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The src genes of different Rous sarcoma virus (RSV) strains have been reported
to be highly conserved by some investigators using RNA-cDNA hybridization,
whereas others using oligonucleotide, peptide, and serological analyses have
judged src genes to be variable in 30 to 50% of the respective markers. Moreover,
distinctive src oligonucleotides and peptides of so-called recovered RSVs (rRSV’s)
whose src genes were reported to be experimentally transduced from the cell are
thought to represent specific markers of host-derived src sequences. By contrast,
we have pointed out previously that these markers may represent point mutations
of parental equivalents. Here we have compared the src-specific sequences of
eight RSV strains and of two rRSV’s to each other and to a molecular clone of
the src-related chicken locus. Our comparisons are based on RNase T-resistant
oligonucleotides of RNA hybridized to src-specific cDNA, which was prepared by
hybridizing RSV ¢cDNA with RNA of isogenic src deletion mutants, or to a cloned
cellular src-related DNA. All of the approximately 20 src-oligonucleotides of a
given RSV strain were recovered by src-specific cDNA'’s of all other RSV strains
or by cellular src-related DNA. The number of oligonucleotides varied slightly
with the length of the src deletion used to prepare src-specific cDNA, thus
providing a measure for src deletion mutants. Our data indicate that the src genes
of all RSV strains tested, including the two reportedly transduced from the cell,
are about 98% conserved and completely allelic with only scattered single nucleo-
tide differences in certain variable regions which are subject to point mutations.
Hence, based on the src oligonucleotide markers analyzed by us and others, we
cannot distinguish between a cellular and viral origin of rRSV’s. However, the
following are not compatible with a cellular origin of rRSV’s. (i) The only putative
oligonucleotide marker which is exclusively shared by the two rRSV’s studied
and which differs from a parental counterpart in a single base was not detectable
in cellular src-related DNA. (ii) The number of different allelic src markers
observed by us and others in rRSV’s was too large to derive from one or two
known cellular src-related loci. (iii) The known absence of linkage of the cellular
src-related locus with other virion sequences was extended to all non-src oligo-
nucleotides, including some mapping directly adjacent to src. This is difficult to
reconcile with the claim that transformation-defective, partial src deletion mu-
tants of RSV which contain both, one, or, as we show here, possibly no src termini
nevertheless transduce at the same frequencies, even though homologous, single
or double illegitimate recombinations would be involved. Given (i) our evidence
that src genes are subject to point mutation under selective conditions similar to
those prevailing when rRSV’s were generated and (ii) the lack of absolute
evidence for the clonal purity of the transformation-defective, partial src deletion
mutants of RSV used to generate rRSV’s, we submit that the src genes of rRSV’s
could have been generated by cross-reactivation of nonoverlapping src deletions
or mutation of src variants possibly present in transformation-defective, partial
src deletion mutants of RSV. To prove experimental transduction, unambiguous
markers need to be identified, or it would be necessary to generate rRSV’s with
molecularly cloned transformation-defective, partial src deletion mutants of RSV.
Although our evidence casts doubt on the idea that specific src sequences of
rRSV’s originated by transduction, the close relationship between viral src and
cellular src-related sequences argues that src genes originated at one time in
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evolution from the cell by events that involved illegitimate recombination and
deletion of non-src sequences that interrupt the cellular sre locus.

Ribonucleotide sequences necessary for trans-
formation by Rous sarcoma viruses (RSV) have
been defined by subtracting from the RNA of
nondefective RSV all sequences found in trans-
formation-defective (td) src gene deletion mu-
tants (4, 21, 43) or by correlating sequences that
segregate with sarcomagenicity in viral recom-
binants formed between nondefective and td
RSVs (8, 45). These sequences map contiguously
as a 1.5-kilobase (kb) RNA sequence near the 3’
end of viral RNA and include the coding se-
quences of the 60,000-dalton src gene product
(3, 8, 43).

Although highly conserved in terms of com-
plexity, sequence relationship as measured by
RNA-cDNA hybridization (92 to 100%), and
chemical composition of some RNase T;-resist-
ant oligonucleotides (21, 38, 43, 44), the src-
specific RNA sequences of different RSV strains
were diagnosed to contain variable elements. By
fingerprinting RNase T;-resistant oligonucleo-
tides, a method that is sensitive to single base
differences, up to 30% of src-specific oligonucle-
otides were found to be variable (43, 45, 49, 50).
Consistent with these nucleotide sequence vari-
ations, src gene products of different viral strains
were found to differ in serological determinants
(24, 31, 33) and in up to 50% of their tryptic
peptides (1, 34). On the basis of these differences
some investigators have judged the src genes of
different RSV strains to be variable (1, 16, 50).
Furthermore, distinctive src oligonucleotides
and src peptides were also found in so-called
recovered RSVs (rRSV’s) (16, 32, 41, 42, 47-50).
These are RSVs which were recovered from
tumors induced after latent periods of 2 to 3
months by stocks of transformation-defective,
partial src-deletion mutants of RSV (ptd RSV),
which lack over 75% of the parental src gene (15,
16, 41). Although these viruses were originally
termed rASV (for recovered avian sarcoma vi-
ruses), we use here the term rRSV, since other
avian sarcoma viruses, i.e., Fujinami sarcoma
virus and Y73 sarcoma virus, with transforming
genes unrelated to src have since been identified
(23, 52). Since the rRSV’s have complete src
genes it has been postulated that the 75% frac-
tion of their src genes that was absent from ptd
RSVs was transduced from cellular src-related
sequences (15, 16, 41, 42, 47-50). To date, this
system is believed to provide the only experi-
mentally reproducible evidence for transduction
of cellular transforming genes by retroviruses.
Transduction of cellular transforming genes by
nontransforming retroviruses has been postu-
lated as the origin of several highly oncogenic

retroviruses and, hence, appears relevant to the
unknown mechanism by which nontransforming
retroviruses cause cancers after long latent pe-
riods in animals (8).

To substantiate the view that the src genes of
rRSV’s contain transduced cellular sequence ele-
ments, several investigators have argued that
the distinctive nonparental markers of rRSV’s
represent specific sequence elements of cellular
origin (16, 41, 42, 47, 48, 50). At variance with
this view, we have suggested, in an earlier study
comparing T; oligonucleotides of some of the
same parental and recovered RSVs studied by
others (41, 42), the possibility that the src genes
of rRSV’s may have been derived from parental
RSVs by point mutations, because the src oli-
gonucleotides of two rRSV’s appeared either
identical or closely related to parental counter-
parts (32).

To resolve the above discrepancies the nucleo-
tide or amino acid sequences of variable oligo-
nucleotide, peptide, or serological src gene
markers ought to be compared. As yet, it has not
been determined directly whether the distinctive
oligonucleotide, peptide, and serological src gene
markers of different RSV strains and of rRSV’s
reflect single base differences scattered among
allelic src regions or unique sequence elements
interspersed among conserved sequences.

Here we have compared the src-specific RNA
sequences of different RSV strains by hybridi-
zation with src-specific cDNA or cloned cellular
src-related DNA by using RNase T;-resistant
oligonucleotides as representatives of RNA se-
quences. We have resolved and compared 20 to
23 src oligonucleotides in each of eight RSV
strains and in two rRSV’s representing about
15% of the src-specific RNA. Of these, 11 were
conserved in all RSV strains; the remaining oli-
gonucleotides were distinctive or shared by some
RSV strains. Allelic sequence counterparts of all
distinctive src oligonucleotides of different RSV
strains were found in others either directly or in
the nucleotide sequences of Schmidt-Ruppin
(SR) RSV-A (7) or Prague (PR) RSV-C (D.
Schwarz, R. Tizard, and W. Gilbert, personal
communication) or by competitive hybridiza-
tion. The same methods also showed that the
distinctive src oligonucleotides of two rRSV’s
have allelic counterparts in parental and other
RSV strains. Moreover, the only src oligonucleo-
tide shared by the two rRSV’s that did not have
an identical counterpart in parental or other
RSVs, was not recovered from an RNase A-,
T,-, and Ts-resistant hybrid formed with DNA
of the cellular src-related locus.
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It is concluded that the src genes of eight RSV
strains and of two rRSV’s are about 98% con-
served and completely allelic. Variations among
sre-specific sequences are limited to single nu-
cleotide differences in certain variable regions.
Since the same variations were observed among
known RSV strains, among clonal variants of
the same strain, and among parental and re-
covered RSVs, and since the only putative trans-
ductional oligonucleotide marker of our rRSV’s
was not found in the cellular src-related locus,
we submit that the identification of allelic var-
iants of oligonucleotides is not sufficient proof to
support the view that the rRSV’s carry src se-
quences transduced from the cell. Alternative
hypotheses are discussed to explain the origin of
rRSV’s in animals injected with ptd RSV.

