenden. Turkey embryo fibro-
blasts (T/BD) were prepared from fertilized turkey
eggs that were purchased from Wilmar Poultry Farms,
Minnesota. C/E chicken embryo fibroblasts were pre-
pared from fertilized chicken eggs purchased from
SPAFAS. The QT#6 line of methylcholanthrene-trans-
formed quail cells was a gift from P. Vogt (22). All cells
were frozen in liquid nitrogen and thawed as needed.

To prepare the recombinant viruses analyzed in this
paper, we started with the same strains of RAV-0, Pr-
RSV-B, and td-Pr-RSV-B previously described (10).
T, oligonucleotide fingerprints and maps of RAV-0
and Pr-RSV-B are shown in Fig. 1. The map of td-Pr-
RSV-B is identical to that of the Pr-RSV-B except
near the 3’ end where it lacks oligonucleotides 5, 6A,
and 6B.

Preparation and cloning of recombinant vi-
ruses. To prepare recombinants between RAV-0 and
Pr-RSV-B or td-Pr-RSV-B, line 100 cells were infected
with one of the two viruses at a multiplicity of infection
of about 0.5 to 1 infectious units per cell, a 24-h harvest
was collected between 4 and 5 days after infection and
used undiluted to infect T/BD cultures which were
again harvested at 4 to 5 days after infection to provide
the stock for cloning. Each virus clone isolated origi-
nated from a different initial infection to avoid analyz-
ing the same recombinant twice. Cloning of the recom-
binant viruses was carried out on T/BD cells. The
selection applied in the case of the transforming re-
combinants was for RAV-0 subgroup E envelope and
transformation (env® src¢*) and, in the case of the
nontransforming recombinants, for RAV-0 subgroup
E envelope and rapid growth (env® growth*). The
transforming recombinants were cloned by harvesting
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virus from individual foci of transformed turkey cells
grown under a layer of agarose-containing medium.
The biological purity of each clone was tested before
fingerprinting by its ability to grow on turkey (T/BD)
and not on chicken (C/E) embryo fibroblasts. Between
two and four cycles of recloning were necessary to
obtain biologically pure recombinants. The nontrans-
forming recombinants were cloned by three cycles of
endpoint dilution on turkey (T/BD) embryo fibro-
blasts.

T, oligonucleotide fingerprinting of the viral
RNA. Large T, oligonucleotide fingerprints of viral
70S RNA were prepared by two-dimensional poly-
acrylamide gel electrophoresis of 70S RNA uniformly
labeled with **P as described elsewhere (4).

T, oligonucleotide fingerprints of the extreme 3’ end
of the viral genome were prepared as described else-
where (10). Briefly, *’P-labeled viral 70S RNA was
partially hydrolyzed with alkali (0.025 M Na,CO; at
50°C for 15 min) to yield fragments about 300 nucleo-
tides long, and the polyadenylic acid-containing frag-
ments were isolated by chromatography on polyuri-
dylic acid-Sephadex. The fingerprints of the 3'-termi-
nal fragments were run only two-thirds as far as those
of total genomes in the second dimension to retain
smaller oligonucleotides.

In general, most parental oligonucleotides could be
unambiguously identified by their electrophoretic mo-
bility. In some cases RNase T, oligonucleotides were
eluted from the gels and digested with RNase A. This
analysis was always performed with oligonucleotides
2 and 012, 5 and 308, 11 and 014, and 10 and 402. The
digestion products were separated by high-voltage ion-
ophoresis on DEAE paper (5). The digestion products
obtained from oligonucleotides near the 3’ end of Pr-
RSV-B and RAV-0 are shown in Table 1.