MATERIALS AND METHODS

Viruses and cells. The PR RSV of subgroup B
and B77 RSV of subgroup C were the same as those
described previously (43). The SR RSV of subgroup
A, clone 85-7, and a td src deletion mutant of SR RSV-
A, termed td 102, have been described (44). A partial
src deletion of SR RSV-A, 85-7, termed ptd 108, has
been characterized previously by us and others (20,
47). The qualil cell line producing Bryan RSV(—)3 has
also been described (10, 14). A quail line producing a
variant Bryan RSV(-), termed RSV(-)16, was the
gift of H. Murphy (30). The virus, termed here Bryan
RSV(-)1, was obtained from P. K. Vogt and was
initially thought to be a stock of Fujinami sarcoma
virus (23, 38). Clone 7745 or SR RSV of subgroup D,
termed here SR RSV-D1, was the source of the two
mutants with a partial src deletion, ptd 3 and ptd 14,
which were used to generate rRSV 3-3 and rRSV 14-
2 and of the complete src deletion mutant td SR RSV-
D clone 21 (22, 32, 41, 42). In a previous publication
we referred to rRSV 3-3 as rASV 3-1 and to rRSV 14-
2 as rASV 2-1 (32). The rRSV’s were cloned by focus
selection to remove excess td rRSV variants (32) be-
fore analysis of their src genes. A clonal variant of SR
RSV-D1, which was derived by cloning SR RSV-D1-
transformed rat cells (41) carrying a single provirus
and rescuing the virus from a clonal colony of rat cells
by fusion with chicken embryo fibroblasts, was termed
SR RSV-D2. It was a gift from R. K. Vogt. A td
mutant of PR RSV-B was obtained from G. S. Martin.

Viral RNA, cDNA, and a recombinant lambda
clone of the srec-related locus of the chicken. *’P-
labeled virus was prepared from the supernatant me-
dium of cells labeled with *P0O.*~ (50 mCi/175-cm?
tissue culture flask) in 20 ml of phosphate-free 199
medium supplemented with 2% calf serum and 1%
chicken serum dialyzed against isotonic saline. Label-
ing was for 12 h. Subsequently, the culture was incu-
bated for an additional 12 h in phosphate-free medium
and then for two more 12-h periods with complete
medium. Viral RNA (60 to 70S) was prepared as
described previously (43).

For preparation of cDNA, virions were purified by
equilibrium density gradient centrifugation in 20 to
60% sucrose gradients (23, 43). Typical reactions con-
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tained 2 to 3 units of absorbancy at 260 nm per ml of
purified virus (measured in neutral solution containing
0.2% sodium dodecyl sulfate), 20 mM Tris (pH 8.5), 60
mM KCl, 8 mM MgCl,, 2 mM deoxynucleoside tri-
phosphates and sufficient ['H]TTP or [PH]dCTP to
give a final specific activity of 20 to 50 cpm/ng of
[*H]cDNA, 0.025% (wt/vol) nonionic detergent Noni-
det P-40, 20 ug of actinomycin D per ml, and 70 mM
dithiothreitol. Reactions were incubated with gentle
shaking at 40°C for 16 to 20 h. Subsequently, EDTA
was added to 20 mM, the solution was extracted twice
with phenol, and the nucleic acids were precipitated
with 2.5 volumes of ethanol. After 2 h at —20°C the
nucleic acids were pelleted and incubated overnight at
room temperature in 0.3 ml of 0.3 N NaOH, and after
neutralization with 2 N acetic acid the solution was
chromatographed on a Bio-Gel (Bio-Rad Laborato-
ries) P100 column (1 by 15 cm) in 0.01 M NaCl-0.01
M Tris (pH 7.4)-0.1% sodium dodecyl sulfate. The
[*H]cDNA eluting in the void volume was recovered
by ethanol precipitation directly or after an additional
phenol extraction. The yield was 0.3 to 4 ug of cDNA
per unit of absorbancy at 260 nm of virus.

The recombinant lambda phage ACS3 containing
the src-related locus of the chicken was a gift of G.
Cooper. It was propagated as described previously
(35).

Nucleic acid hybridization and fingerprinting
of T, oligonucleotides of RNA-cDNA hybrids. src-
specific cDNA was prepared by incubating 1 to 2 ug of
cDNA with 10 to 20 pg of td RSV RNA in 10 ul of 50%
formamide containing 0.45 M NaCl-0.045 M sodium
citrate-20 mM sodium phosphate buffer (pH 7) for 3
to 12 h at 40°C. For competitive hybridizations be-
tween src-specific RNAs, sre-specific cDNA was hy-
bridized under the same conditions with a 10-fold
excess of RSV RNA. Subsequently about 0.25 ug of
RSV [**P]RNA (4 X 10° cpm/ug) was added in 10 ul of
the above solution, and incubation was continued for
an additional 3 h. The solution was diluted 10-fold
with 0.15 M NaCl-0.015 M sodium citrate and then
incubated at 40°C with 10 U of RNase T, for 50 min.
The hybrid was separated from digested RNA by
chromatography on the Bio-Gel column described
above, except that the column was developed with
buffer containing 0.1 M NaCl. After ethanol precipi-
tation the hybrid was dissolved in 100 ul of 5 mM
NaCl-5 mM Tris (pH 7.4)-0.5 mM EDTA; after
heat dissociation for 1 min and subsequent quenching
at 0°C, the [**PJRNA was digested with 8 U of RNase
T, for 30 min at 40°C. The solution was then finger-
printed by electrophoresis at pH 2.5 followed by ho-
mochromatography as described previously (12).

RESULTS

Identification and comparison of the src-
specific oligonucleotides of eight different
RSV strains by hybridization with src-spe-
cific cDNA. (i) Strategy. To determine the
extent of relatedness among the src genes of
different RSV strains, the sre-specific sequences
of different RSVs were compared by RNA-
c¢DNA hybridization and fingerprinting T, oli-
gonucleotides of hybridized RNA. This method
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distinguishes unambiguously between sequences
which may be identical or differ from each other
only in single base substitutions and hence form
T-resistant hybrids and sequences with sub-
stantial nonhomologies which would not form
T,-resistant hybrids (5, 12, 23, 28). To detect a
maximum of unique src oligonucleotides, the
background of viral non-src oligonucleotides was
omitted by fingerprinting only src-specific RSV
RNA that was hybridized by src-specific cDNA.
The src-specific cDNA was prepared by anneal-
ing cDNA of nondefective RSV with a 10-fold
excess by weight of RNA from the corresponding
isogenic src deletion mutants. The src-specific
cDNA was then hybridized to 60 to 70S [*P]-
RNAs of different RSVs, and the resulting
RNase T;-resistant hybrids were fingerprinted
as described above.

One possible problem with this method is that
the src genes of different RSVs may not be
completely allelic. In this case a hypothetical
unique src¢ sequence element of a given RSV
strain would not be hybridized by src-specific
cDNA from another. Another problem is that
the complexity of the sre-specific cDNA would
vary with the extent of the src deletion mutant
used to prepare the probe.

(ii) src-specific cDNA’s of different RSV
strains are allelic. To test for the possibility
that src genes of different RSV strains might
not be allelic, the sre oligonucleotides of PR
RSV-B recovered with two different src-specific
cDNA'’s, one prepared from PR RSV-B cDNA
and td PR RSV-B RNA and the other prepared
from SR RSV-A ¢cDNA and td SR RSV-A 102
RNA, were compared. It is shown in Fig. 1A and
B that the same oligonucleotides were obtained.
We conclude that the src gene of PR RSV does
not contain unique src sequences detectable as
T, oligonucleotides that are not allelic with SR
RSV. (The only difference was that the PR RSV
c¢DNA hybrid contained the 5'-terminal cap oli-
gonucleotide of PR RSV RNA [cap in Fig. 1B].
It is likely that this oligonucleotide was not
sufficiently outcompeted by td SR RSV RNA
due to a probable excess of strong-stop cDNA
that spans the sequence between the 5’ end and
the tRNA primer located near the 5’ end of RSV
RNA [17].)