RESULTS

Isolation of transforming recombinants.
To detect sequences in the Pr-RSV-B genome
outside of src relevant to the biological differ-
ences between endogenous and exogenous avian
oncoviruses, a series of recombinants between
Pr-RSV-B and RAV-0 were prepared. RAV-0-
producing cells were infected with Pr-RSV-B,
the progeny were grown on T/BD cells, and
env” src* recombinants were isolated as de-
scribed in Materials and Methods. All clones
were tested for biological purity by their failure
to infect C/E cells and recloned as necessary to
obtain only subgroup E virus. Twenty-three re-
combinants were isolated in this manner, each
from a different initial infection of line 100 cells
by Pr-RSV-B. Fingerprints of RNase T, digests
of the genome RNA from the parental viruses
are shown in Fig. 1, and those from two of the
recombinants are shown in Fig. 2A and B. It is
apparent from comparison with the parental
genomes that these were recombinant viruses.
Both contained the src oligonucleotides 5, 6A,
and 6B from Pr-RSV-B and the env® set of
oligonucleotides (308 through 02) from RAV-0
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FiG. 1. Fingerprints of genome RNA of Pr-RSV-B and RAV-0. ®*P-labeled 70S RNA from Pr-RSV-B (A)
and RAV-0 (B) was digested with RNase T, and fingerprinted as described elsewhere (4). Fingerprints of the
extreme 3’ end (C region) of the Pr-RSV-B (C) and RAV-0 (D) genomes are also shown. These fingerprints
were run only two-thirds the usual distance in the second dimension to retain smaller oligonucleotides. The
T\ oligonucleotide maps of the two viruses are shown in E. Here and in the remaining figures Pr-RSV-B-
specific regions are shown by shaded boxes, RAV-0-specific regions are shown by open boxes, and indistin-

guishable regions are shown by horizontal lines.

and lacked the env” set (9 through 35) from Pr-
RSV-B. In addition, both recombinants con-
tained the Pr-RSV-B &’ oligonucleotide 15 and
not the corresponding RAV-0 oligonucleotide 01.
Oligonucleotides 26, 21, 14, and 27, which map
between env and src in the Pr-RSV-B genome,
were also inherited by both of these transform-
ing recombinants. Both recombinant genomes
were also lacking the RAV-0 oligonucleotide 08,
which is very near the polyadenylic acid at the
3’ end. Since the Pr-RSV-B genome contains no
large oligonucleotides in this region (10), finger-
prints of 3’-terminal fragments of both genomes
were prepared (Fig. 2C and D). In each case, the

fingerprint obtained was identical to that of the
same region of the Pr-RSV-B genome (Fig. 1C)
and contained no unique oligonucleotides in
common with RAV-0 (Fig. 1D). The Pr-RSV-B
3’-proximal sequence is closely related to that
found in other exogenous viruses and has been
designated the C region (37, 38). Oligonucleotide
C is a marker for the exogenous virus C region.
The corresponding region in RAV-0 (and other
endogenous avian oncoviruses) is characterized
by oligonucleotide 08. We shall differentiate be-
tween these two allelic regions by referring to
the Pr-RSV-B type as ¢* and the RAV-0 as ¢".
Thus the genotype of these two recombinants
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was gag, pol, env®, src*, ¢*. This general pattern
of inheritance was found for all recombinants
examined.

TABLE 1. Partial sequence analysis of RNase T)-
resistant oligonucleotides derived from the extreme
3 end of RAV-0 and Pr-RSV-B genomes®