The possibility that the src genes of PR and
SR RSV may each contain small unique se-
quences only detectable as very small oligonu-
cleotides not resolved as unique species by our
method was then tested by competitive hybrid-
ization. In this experiment src-specific cDNA of
SR RSV-D1 was first hybridized with PR RSV-
B RNA to anneal all related src sequences (see
above). The resulting hybrid was then incubated
under annealing conditions with SR RSV-D1
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[**PIRNA. As is shown in Fig. 1C, no oligonucle-
otides were recovered, except polyadenylic acid
[poly(A)], which due to its size and resistance to
RNase T, copurified with RNA-cDNA hybrids
in our Bio-Gel column. We conclude that the sre¢
genes of PR and SR RSV are completely allelic
and do not contain unique sequence elements.

Judging from their autoradiographic densities
we note that not all src oligonucleotides were
recovered at equimolar ratios by our method
(Fig. 1, 2, and 4). This was particularly true
when the same src-specific RNA was analyzed
with different src-specific cDNA'’s (Fig. 1 and 4).
This is probably due to experimental shortcom-
ings of our method, such as nonequimolar dis-
tribution of src cDNA segments, the preferential
loss of some not completely base-paired oligo-
nucleotides from RNA-cDNA hybrids upon
digestion with RNase T, (5, 12), and technical
difficulties in transferring RNA digests from the
electrophoretic dimension to two separate
DEAE thin-layer plates (12). (An example of
nonequimolar distribution of cDNA is described
below.)

Fingerprints of the src-specific RNAs of the
six additional RSV strains, including SR RSV-
A, SR RSV-D2, three replication-defective var-
iants of Bryan RSV (—) [i.e., RSV(-)3, 16, and
1], and RSV B77, all obtained with src-specific
cDNA prepared with PR RSV-B ¢cDNA and td
PR RSV-B RNA are shown in Fig. 2. The defec-
tiveness of the three RSV(—) variants was veri-
fied by measuring electrophoretically the sizes
of the viral RNAs, which, in agreement with
previous analyses (10, 30, 44), were 8, 8.5, and 8
kb for RSV(-)3, 16, and 1, respectively (Table
1). The size of all nondefective RSVs and rRSV
was 10 kb, again in agreement with previous
analyses (8, 32, 43, 44). The compositions of all
large src oligonucleotides (numbered as in Fig.
2) in terms of RNase A-resistant sequences are
listed in Table 1. About 20 to 23 unique src
oligonucleotides were resolved in each RSV
RNA which together represented 200 to 250 (or
15%) of the about 1,600 nucleotides of src-spe-
cific RNA.

On the basis of their distribution in other viral
strains the 20 to 23 src oligonucleotides of all
RSV strains analyzed by us fell into three
classes: a completely conserved class of 11 src
oligonucleotides, numbered 1 to 11, that all RSV
strains analyzed had in common; a second class
of about 12 relatively conserved src oligonucle-
otides that each RSV strain shared with 1 to 9
of the 10 strains compared (which include two
rRSV’s); and a third class of about one to three
src oligonucleotides that were distinctive for a
given RSV strain. To determine whether dis-
tinctive and relatively conserved src oligonucle-

src GENES OF RSV AND rRSV
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otides of different RSV strains reflect allelic
variants of others, as suggested by the fact that
they were obtained with the same src-specific
cDNA probe, the following criteria were applied:
(i) the presence of one must be mutually exclu-
sive for the other because their map locations
have to be the same; (ii) their complexity must
be high enough to insure uniqueness; and (iii)
sequences must be close enough to explain dif-
ferences in terms of one or two (in larger oligo-
nucleotides; c.f. Table 1, no. 23a, b, and c) point
mutations.

Mapping of src oligonucleotides was accom-
plished by two methods. One method located src
oligonucleotides of PR RSV-B relative to the 3’
poly(A) coordinate of viral RNA by fingerprint-
ing RNA from T-resistant hybrids formed be-
tween poly(A)-tagged PR RSV-B RNA frag-
ments of discrete size classes (43) and sre-specific
cDNA of PR RSV-B (Fig. 3). The other method
matched src oligonucleotide sequences with the
known nucleotide sequence of cloned proviral
DNA of SR RSV-A (7) or of PR RSV-C
(Schwarz et al., personal communication). The
oligonucleotide maps obtained by both methods
were in complete agreement (Fig. 3). The posi-
tion of each src oligonucleotide detected in the
sequence of SR RSV-A or PR RSV-C DNA is
recorded in Table 1 using the nucleotide position
numbers in the 5 to 3’ order of the SR RSV
DNA sequence reported by Czernilofsky et al.
(7) and is depicted in Fig. 3.

Together with the compositional analyses, the
oligonucleotide maps allowed unambiguous
identification of allelic pairs among nonidentical
src oligonucleotides of different RSV strains
(Table 1). Once identified, allelic variants of a
given oligonucleotide sequence were given the
same numbers and were distinguished alphabet-
ically in Fig. 1, 2, and 4 and Table 1.

(iii) Complexity of src-specific cDNA var-
ies with the src deletion mutant used to
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prepare the probe. It was noted that the num-
ber of src oligonucleotides of a given RSV strain
varied slightly with some, but not all, src¢ dele-
tion mutants used to prepare src-specific cDNA.
For instance, the src oligonucleotide patterns of
PR RSV-B obtained with src-specific cDNA
prepared with PR RSV-B cDNA and td PR
RSV-B RNA or SR-RSV-A ¢DNA and td SR
RSV-A 102 RNA were the same, indicating that
these deletions were essentially colinear (Fig. 1A
and B). The src deletion mutant td SR RSV-D
clone 21 presents an example of a deletion that
extends in the 5’ direction beyond the limits set
by td SR RSV-A 102 and td PR RSV-B. Hence,
SR RSV-D1 RNA hybridized by sre-specific
¢DNA formed with SR RSV-D1 or rRSV 14-2
¢DNA and td SR RSV-D21 RNA included oli-
gonucleotides x and y (Table 1), which are not
found in hybrids formed with the src-deletion
mutant td PR RSV-B (Fig. 1 D, E, and F, 3, and
4). The recovery of these oligonucleotides varied
with the cDNA used. For example, little of x and
y was recovered with cDNA of SR RSV-D1, but
much more was recovered with cDNA of rRSV’s
14-2 and 3-3 (cf. Fig. 1 and 4). This reflects the
presence of an excess of spontaneously generated
td rRSV’s present in our rRSV stocks, as deter-
mined by gel electrophoresis of viral RN As (data
not shown) (32). By contrast to td SR RSV-D21
these td rRSV’s lacked only src sequences and
not sequences outside of the 5’ src gene border
(data not shown). Hence, a mixture of rRSV and
td rRSV ¢cDNA’s hybridized with td SR RSV-
D21 RNA would contain an excess of unhybrid-
ized cDNA of the non-src region that is deleted
in td SR RSV-D21. This cDNA would hybridize
RNA represented by oligonucleotides x and y
(Fig. 3).

By contrast td SR RSV-A 108 represents an
src deletion mutant with residual src oligonucle-
otides (47, 48). The residual src oligonucleotides
of td 108 were isolated from a hybrid formed