Oligonucleotide Composition

RAV-0

03 3A.U, 2AU, AC, 5C, 6U, AG

08 AsU, AsC, AU, AC, 6C, G

aa AsU, AC, U, A.G

bb 2AU, AC,2C, U, G

cc 2AU, 2U, A.G

gg A:C,2AC,C, U, G
Pr-RSV-B

A AC, AU, G, 2U, G

B AU, 2C, 3U, AG

C AsC, AU, AU, AC, G

D AC,AC,C, U, G

E AU, 3U, A.G

F AU, 2C, U, G

H 2AU, U, G

I AU, U, C, AG

“RNase T)-resistant oligonucleotides were eluted
from the gel (Fig. 1C and D) and digested with RNase
A. The digestion products were separated by high-
voltage ionophoresis on DEAE paper.
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The T, oligonucleotide maps of 23 transform-
ing subgroup E recombinants between Pr-RSV-
B and RAV-0 are shown in Fig. 3. Of the 23
recombinants isolated, 14 were judged to be pure
since all oligonucleotides present were in equi-
molar yield (Fig. 3A). Nine of the recombinants
were not pure clones since they contained some
oligonucleotides in low yield relative to others.
These nonpure viruses, designated MRE (Fig.
3B), were judged to be mixtures of recombinants,
in which the parental viruses had been elimi-
nated from the population. We base this conclu-
sion on their ability to transform only T/BD
and not C/E cells, and (with the possible excep-
tion of MRE-5, which had a trace amount of
oligonucleotide 08) the complete absence of at
least one RAV-0 oligonucleotide from the virus
population. To test this point directly, MRE-1
was subcloned by focus assay on T/BD cells to
select subgroup E transforming viruses and by
soft agar cloning of infected QT6 cells to isolate
subgroup E nontransforming viruses. Five trans-
forming and two nontransforming clones were
analyzed. One of each is shown in Fig. 4. All
transforming and nontransforming viruses iso-
lated were recombinants in various portions of
the genome. In another experiment (data not
shown) MRE-2 and MRE-4 were subcloned by

26

-
-
£ %
-
‘D B .' & *H
. = A B E
C

Fma'z 2. Genomes and the C region of two transforming subgroup E recombinant viruses. Fingerprints of
708 [ " P]RNA of TRE-7 (A) and TRE-4 (B) and the c regions of TRE-8 (C) and TRE-12 (D) were prepared as
described in the legend to Fig. 1. All oligonucleotides not common to both parental genomes are numbered.
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F1G. 3. Oligonucleotide maps of Pr-RSV-B, RAV-0, and 23 biologically pure trnasforming subgroup E
recombinants. Fourteen recombinants that were pure by T\ oligonucleotide fingerprinting are shown in A and
designated TRE, whereas nine biologically pure “clones” that by T oligonucleotide fingerprinting were found
to be mixtures of recombinants are shown in B and designated MRE. Areas of the genome where the two
parental viruses are identical are depicted as lines. Shaded boxes indicate Pr-RSV-B-specific regions.
Partially shaded boxes in the MRE series indicate regions where oligonucleotides specific for both parents
were present.
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Fi1G. 4. Oligonucleotide maps of a transforming and a nontransforming recombinant clone obtained by
subcloning of recombinant mixture MRE-1. TRE-14 was obtained by focus formation on T/BD cells, and
NTRE-7 was obtained by cloning infected QT6 cells in soft agar.

infecting T/BD cells and isolating colonies of
transformed cells in soft agar. Forty-six clones
were isolated and analyzed. These clones had
various combinations of the oligonucleotides
that were present in the original mixtures. The
MRE recombinants illustrate the difficulty of
considering a recombinant virus to be a pure
species only on the basis of its biological char-
acteristics.

Patterns of inheritance of parental se-
quences. Figure 5 shows the frequency of ap-
pearance of Pr-RSV-B-specific oligonucleotides
in all the 14 pure recombinants. With the excep-
tion of oligonucleotide 15, oligonucleotides that
map within the 5’ half, including the gag and pol
region of the Pr-RSV-B and RAV-0 genomes
(oligonucleotides 13 to 32) appeared to be inter-
changeable in a random fashion. As can be seen
from Fig. 3, all crossover sites were used with
approximately equal frequency. We conclude
that closely neighboring regions of the viral ge-
nome are not linked if no selection is applied.
Therefore, we are confident that any apparent
linkage must have been a consequence of selec-
tive effects.

All the recombinants were selected for sub-
group E envelope. As expected, examination of
their fingerprints (Fig. 3) revealed a block of
information between pol and src that always
came from the RAV-0 parent. These results
allow us to locate the subgroup E coding region
between oligonucleotides 308 and 02 and sub-
group B between oligonucleotides 9 and 35, in
good agreement with previous reports (18, 38).