F16. 1. Fingerprint patterns of RNase Ti-resistant oligonucleotides of src-specific RSV [**PJRNA. **P-
labeled 50 to 70S RSV RNAs were hybridized with src-specific cDNA’s prepared from RSV ¢cDNA’s and
RNASs of corresponding isogenic td RSV. The RNase T\-resistant hybrids were denatured and subjected to
fingerprinting at pH 2.5 (12) as described in the text. Because homochromatography was on two separate
commercial DEAE thin-layer plates to enhance resolution (12), there is a splice mark in the middle of each
fingerprint. A, src oligonucleotides of PR RSV-B recovered from src-specific cDNA’s prepared from PR RSV-
B ¢cDNA and td PR RSV-B RNA. B, src oligonucleotides of PR RSV-B recovered from src-specific cDNA
prepared from SR RSV-A ¢DNA and td SR RSV-A RNA. C, Competitive hybridization between SR RSV
RSV-D1 [**PJRNA and unlabeled PR RSV-B RNA with src-specific cDNA prepared from SR RSV-D1 cDNA
and td SR RSV-D21 RNA; only poly(A), which is resistant to RNase T digestion, is found on the fingerprint;
detailed experimental procedures are described in the text. D, src oligonucleotides of SR RSV-DI1 recovered
from sre-specific cDNA prepared from PR RSV ¢cDNA and td PR RSV-B RNA. E, src oligonucleotides of SR
RSV-D1 protected by src-specific cDNA prepared from SR RSV-DI ¢cDNA and td SR RSV-D21 RNA;
oligonucleotides x and y map outside the src gene as illustrated in Fig. 3. F, src oligonucleotides of SR RSV-
D1 protected by src-specific cDNA prepared from rRSV 14-2 cDNA and td SR RSV-D21 RNA. G, Residual src
oligonucleotides of td SR RSV-A 108 recovered from src-specific cDNA prepared from PR RSV-B ¢cDNA and
td PR RSV-B RNA.
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F1c. 2. Fingerprint patterns of src oligonucleotides of six strains of RSV. 32p.labeled 60 to 70S RSV RNAs
were hybridized with src-specific cDNA prepared from PR RSV-B ¢cDNA and td PR RSV-B RNA. The
procedures were as described for Fig. 1. src-specific RNAs of the following viruses were fingerprinted: A, SR
RSV-A; B, SR RSV-D2; C, Bryan RSV(-)3; D, Bryan RSV(-)16; E, Bryan RSV(-)1; and F, B77 RSV.

between td 108 [**P]RNA and src-specific cDNA
prepared from PR RSV-B ¢cDNA and td PR
RSV-B RNA (Fig. 1G).

By using both the oligonucleotide map of PR
RSV-B (Fig. 3) and the known src sequences of
SR RSV-A (7) and PR RSV-C, the RSV oligo-
nucleotides recovered by cDNA probes formed
with some but not other src-deletions were lo-

cated at the 5" or 3’ boundary of the src-specific
sequence (Fig. 3). Hence, fingerprinting src oli-
gonucleotides of known RSVs with cDNA
probes formed with different src deletion mu-
tants proved to be a reliable method to define
the boundaries of the src deletion in a given td
RSV virus (Fig. 3). The result also confirmed
earlier analyses which indicated that the dele-
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TaBLE 1. Composition of T, oligonucleotides in the src gene region
Oligonucleotide Oligonucleotide present in strain®:
No.® . SR | SR Bryan
it Map posi- | PR | SR Bryan —\| Bryan |B77 [rRSV|rRSV
Composition tion  [RSV-B|RSV-A[RS V" RSV 1RsV(-)3 [RSV(™) |rsv(o)1 RSV | 142 | 3.3
1 |3C,G,3AC 69-78 + + + + + + + + + +
2 |U,2C,G,AC,2A,C 334-345 + + + + + + + + + +
3 |4U,G,AC 502-511 + + + + + + + + + +
4 |U,5C,AC,AU,AG 395-406 + + + + + + + + + +
5 [4U4C,G,2AC 247-259 + + + + + + + + + +
6 |U,5C,G,AsC 491-501 + + + + + + + + + +
7 |4U,2C,G,A.C 514-523 + + + + + + + + + +
8 |2C,AUAG 889-896 + + + + + + + + + +
9 |U4C,G,AUA.C 1,178-1,188 | + + + + + + + + + +
10 [4C,AU,ACAG 1,393-1,402 | + + + + + + + + + +
11 |2U,3C,AC,AU,A.G 1,324-1,335| + + + + + + + + + +
12a |U,5C,G,AC,2AU 1,016-1,018| + + + + + + + + +
12b |U4C,G,AC,2A U +
13 |3C,2ACAG 874-882 + + + + + + + + +
14a |U,C,2ACA.G 607-616 + + + + + + + +
14b |U,C,2AC,AG + +
15 |2C,2AC,A.G 1,375-1,383 | + + + + + + + + +
16 |2U,4C,AC,AU,AG 424-435 + + + |+ + + + | + +
17 |4U,5C,G,3AC,AU 639-656 + + + + + + + + +
18a |4U,6C,2AC,AU,AG 364-382 + + + + + + +
18b |4U,6C,G,2AC,AU +
19a |4C,AC,A.C,A.G 96-107 + + + + + +
19b [4C,G,AC,AU,A.C + +
19¢ |4C,G,2AC,A.C +
20 |2U,5C,AUA.G 1,279-1,290 | + + + |+ + |+ +
21a |4U,3C,G,AC,A.C + + + + +
21b |4U,3C,G,2AC,A.C 184-198 + + +
22 |2U,3C,2AC,A.G + + +
23a (3U,4C,G,2AC,AU,A;5C 692-709 + + + + +
23b |3U,6C,G,3AC,AU +
23c |3U,4C,G,3AC,A;C + +
24 |4U,5C,AC,A.G +
25 [4C,AG,A.C +
26 |2U,3C,G,AC,A:C +
27 |2C,G4AC +
28 |U,3C,G,AC,AU +
29 |4C,AC,AG, +
30 [4C,A.CAG +
31 |[3U,2C,AC,A:G +
x |4U,3C,G,AC,2AU,A:C —(184-200)
y |2U,C,AC,AU,A.G —(162-171)

2 RNA sizes, estimated from their electrophoretic mobilities in polyacrylamide gels, were as follows: PR RSV-B, 10 kb (this
study); SR RSV-A, 10 kb (8, 44); SR RSV-DI, 10 kb (32); SR RSV-D2, 10 kb (this study); Bryan RSV(-)3, 8.0 kb (this study;
9, 30); Bryan RSV (-)16, 8.5 kb (this study); Bryan RSV(-)1, 8.0 kb (this study); B77 RSV, 10 kb (8, 43); rRSV 14-2 (this study;

32); and rRSV 3-3, 10 kb (this study; 32).

® Numbers refer to those shown in Fig. 1, 3, and 4. Allelic variants of a given oligonucleotide are distinguished alphabetically.
€ Map positions are those of proviral DNA sequence of SR RSV-A described by Czernilofsky et al. (7).

tions of different td RSV isolates lack different
amounts of src sequences (13, 20, 22).

The src-specific RNA sequences of two
rRSV’s and of parental SR RSV-D1 are
completely allelic and differ by a few single
base variations. To determine whether the sre¢
genes of two rRSV’s derived from SR RSV-D1
via ptd RSVs might contain specific sequence
elements acquired by transduction from the cell,
we compared the src genes of rRSV 14-2 and 3-
3 to that of parental SR RSV-D1 and to those of
other RSVs. rRSV 14-2 contained four src oli-
gonucleotides, no. 18a, 19a, 21a, and 23c, not

shared with the parental SR RSV-D1 (Fig. 4;
Table 1). SR RSV-D1 contained three src oli-
gonucleotides, no. 19¢, 21b, and 23a, not shared
with rRSV 14-2 (Fig. 2; Table 1). It was possible
to demonstrate that all differences that set apart
rRSV 14-2 from SR RSV-D1 appear to represent
single base changes. For example, although an
allelic counterpart of rRSV 14-2 oligonucleotide
no. 18a has not been detected in parental SR
RSV-D1 in the form of a large, unique T; oligo-
nucleotide, a parental sequence equivalent was
indicated because SR RSV-D1 RNA was able to
outcompete all rRSV 14-2 src sequences upon
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Fi16. 3. Synopsis of the nucleotide positions of the src gene sequence of proviral SR RSV-A DNA as
described by Czernilofsky et al. (7), of the oligonucleotide maps of the src-specific RNA sequences of PR RSV-
B and SR RSV-A, and of the src deletion map of four transformation-defective RSV mutants. The src
oligonucleotide map of SR RSV-A was derived by matching oligonucleotide sequences with the known
sequence of SR RSV-A (7) and of PR RSV-C (Schwarz et al., personal communication) and the oligonucleotide
map of PR RSV-B. The src oligonucleotide map of PR RSV-B was obtained by hybridizing different size
classes of poly(A)-tagged RNA fragments with src-specific cDNA prepared from PR RSV-B cDNA and td PR
RSV-B. Oligonucleotides whose relative order within a cluster could not be determined by this method are in
brackets. Oligonucleotide numbers are shown in Fig. 1, 2, and 4 and Table 1. Definition of the deletions of td
RSV RNAs was by fingerprinting that part of PR or SR RSV RNA that was hybridized by src-specific cDNA’s
prepared with the respective td RSV RNAs as described in the text. The deletion map of the td SR RSV-A 108
was independently derived by fingerprinting the remaining src oligonucleotides recovered from src-specific
cDNA prepared from PR RSV-B ¢cDNA and td PR RSV-B RNA (Fig. 1G).