An interesting exception to this general rule
was seen with one of the nontransforming re-
combinants (NTRE-4) described in the next sec-
tion. This virus infected C/E and T/BD cells

with equal efficiency and had only a small por-
tion of the env gene derived from the RAV-0
parent. This virus is representative of a number
of extended host range viruses that we have
isolated and will discuss in a separate report (P.
N. Tsichlis, K. Conklin, and J. M. Coffin, Proc.
Natl. Acad. Sci. U.S.A,, in press.

The selection of the env™ and src genes in all
recombinants was expected from previous re-
sults. In addition to these genes, however, we
found three additional regions derived from the
Pr-RSV-B genome in all transforming recombi-
nants (Fig. 3A). The most surprising of these
was a small region near the 5’ end of the genome
marked by the presence of Pr-RSV-B oligonu-
cleotide 15 and the absence of the allelic RAV-0
oligonucleotide 01. The relative electrophoretic
mobility and RNase A digestion products of
these two oligonucleotides are consistent with
only a single C — U difference between these
oligonucleotides (10). In addition to its presence
in all pure transforming recombinants, all the
mixed recombinants (Fig. 3B) contained a large
majority of genomes with oligonucleotide 15 rel-
ative to those with oligonucleotide 01 (Fig. 3B).
Also, recloning of MRE-1 by focus assay yielded
only transforming recombinants with oligonucle-
otide 15 (see Fig. 4).

Examination of Fig. 3 also shows the presence
in all pure transforming recombinants of se-
quences on either side of the src gene, including
the block of oligonucleotides from 26 through
27, and the c¢* region. Among the mixed recom-
binants, only two contained detectable genomes
with ¢" from RAV-0, and eight out of nine con-
tained the sequence marked by oligonucleotides
26 through 27 in full yield, implying that 90% or
more of the genomes contained this region.
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FiG. 5. Frequency of appearance of parental oligonucleotides in the 14 pure clones of transforming
recombinants. Only the Pr-RSV-B oligonucleotides are shown.

Again, all transforming virus recloned from
MRE-1 contained oligonucleotides 26 through
27.

The constant inheritance of these three re-
gions of the Pr-RSV-B genome was in marked
contrast to the random inheritance of unselected
portions of the genome and strongly suggested
some functional significance of these regions.
Such a functional significance could have been
related to the ability of the virus to grow, the
ability of the virus to transform cells, or the
inability of the two virus genomes to recombine
within these regions due to the absence of ho-
mology. To decide among these alternatives, the
nontransforming subgroup E recombinants be-
tween td-Pr-RSV-B and RAV-0 described in the
next section were prepared and analyzed.

Isolation of nontransforming recombi-
nants. Line 100 cells were infected with ¢d-Pr-
RSV-B, and recombinant progeny were isolated
from T/BD cells infected with limiting dilutions
of the mixed virus. Six recombinants were iso-
lated, four of which were judged to be pure. The
fingerprints of both the total genome RNA and
the C region of two recombinants is shown in

Fig. 6. One of them (NTRE-3) inherited the
block of oligonucleotides 26 through 27, and the
other (NTRE-2) was missing oligonucleotides
26, 21, and 14. Both acquired the ¢* region from
the td-Pr-RSV-B parent and only NTRE-3 in-
herited oligonucleotide 15. Examination of the
T, oligonucleotide maps of all the nontransform-
ing recombinants (Fig. 7) showed that one more
virus (NTRE-4) was missing oligonucleotide 26
and that the inheritance of oligonucleotide 15
was random. All the nontransforming recombi-
nants inherited the ¢* region from the td-RSV-B
parent. These findings allowed us to draw the
following conclusions. (i) Recombination be-
tween Pr-RSV-B and RAV-0 can take place
within the part of the genome specified by oli-
gonucleotides 26 through 27. (ii) This segment
of the Pr-RSV-B genome and the one near the
5" end marked by oligonucleotide 15 are func-
tionally linked to the src gene. Their role could
be related either to the efficiency of transfor-
mation or to the growth of transforming viruses.
It is also conceivable that at least a segment of
the sequence specified by oligonucleotides 26
through 27 could be part of the structural gene
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F1G6. 6. Fingerprints of the genomes of two (NTRE) nontransforming recombinant viruses. A and C show
the total 70S RNA and C region of NTRE-3; B and D show NTRE-2. All conditions were described in the
legend to Fig. 1.
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F16. 7. Oligonucleotide maps of nontransforming recombinants from crosses between td-PR-RSV-B and
RAV-0. Four of these recombinants are pure by T, oligonucleotide fingerprinting and two are not.
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for srec. (iii) The c¢* region offers a growth advan-
tage to the recombinant virus.