hybridization with rRSV 14-2 src-specific cDNA
(Fig. 4; see below). Further, an allelic sequence
equivalent of rRSV 14-2 oligonucleotide no. 18a
with internal Gs was directly identified in the
src sequence of SR RSV-A (position 364 through
382 in Czernilofsky’s sequence, Table 1); an
equivalent without internal Gs was found in the
PR RSV-C sequence at nucleotide positions 7487
to 7505 (Schwarz et al., personal communica-
tion). (The src gene of PR RSV-C extends from
positions 7126 to 8703 in the complete sequence
of 9302 nucleotides.) The internal Gs would
make this sequence undetectable as a unique,
large, T-resistant oligonucleotide in SR RSV-A.
The same must be true for its equivalent in SR
RSV-D1. Moreover, oligonucleotide no. 18a is
present in SR RSV-D2, a clonal variant of SR
RSV-D1 (see below and Fig. 2). Oligonucleotide
no. 19a of rRSV 14-2 is allelic with oligonucleo-
tide no. 19c in SR RSV-D1, from which it differs
by a change from AGG to AAG. Oligonucleotide
no. 19a is also found in the closely related SR
RSV-A (Table 1). Oligonucleotide 21a of rRSV
14-2 is allelic with oligonucleotide no. 21b in SR
RSV-D1, which is also found in SR RSV-A
(positions 184 through 198, Table 1). Oligonu-
cleotide no. 21a of rRSV 14-2 differs from oli-
gonucleotide no. 21b of SR RSV-D1 or SR RSV-

A in an AC-to-AG change in position 184
through 186 (Table 1). Oligonucleotide no. 21a
was also present in SR RSV-D2, a cloned variant
of SR RSV-D1 (see below and Fig. 2). rRSV 14-
2 oligonucleotide no. 23c is allelic with SR RSV-
D1 oligonucleotide no. 23a, because the presence
of these oligonucleotides is mutually exclusive,
and they differ from each other by a single base
between AC and AU. Hence, we demonstrated
that each of three distinctive oligonucleotides
that set apart rRSV 14-2 and the parental SR
RSV-D1 has an allelic counterpart in the otheys,
i.e.,, TRSV 14-2 oligonucleotides no. 19a, 21a, and
23c correspond to SR RSV-D1 oligonucleotides
no. 19¢, 21b, and 23a. The distinctive rRSV 14-
2 oligonucleotide no. 18a has an allelic sequence
equivalent in SR RSV-D1 and a direct counter-
part in SR RSV-D2, a clonal variant of SR RSV-
D1. In addition, most of these oligonucleotides
have identical or homologous T} oligonucleotide
counterparts in other RSV strains (Table 1).
The distinctive, nonparental src oligonucleo-
tides of rRSV 3-3, no. 12b, 18b, 19a, 21a, and 23c,
also had allelic counterparts in SR RSV-D1,
rRSV 14-2, or other RSV strains as is shown in
Table 1 and explained above for the allelic equiv-
alent of no. 18a and 18b in SR RSV-D1.
Nevertheless, the above experiments did not
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Fic. 4. Fingerprint patterns of RNase T\-resistant oligonucleotides of src-specific rRSV [®?PJRNA. A,
src oligonucleotides of rRSV 14-2 recovered from src-specific cDNA prepared from PR RSV-B ¢cDNA and td
PR RSV-B RNA. B, src oligonucleotides of rRSV 14-2 recovered from src-specific cDNA prepared from rRSV
14-2 ¢cDNA and td SR RSV-D21 RNA. Two additional oligonucleotides, x and y, are found that are not
present in panel A. These are identical to x and y of SR RSV-D1 in Fig. 1E and have been shown to map
outside src (Fig. 3). C, src oligonucleotides of rRSV 14-2 recovered from src-specific cDNA prepared from SR
RSV-D1 ¢cDNA and td SR RSV-D21. The fingerprint pattern is exactly the same as in panel B. D, src
oligonucleotides of rRSV 3-3 recovered from src-specific cDNA prepared from PR RSV-B cDNA and td PR
RSV-B RNA. Several rRSV 3-3 oligonucleotides are different from those of rRSV 14-2 (panel A). E, src
oligonucleotides of rRSV 3-3 recovered from src-specific cDNA prepared from rRSV 3-3 cDNA and td SR
RSV-D21 RNA. Oligonucleotides x and y are also found and are identical to those in panel B. F, Competitive
hybridization between rRSV 3-3 [*PJRNA and unlabeled SR RSV-D1 RNA with src-specific cDNA prepared
from rRSV 3-3 cDNA and td SR RSV-D21 RNA. None of the distinctive src oligonucleotides was recovered,
except poly(A), which is located at the origin of the chromatographic dimension on DEAE-cellulose.
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exclude the possibility that the rRSV’s could
contain unique src-sequence elements that are
not allelic with parental RSV and other RSV
strains. Oligonucleotides from such sequences
would obviously not be detected in hybrids
formed with srec-specific cDNA of PR or SR
RSV. To test for the presence of such unique src
sequences in rRSV 14-2 and 3-3, src-specific
cDNA probes were prepared by hybridizing
rRSV ¢DNA'’s with td SR RSV-D21 RNA. As
can be seen in Fig. 4, these probes detected the
same rRSV sre oligonucleotides in rRSV 14-2
and 3-3 as those detected by PR RSV-B or SR
RSV-D1 src-specific cDNA. Since the rRSV sre-
specific cDNA’s were prepared with td SR RSV-
D21 RNA they also picked up oligonucleotides
x and y. As has been shown above (Fig. 1 and 3),
these oligonucleotides map outside the 5’ border
of the src gene and represent sequences deleted
in td SR RSV-D21 (Fig. 3). In addition, the
rRSV src-specific ¢cDNA’s recovered all the
same src oligonucleotides of SR RSV-D1 that
were recovered by a SR or PR RSV sre-specific
cDNA (cf. Fig. 1D, E, and F), thus suggesting
that the src-specific RNA sequences of parental
SR RSV-D1 and of the two rRSV’s are entirely
allelic. This was directly confirmed by demon-
strating that all TRSV src-specific cDNA se-
quences are completely formed into heterodu-
plexes by prehybridization with SR RSV-D1
RNA. Such prehybridized rRSV sre-specific
cDNA failed to detect any rRSV oligonucleo-
tides upon hybridization with rRSV 14-2 or 3-3
[**P]RNAs, except the [*P]poly(A), which is
RNase T, resistant (Fig. 4F). Hence, the src
sequences of rRSV’s 14-2 and 3-3 do not contain
unique, nonparental sequences. The src se-
quences of these rRSV’s are completely allelic
with those of SR RSV-D1 and other RSVs. They
only differ from each other and from the src
genes of other RSVs in single base changes
scattered over certain variable regions of the src
gene.

The only rRSV-specific src oligonucleotide
that could possibly qualify as a transductional
marker would be the 23c allele of oligonucleotide
no. 23, because it is the only one that is shared
by both rRSV’s and lacks an identical counter-
part in parental and other RSVs.

src-specific sequences of SR RSV-D1 and
of a clonal variant termed SR RSV-D2 dif-
fer from each other in single base varia-
tions like those that distinguish SR RSV-
D1 and rRSV’s 14-2 and 3-3. To assess the
likelihood that the single base differences be-
tween the src oligonucleotides of rRSV’s 14-2
and 3-3 and of the parental prototype SR RSV-
D1 may be the result of mutations arising under
the strong selective conditions used to generate
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rRSV from ptd RSVs in animals (15, 41), the src
oligonucleotides of two variants of SR RSV-D
were compared to each other. One was SR RSV-
D1, the parental strain from which were derived
the ptd SR RSVs (22) that were used to generate
the rRSV’s (41, 42). The other, SR RSV-D2, was
a clonal variant of SR RSV-D1. SR RSV-D2 was
derived from SR RSV-D1 by clonal selection
involving rescue of virus from a colony of trans-
formed rat cells by fusion with susceptible
chicken cells. The rat cell colony contained a
single SR RSV provirus and was derived from a
single cell of a culture initially transformed by
SR RSV-D1 (41; P. K. Vogt, personal commu-
nication). Comparisons of the src oligonucleo-
tides of SR RSV-D1 and RSV-D2 indicated that
SR RSV-D1 contained four oligonucleotides, no.
13, 14a, 19¢, and 21b, not shared with SR RSV-
D2 and that SR RSV-D2 contained five oligo-
nucleotides, no. 14b, 18a, 19b, 21a, and 25, not
shared with SR RSV-D1 (Table 1). All lettered
oligonucleotides are allelic pairs, except no. 18a
of SR RSV-D2 which was shown above to have
an allelic counterpart in SR RSV-D1. Although
further analyses and competitive hybridization
were not done, it is plausible that the remaining
distinctive src oligonucleotides, no. 13 of SR
RSV-D1 and no. 25 of SR RSV-D2, also have
allelic equivalents in the other strain since this
was the case for the src oligonucleotides of all
other RSV strains tested.