The conclusions regarding the C region de-
serve further comment. Recombinants between
td-Pr-RSV-B and RAV-0 were selected from the
RAV-0 parent only on the basis of their ability
to grow to higher titer than RAV-0. In no exper-
iment was RAV-0 reisolated from the mixture.
"Phe only part of the Pr-RSV-B genome consist-
ently inherited by all the recombinants was the
c* region. In preliminary experiments, NTRE-7,
whose genome was identical to RAV-0 except
for the ¢* region (Fig. 4), was found to yield
about 100-fold more *P-labeled virus than RAV-
0 when labeled 4 days after infection of T/BD
cells at equal multiplicities. More detailed anal-
ysis of the growth pattern of these two viruses
and the mechanisms involved in the efficiency
of their growth is now in progress.

DISCUSSION

Linkage between neighboring sequences
in the gag, pol, and env regions. By analysis
of the genomes of 23 transforming and 6 non-
transforming subgroup E recombinants between
RAV-0 and Pr-RSV-B or td-Pr-RSV-B, we
could find no linkage between neighboring oli-
gonucleotides within the gag and pol genes. It is
particularly striking that the inheritance of the
region immediately to the left of the selected
env” gene was random from either parent (Fig.
3 and 5). Implications of the extraordinarily high
frequency of recombination implied by these
results have been discussed elsewhere (8). For
the purpose of this discussion, these results give
us confidence that any nonrandom inheritance
patterns observed were due to the effects of
selection and not to genetic linkage.

As previously reported (18, 38), a strong link-
age was observed between neighboring oligonu-
cleotides in the env region, such that all sub-
group E recombinants had RAV-0 oligonucleo-
tides 308 through 02 with no internal crossovers.
Considering that there is substantial homology
between the parental genomes in this region (10)
and some of the mixed recombinants contain
genomes with crossovers inside env (Fig. 3), we
interpret this linkage as not being due to a lack
of recombination within the env gene. Rather, it
is likely that such recombination leads to a ge-
nome coding a nonfunctional glycoprotein due
to mismatch of amino acid sequences which
must interact in a specific way.

Linkage of oligonucleotides to the src
gene. Inheritance of the extreme 3’ end of
the virus. All 23 transforming Pr-RSV-B X
RAV-0 recombinants examined inherited oligo-
nucleotide 15 in the gag region, oligonucleotide
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26, 21, 14, and 27 between env and src and the
extreme 3’ end (C region) from the transforming
Pr-RSV-B parent (Fig. 3). Since the probability
of a chance inheritance by all 14 TRE recombi-
nants of any unselected oligonucleotide out of
the 29 markers that distinguish the two parents
isgivenas 1 — (1 — 27)® ~ 2 X 1073, we consider
it highly probable that these results are due to
selective effects. Comparison with the pattern of
inheritance of these segments of the genome in
six nontransforming recombinants between td-
Pr-RSV-B and RAV-0 allowed us to draw sev-
eral conclusions.

(i) Pr-RSV-B oligonucleotide 15 is linked to
the src gene. This linkage suggests that a seg-
ment of the genome of Pr-RSV-B probably in
the gag region plays a role in the expression of
transformation or the growth rate of transform-
ing viruses. Support for the idea that the selec-
tion for oligonucleotide 15 may be related to the
growth rate of transforming viruses comes from
the observation that recombinants isolated by
soft agar colony formation (rather than by focus
formation as in this study) do not show such
strong linkage between src and oligonucleotide
15 (P. Tsichlis, C. Barker, and J. Coffin, manu-
script in preparation). Location of oligonucleo-
tide 15 within the T, oligonucleotide map of the
virus indicates that it may represent part of the
viral genome that codes for p19. It is of interest
that Hayman and Vogt (14) have shown a close
linkage between p19 and the src gene in recom-
binants between RSV and subgroup A leukosis
viruses. This linkage was considered to be evi-
dence for the involvement of a circular inter-
mediate in the recombination process. This ex-
planation is probably incorrect in view of the
random inheritance of oligonucleotide 15 in non-
transforming recombinants and the presence of
crossovers on either side of oligonucleotide 15 in
many recombinants.

Our observations may be related to those of
Shaikh et al. who reported that some recombi-
nants similar to the ones presented here (except
isolated by colony formation) have p19 proteins
with an electrophoretic mobility distinct from
that of either parent (30). Taken together, these
results suggest a strain-specific interaction be-
tween gag proteins and sequences elsewhere in
the genome (or their protein products).

Thus, selection of a gene from a particular
parent would select the matching part of the gag
gene from the same parent. Such an interaction
could be at the level of virion assembly or protein
or mRNA processing. For example, p19 has been
shown to be an RNA binding protein, and it is
conceivable that it might play a role in the
splicing of the src message (19). In such a case,
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if the RAV-0 p19 did not match the relevant src
sequence, then the result might be inefficient or
overefficient splicing leading to either poorly
transforming or poorly replicating virus.

(ii) A set of oligonucleotides between env and
src is linked to the src gene. The fact that in two
of the nontransforming recombinants a portion
of this set of oligonucleotides was not found
indicates both that recombination can take place
within this region and that inheritance of this
sequence does not offer a selective advantage to
the virus in terms of growth (all the nontrans-
forming recombinants are good producers). This
region could be either part of the structural gene
for src or a control sequence regulating the
expression of transformation. The presence of
this sequence in all ¢d mutants implies that it
may have a dual role both in replication and
transformation and that the corresponding
RAV-0 sequence is suited only to replication. It
should be noted that previously we could not
detect any RAV-0sequence related to this region
(10), and oligonucleotide 03 is the only possible
candidate for a RAV-0 sequence allelic to this
portion of the Pr-RSV-B genome. Our results
are therefore also consistent with the possibility
that the functional analog of this sequence is
located elsewhere in the RAV-0 genome and
that its loss in some NTRE recombinants is the
result of deletion.

(ii)) The extreme 3’ end (C region) of the
exogenous Pr-RSV-B or td-Pr-RSV-B parent
offers a selective growth advantage to the virus.
An indication of the importance of the C region
was the inheritance of the c* allele by all trans-
forming and nontransforming recombinants.
Only this region of the genome was inherited by
all the virus progeny whether or not recombi-
nants were selected for transformation. The se-
lective disadvantage of viruses with the ¢” region
to viruses with the ¢* region must be quite high,
since we have isolated more than 80 recombi-
nants of the type described here and all have the
¢* region. In addition, we have previously shown
an identical pattern of inheritance in crosses
between RAV-0 and the avian myelocytomatosis
virus MC-29 (36). The amount of virus produced
by turkey cells infected by any of these clones
was similar to that produced by C/E cells in-
fected with Pr-RSV-B and at least 10- to 100-
fold higher than that produced by RAV-0-in-
fected cells. The isolation of the rapidly growing
virus NTRE-7 (Fig. 4) which is identical to RAV-
0 except for the ¢ region inherited from the
exogenous parent should allow us to directly test
the role of the C region in the efficiency of virus
replication. Based on the association of a geno-
type and phenotype in this part of the genome,
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these results allow us to define the C region as
a genetic locus with (at least) two alleles, each
of which confers a characteristic phenotype on
the virus.