We conclude that clonal selection under con-
ditions as stringent as those used to generate
rRSV’s from ptd RSV stocks generates variant
src oligonucleotides that differ from parental
prototypes in single base changes. Differences
among src oligonucleotides between clonal iso-
lates of the same RSV strain are of the same
magnitude as those observed between parental
RSV and rRSV’s.

The ACS3 clone of the chicken locus re-
lated to src does not contain the 23c allele
of oligonucleotide 23, the only rRSV-spe-
cific marker, and lacks all virion sequences
outside sre. The above analyses of rRSV’s 14-
2 and 3-3 have indicated that the src genes of
the two rRSV’s share but one oligonucleotide
marker, i.e., the 23c allele of oligonucleotide no.
23, that was not found in parental RSV or any
other RSVs (Table 1). Other RSVs contained
either the no. 23a or 23b allele or undetected
variants of this sequence (Table 1). The same
oligonucleotide no. 23c was also detected previ-
ously in these rRSV’s (32, 41) and in two of
seven rRSV’s described by Wang et al. (47).

On this basis it has been argued that this
oligonucleotide is a marker of novel, cell-derived
src sequences (41, 47). To test this possibility
directly we have asked whether the 23c allele
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can be detected in the src-related locus of the
chicken, recently cloned in lambda phage by
Shalloway et al. (35). For this purpose rRSV 14-
2 RNA was hybridized to DNA of the ACS3
clone of the src-related locus. After treatment of
the reaction mixture with RNase T; or with
RNases A, Ty, and Ty, the resistant hybrids were
isoJated by chromatography, and the RNA of
hybrid was fingerprinted as described above.
The T;-resistant hybrid indeed contained all of
the rRSV 14-2 src oligonucleotides identified
above (Table 1), including no. 23c (Fig. 5A). By
contrast an RNase A-, T,-, and T,-resistant hy-
brid formed with ACS3 lacked only oligonucleo-
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tide no. 23c (Fig. 5B), whereas an RNase A-,
T;-, and T.-resistant hybrid formed with rRSV
14-2 sre-specific cDNA contained oligonucleo-
tide no. 23c (Fig. 5C).

Since the ACS3 DNA hybridized all src oli-
gonucleotides of rRSV 14-2, we confirm and
extend the conclusion reached by Shalloway et
al. (35) that the complexity of the src-related
sequences of the chicken locus and of viral src
are about the same. Further, it is concluded that
the 23c allele of src oligonucleotide no. 23 is not
present in the chicken src-locus ACS3. The ab-
sence of 23c in the ACS3-rRSV 14-2 hybrid is
particularly convincing, since all other rRSV 14-

— ——

FiG. 5. T, oligonucleotides of rRSV 14-2 RNA recovered from RNase T-resistant (A) and RNase A-, T-,
and Ty-resistant hybrids (B) formed with DNA of the cellular src-related locus of the chicken cloned in lambda
phage (\CS3). Two control experiments show rRSV 14-2 src oligonucleotides recovered from an RNase A-,
T\-, and Ty-resistant hybrid formed with rRSV 14-2 src-specific cDNA (C) and SR RSV-D1 src oligonucleotides
recovered from an RNase A-, T:-, and Tx-resistant hybrid formed with PR RSV-B src-specific cDNA (D). The
ACS3 hybrids were formed by incubating 0.5 pg of rRSV 14-2 [*PJRNA (2 x 10° cpm) with 20 to 40 ug of \CS3
DNA containing 0.6 to 1.2 pg of src-related DNA which had been degraded to <1,000 nucleotide fragments by
incubation in 0.3 N NaOH at 95 to 100°C for 10 to 15 min, in 10 to 20 pl of 70% formamide containing 0.3 M
NaCl-0:03 M sodium citrate-20 mM sodium phosphate (pH 7) at 40°C overnight. Digestion of the resulting
hybrids was at 0.1 to 0.2 ug of nucleic acid per pl in 0.3 M NaCl-0.03 M sodium citrate (pH 7) at 40°C for 45
min either with RNase T, at 50 U/ml or with RNase A at 50 pg/ml, RNase T\ at 50 U/ml, and RNase T2 at
10 to 25 U/ml. After digestion the solution was extracted once with phenol-chloroform, and the hybrid was
isolated by chromatography on Bio-Gel P100 equilibrated with 0.25 M NaCl and otherwise as described in
the text. The RSV RNA-cDNA hybrids were prepared by the same method, except that RNase digestion was
at <0.1 pg of nucleic acid per pl.
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2 src oligonucleotides of the hybrid survived the
RNase treatment. Nevertheless, it does not ap-
pear plausible that, except for 23c, the cellular
locus would contain all rRSV 14-2 specific alleles
of the variable src oligonucleotides listed in Ta-
ble 1. This may reflect incomplete digestion of
the smaller src oligonucleotides in possibly mis-
matched regions of rRSV RNA-ACS3 DNA hy-
brids. This is suggested because under the same
conditions of digestion we recovered with ACS3
DNA the 21b allele of SR RSV-D1 (data not
shown) and recovered the 21a allele of rRSV 14-
2, and because in this (Fig. 5B) and in other
similar experiments some src oligonucleotides
were present at less than equimolar ratios in
RNase A-, T;-, and T,-resistant hybrids formed
with ACS3. Incomplete digestion may be due to
the high concentration of DNA, including six
non-src sequences that interrupt the chicken sre
locus (35) and flanking chicken and lambda
DNA, which inhibits RNase, and to the nature
of the substrate being a complex of RNA-DNA
and DNA-DNA hybrids. If these factors prevent
complete digestion, smaller mismatched sre oli-
gonucleotides, as smaller targets of RNase,
would be more likely to survive RNase digestion
than the largest one, no. 23c, which may in fact
differ from its cellular homolog in more than one
base. By contrast, digestion with RNases A, T},
and T, of hybrids formed with SR RSV-D1 RNA
and src-specific cDNA of PR RSV-B eliminated
all rRSV sre oligonucleotides that lacked iden-
tical counterparts in PR RSV-B (oligonucleo-
tides no. 19¢ and 21b; Fig. 5D and Table 1).
Further work is needed to determine conditions
of complete digestion of mismatched hybrids
formed between RNA and double-stranded
DNA.

It may be argued that oligonucleotide no. 23c
includes the boundaries of an intron in cellular
src-related DNA defined relative to viral src (35)
and would therefore be RNase sensitive at this
site. However, despite the presence of a possible
intron in this sequence all nucleotides of oligo-
nucleotide no. 23c should be in the cellular locus,
if it were its transductional origin, and therefore
should have been base paired in the hybrid.
Such a hybrid would remain RNase resistant (C.
A. Dekker, personal communication).

With regard to the hypothesis that the cellular
src-related locus is transducible by ptd RSVs, it
is important to point out that not a single non-
src oligonucleotide of rRSV 14-2 (Fig. 5A and B)
or of several other RSVs tested (data not shown)
was hybridized by ACS3 DNA. Not even the
oligonucleotides x and y, which map immedi-
ately adjacent to the 5 end of src in viral RNA
(Fig. 2) were recovered, although the ACS3 clone
contains about 10 kb of chicken DNA mapping
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at the 5 end of the src-related locus and with
some uncertainty about 0.5 to 1 kb of chicken
DNA flanking its 3’ end (35; G. Cooper, personal
communication). Hence, src transduction by ptd
RSVs lacking one or both src termini (16, 47; see
below) would require illegitimate recombination.

DISCUSSION

Conserved and variable src gene ele-
ments. The results described here and the iden-
tification of highly conserved src oligonucleo-
tides (43, 49) and RNA-cDNA hybridizations
published previously (38) indicate that the src-
specific RNA sequences of different RSV strains
are highly conserved and completely allelic and
differ from each other only in single base
changes scattered within certain src regions.
Based on data summarized in Table 1, we esti-
mate that src genes are about 98% conserved as
follows. Oligonucleotides representing 15% of the
src sequence differ on average by five nucleo-
tides between given RSV strains, including
rRSV’s. This corresponds to approximately 30
nucleotide changes or a 2% variability in src
sequences. By contrast, differences such as those
described by us have been interpreted by others
to signal over 30% variability among src genes
based on comparisons of shared and specific
oligonucleotides (16, 47-50) and of over 50%
based on comparisons of tryptic peptides of p60
src proteins (1, 34, 42).

There are two possible explanations for this
discrepancy. (i) The oligonucleotide and peptide
fingerprinting in the above studies did not dis-
tinguish between nonidentical, allelic sequence
elements and specific sequence elements unre-
lated to each other. Thus, all oligonucleotides
and peptides not shared by two viruses were
counted as specific. As we have shown here,
major specific sequence elements are probably
not present in the src genes of different RSV
strains. This high level of conservation of src
sequences became clear only after secondary
analyses which included partial sequencing of
oligonucleotides, identifying allelic pairs of oli-
gonucleotides on oligonucleotide maps derived
by fingerprinting poly(A)-tagged RNA frag-
ments as well as by identifying their position in
the nucleotide sequence of viral DNA, and by
competitive hybridization of src-specific RNAs
from different RSV strains with src-specific
cDNA. Hence, counting all nonidentical oligo-
nucleotides of two src genes without distinguish-
ing allelic and nonallelic variants must lead to
an overestimate of sequence diversity. Since the
amino acid sequences of viral src peptides and
proteins were not analyzed, most, if not all, src
peptides reported to be distinctive (1, 33, 34, 42)
as well as the distinctive serological markers (24,
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31, 33) of different src proteins probably also
represent allelic variants of highly conserved
sequences.

(ii) A second reason for the overestimate of
specific src sequences in some previous studies
is that the materials analyzed included src as
well as non-src elements. For example, src oli-
gonucleotides were identified on fingerprints of
total viral RNA or of poly(A)-tagged fragments
of RNA which include adjacent 3’-terminal and
also 5'-terminal non-src elements (16, 42, 47-50).
Thus, some non-src oligonucleotides have been
counted as src oligonucleotides in these studies.
For instance, several large, presumably rRSV-
specific src oligonucleotides identified in
poly(A)-tagged RNA fragments in one previous
study (42) were not detectable by us studying
src specific oligonucleotides of the same viral
RNAs by fingerprinting a T,-resistant hybrid
formed with src-specific cDNA. These rRSV
oligonucleotides were possibly from the env re-
gion (see comparisons below). Another study
considered an oligonucleotide, termed no. 27 (in
references 16 and 47), as a 3’-terminal src oligo-
nucleotide. However, this oligonucleotide prob-
ably does not belong to the coding sequence of
sre since it was not discovered by our cDNA
probes and ACS3 DNA and since it is located in
the proviral DNA sequence of SR RSV-A out-
side the 3’ border of src at positions 1,602
through 1,612 (7). Likewise, since src peptide
analyses were carried out with src proteins
translated in vitro from viral RNA, other non-
sre proteins may have been present, as suggested
by the electrophoretic heterogeneity of the start-
ing materials (42) and by the presence of specific
peptides that are absent from authentic src pro-
teins isolated from infected cells (33, 42). Such
contaminants could include products of prema-
ture chain termination of other viral proteins
also encoded by viral RNA (29).

Are the nonparental src oligonucleotides
of rRSVs transduced from cellular src-re-
lated sequences? (i) Lack of evidence for
unique rRSV-specific src oligonucleotides.
Only scattered single base variations were ob-
served between src sequences of parental RSV
and two rRSV’s. Hence, the src genes of the two
rRSV’s studied by us lack identifiable markers
other than scattered single-base differences to
demonstrate their putative transductional ori-
gin. This proves correct the view considered by
us in a previous study that distinctive oligonu-
cleotides of these two rRSV’s are allelic with
their parental counterparts and hence may be
derived from parental src genes (see below)
rather than representing unique sequence ele-
ments derived from the cell (32). By contrast,
other investigators have considered distinctive
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src oligonucleotides and peptides of the rRSV’s
studied here (41, 42) and of other rRSV’s (16,
41, 42, 47-50) as specific or novel (41, 42) se-
quences and have held the view that these are
specific markers of src sequences transduced
from the cell.

Here we present a critical comparison of our
results with those described previously to deter-
mine whether the distinctive src oligonucleo-
tides of rRSV’s described by others may indeed
represent unambiguous markers of cellular src-
related sequences that could not have been de-
rived from parental src¢ genes by point muta-
tions. The src-specific oligonucleotides of
rRSV’s 14-2 and 3-3 (Table 1) include the non-
parental src oligonucleotide no. 23c detected
previously in rRSV 14-2 and termed no. 11 by
Robins and Duesberg (32) or no. 5¢ by Vigne et
al. (41, 42). We have shown here that this oli-
gonucleotide is allelic with the oligonucleotide
no. 23a of the parental SR RSV-D1. Three other
src-specific oligonucleotides of rRSV’s were de-
scribed by Vigne et al. (41, 42); two of these, no.
5a and 5d, are mixtures and hence cannot be
unambiguously compared with ours. A third one,
no. 5b, was found in rRSV 14-2. It is probably
the same as our parental SR RSV-D1 oligonu-
cleotide no. 23a since it has the same chromato-
graphic properties as no. 23a, although it is
reported to have an A,C rather than an A,C
element as does our no. 23a oligonucleotide.
Since the rRSV 14-2 stock studied by Vigne et
al. (41, 42) was reported to contain no. 5c as well
as its probable parental equivalent, no. 5b, it is
possible that the rRSV 14-2 stock studied by
Vigne et al. contained parental SR RSV-D1 or
that the src genes of a part of the rRSV popu-
lation in this stock had mutated back to the
parental phenotype. Three other large oligonu-
cleotides of TRSV 14-2 and 3-3 described by
Vigne et al. (42), no. 1b, ¢, and d, were not
discovered in the src-specific RNA of the same
viruses by our methods; neither are they detect-
able in the sequences of Czernilofsky et al. (7)
and of Schwarz et al. (personal communication).
Probably, these oligonucleotides derive from
neighboring, env-related sequences, a possibility
acknowledged by Vigne et al. (42).

The src oligonucleotides identified by us also
include five of the six nonparental src oligonu-
cleotides found in rRSV’s described by Wang et
al. (47, 48). Their oligonucleotides no. 8¢, 10c, 34
(47), and Q2 (48) are the same as our oligonucle-
otides no. 23c, 18a, 21a, and 17, respectively
(Table 1). Three of these, no. 17, 18a, and 21a,
have been detected by us in a number of known
RSV strains and are consequently not likely to
be unambiguous markers of cellular src-related
sequences. Moreover, no. 17, considered to be a
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marker of a quail-specific sr¢ sequence and
hence termed Q2 by Wang et al. (48), was pres-
ent in our SR RSV-A strain, in our rRSV 14-2
with a src sequence presumably recovered from
chicken (42), and in our SR RSV-D1 and in
other RSV strains (Table 1). Further Q2 appears
at least allelic if not identical with a parental
counterpart, no. 10a (48), since the presence of
these oligonucleotides in quail-recovered and pa-
rental RSVs is mutually exclusive (48). Oligo-
nucleotide no. 18a was shown to have an allelic
sequence counterpart in DNA sequence posi-
tions 364 through 382 of SR RSV-A, the parental
virus from which the rRSV’s of Hanafusa et al.
(15, 16) are derived. In SR RSV-A this sequence
carries internal Gs and therefore does not appear
as a large oligonucleotide in T, digests of SR
RSV-A RNA, but it does appear in our SR RSV-
D2, in PR RSV-B, and Bryan RSV(—)1, 3, and
16 (Table 1). Oligonucleotide no. 21a is present
in our PR RSV-B, SR RSV-D2, and B77. It
differs from oligonucleotide no. 21b of SR RSV-
A, or SR RSV-D1 and RSV(-)16, in an AC-to-
AG change (Table 1). No. 23c is the only oligo-
nucleotide that we (Table 1; 32) and Wang et al.
(47) have found exclusively in rRSV’s, but not
in all rRSV’s (47, 48). However, this oligonucleo-
tide, too, has an allelic equivalent in SR RSV-A
and SR RSV-D1 and other RSV strains, no. 23a
and 23b (Table 1). Moreover, we have shown
that the rRSV-specific allele of this oligonucleo-
tide does not have an identical counterpart in
the cloned src-related chicken locus studied
here. Therefore, it cannot be considered a
marker for transduction.