Role of the C region in replication and
transformation. The mechanism by which the
C region affects the ability of the virus to grow
is not completely understood. The region re-
sponsible for the growth difference between
RAV-0 and Pr-RSV-B must be quite short, since
the crossover in NTRE-7 is between oligonucle-
otides 08 and 03 and therefore within the first
300 to 400 nucleotides from the 3’ end (10). We
therefore consider it improbable that a protein
is encoded by this region. Instead, it is more
likely that the C region is more directly involved
in the regulation of viral replication, quite pos-
sibly at the level of transcription of the provirus
into progeny RNA. The finding by Hsu et al.
(15) and Shank et al. (32) that the C region is
repeated at the left end of the proviral DNA
outside of the region transcribed into RNA sug-
gests that this region may contain a “promoter”
for viral RNA synthesis. An efficient promoter
as in Pr-RSV-B and other exogenous viruses
would allow a higher rate of synthesis of viral
RNA (and therefore virions) than an inefficient
promoter as in RAV-0. The recombinants de-
scribed here will allow us to directly test this
possibility. If the C region plays the role of
promoter for RNA synthesis, it is conceivable
that it might affect the ability of a src* virus to
cause transformation by control of the amount
of src message synthesized in virus-infected cells.
To study this possibility, which might be re-
sponsible at least in part for the selection of src™,
¢* recombinants, it would be necessary to isolate
an src* recombinant virus that has inherited the
¢”" region from RAV-0.

Nontransforming avian oncoviruses, like td-
Pr-RSV-B, cause leukemia (and other neoplastic
disease) in chickens with a long latent period (3,
25). RAV-0 causes no disease, even in highly
susceptible chickens (25; L. B. Crittenden, per-
sonal communication). The set of recombinants
that we have generated will provide us with the
means to identify directly the portion of the
virus genome responsible for this difference.
Suggestive evidence currently implicates the ¢*
region, since a number of RAV-60 strains (env®
¢ recombinants between exogenous avian tumor
viruses and defective endogenous viruses) in-
duce leukemia with an efficiency equal to exog-
enous viruses (H. L. Robinson, M. N. Pearson,
D. W. DeSimone, P. N. Tsichlis, and J. M.
Coffin, Cold Spring Harbor Symp. Quant. Biol.,
in press). Thus, the nonpathogenicity of endog-
enous virus is probably unrelated to the enve-
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lope glycoprotein. Recent observations have also
suggested a possible correlation between 3’-prox-
imal oligonucleotides and leukemogenicity in
murine leukemia viruses (our unpublished data;
N. Hopkins, personal communication). The in-
cubation period for development of leukemia by
this class of viruses is long, and the leukemia
seems to be monoclonal (7). These findings, cou-
pled with the observation that the virus pro-
duced by such tumor cells is usually identical by
fingerprinting to the virus originally injected
(Robinson et al., in press), indicate that the virus
does not carry a transforming gene and at least
in the majority of cases it does not acquire a
cellular transforming gene by recombination
with endogenous genetic material. If the hypoth-
esis that the viral C region plays the role of
promoter for viral RNA synthesis is correct,
then the possibility exists that leukemogenesis
by this class of viruses is the result of chance
integration of the provirus to the left of a poten-
tially transforming cellular gene and induction
of a high level of mRNA synthesis from this
gene by the provirus C region. Such an induction
would also occur with RAV-0, but at too low a
level to result in transformation.

Ample evidence has suggested that avian sar-
coma viruses arose by recombination of viral
and endogenous cellular genetic information (13,
39). The endogenous “sarc” sequence present in
the genome of eucaryotic cells (34, 35) is tran-
scribed at a low rate into mRNA (32, 33) and
translated into a protein with molecular weight
and antigenic determinants similar to the pro-
tein product of the viral src gene (6, 11, 24). Why
the product of this endogenous sequence does
not transform cells is not known, but it is likely
that the transition of the nonfunctional (non-
transforming) endogenous sarc into the func-
tional (transforming) viral src may be a conse-
quence of either mutations in src or recombina-
tion with viral sequences which alter the gene
product or the rate of transcription of mRNA.
Our research illustrates three other regions of
the viral genome of potential importance in this
transition and indicates that the acquired src
gene has come under a rather complex set of
viral controls which seems to be essential for its
function or for replication of the src* virus.
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