A fifth rRSV-specific sre oligonucleotide de-
scribed by Wang et al. (47, 49), no. 15a, appears
to be the allelic equivalent of our highly con-
served src oligonucleotide no. 12a (Table 1), if
we assume an AU-to-AC and a U-to-C change.
(The latter difference might well be a technical
artifact characteristic of our common methods
of analyzing RNase A-resistant fragments by
DEAE-paper electrophoresis.) This is even more
plausible since Wang et al. (47) have analyzed
essentially the same SR RSV-A strain as we did,
yet we did not find their no. 15a and they did
not find our no. 12a. There is only one other sre
oligonucleotide described by Wang et al., no. Q1,
which is thought to be rRSV specific because it
was isolated from a virus recovered from a quail
tumor (48), which has not been discovered in
any RSV strains analyzed by us or in the RSV
sequences of Czernilofsky et al. (7) and of
Schwarz et al. (personal communication), as-
suming no more than a single base difference.
However, since it was later acknowledged by
Wang et al. (49, 50) that this oligonucleotide is
also present in an RSV stock that had been
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thought to be Fujinami sarcoma virus and was
propagated in chicken cells, it is likely that even
this oligonucleotide is not a specific marker of a
cellular src-related sequence.

We conclude that all nonparental src oligo-
nucleotides of rRSV’s analyzed by us and most,
if not all, of those analyzed by others are allelic
with src oligonucleotides of parental RSVs with
only scattered single nucleotide differences.
Moreover, transduction could not be validated
as the origin of the only presumably transduced
rRSV-specific src marker detected here, oligo-
nucleotide no. 23c, because it lacked an identical
counterpart in the cloned cellular src locus stud-
ied by us. Therefore, we submit that the distinc-
tive oligonucleotides associated with rRSV’s are
not valid markers of transduction since they may
be derived from parental src genes by point
mutations.

(ii) The number of presumably trans-
duced, src-specific oligonucleotide markers
of rRSV’s exceeds that of known cellular
src-related loci. Even if one considers nonpa-
rental src oligonucleotides differing from paren-
tal allelic equivalents in single base changes as
sufficient markers of cellular src-related se-
quences, the transductional origin of these
markers is not readily reconciled with the pat-
tern of their appearance in rRSV’s. If the src
genes of rRSV are indeed derived (from the cell)
via ptd RSV lacking over 75% of src (16, 20, 22,
32, 47), and the cell contains only one or, at
most, a few copies of src-related sequences per
haploid genome (18, 35, 37), it would follow that
all or most rRSV’s share at least 75% of the
cellular sre-specific markers. Since the two
rRSV’s analyzed by us each contain different
sets of allelic variants of the same src oligonu-
cleotides (i.e., rRSV 14-2 contains no. 12a and
18a, whereas rRSV 3-3 contains no. 12b and 18b
[Table 1]), each of these viruses must have re-
covered its src gene from a different cellular
locus (if the distinctive oligonucleotides were
indeed markers of cellular src-related se-
quences). Others have described further sre oli-
gonucleotides not shared by all of their rRSV’s
or by those analyzed here, i.e., no. 8a, 8¢, 15a (47,
48), and 5b (41, 42) (which are allelic with our
oligonucleotides no. 23, 23, 12, and 23, respec-
tively; see above and Table 1), implying the
existence of additional distinct cellular src-re-
lated loci. Since the number of cellular src loci
necessary to explain the transductional origin of
all nonparental src oligonucleotides of rRSV’s
appears larger than the number of known cel-
lular src loci, it would follow that the nonpa-
rental src oligonucleotides of rRSV’s reflect
either variable or polymorphic cellular src-re-
lated sequences and hence could not serve as
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reliable markers for transduction or else that
these oligonucleotides are not transduced from
the cell.

Further, if recombination between viral and
cellular sre-related sequences was as common as
suggested by the hypothesis that ptd RSVs
transduced cellular src sequences at predictable
frequency (15, 16, 41), it would be expected that
the src genes of different RSV strains would
have converged upon passage in animals or cell
culture to assume the oligonucleotide pattern
typical of cellular src-related sequences. The
fact that this was not observed (Table 1) again
suggests either that the src genes of exogenous
viruses do not readily recombine with the cel-
lular relatives or that the cellular src-related
sequences show the same degree of variability as
viral src genes, in which case the variable allelic
oligonucleotide markers described here and else-
where could not be valid markers of transduced
cellular src-related sequences.

(iii) The question of clonal purity of the
ptd src deletion mutants used to generate
rRSV. In principle two methods could be used
to substantiate the claim that rRSV’s ¢ontain
src sequences transduced from the cell. (i) If
unique rRSV src oligonucleotides could be found
that are not in other RSVs a single cellular
sequence of origin might be identified. We have
not been able to find such markers in the rRSV’s
analyzed here, nor is there unambiguous evi-
dence for such markers in rRSV’s described by
others. (ii) Alternatively, unambiguous proof of
transduction of cellular information could be
obtained if a pure partial src-deletion mutant
was inoculated into an animal from which an
rRSV with a complete src gene was recovered.
This alone would substantiate the claim that
src-related sequences were transduced from the
cell. Although the predominant viral species in
the ptd RSV stocks used to generate rRSV’s
lacked over 75% of the viral src genes (20, 22), it
cannot be excluded that minor components
carrying the remaining src sequences were also
present in these ptd RSV stocks since these
viruses were not molecularly cloned. This is
suggested because long-term persistence of sta-
ble heterozygotes has been described previously
in retroviruses subjected to extensive biological
cloning (25, 27) even under highly selective con-
ditions nonpermissive for the host range of one
of two viral components (40; Duesberg and Vogt,
unpublished data). Heterogeneity has been bio-
chemically demonstrated by fingerprinting T,
oligonucleotides of the ptd SR RSV-D14 used to
generate the rRSV 14-2 (32), although it had
been biologically cloned by plaque purification
(22, 41, 42). A similar heterogeneity was bio-
chemically detectable in ptd SR RSV-A 107
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despite biological cloning by endpoint dilution
(20). Likewise, the cloned rRSV 14-2 stock de-
scribed by Vigne et al. (42) was heterogeneous,
because it contained two allelic variants of the
same oligonucleotide (5b and 5c; see above).
Thus, unambiguous evidence for neither marker
rescue nor the clonal purity of the ptd RSV
stocks used to generate rRSV is available to
substantiate the claims that rRSV’s contain
transduced cellular src-related sequences.

(iv) Cellular versus viral origin of src
genes of rRSV’s. On the basis of our results,
that the src genes of rRSV’s and of parental
rRSV’s are completely allelic with only scattered
single base variations, and that the complexities
of src-related sequences of the cell and of viral
src are about the same, we cannot distinguish
between two possible origins of the src genes of
rRSV’s: transduction of cellular sequences, very
similar to viral src genes, or recovery by cross-
reactivation of parental deletions or back-mu-
tations of parental variants, whose presence in
stocks of ptd RSVs has not been excluded.

In the following we compare the merits of the
two alternatives. Although src transduction is
formally possible, since the complexity of src-
related sequences of the cell and of viral src are
about the same, it appears genetically very com-
plicated for the following reasons. Viruses lack-
ing one or both src¢ termini would have to rely
on illegitimate recombination to transduce src,
since the cellular locus is not flanked by endog-
enous viral sequences other than sre (18, 19, 35).
We have shown here at a higher level of resolu-
tion that the cloned cellular src-related locus
studied by us lacks any detectable viral non-src
oligonucleotides, including x and y, which are
immediately adjacent to the 5’ end of src.

Several lines of evidence cannot be reconciled
with the transduction hypothesis. As pointed
out above the only rRSV-specific oligonucleo-
tide marker identified by us and others studying
the same rRSV’s (41, 42), the no. 23c allele of
src oligonucleotide no. 23, is not present in a
molecularly cloned, sre-related locus of chickens.
Also, we pointed out that the apparent discrep-
ancy between the number of nonparental, pre-
sumably transduced src-markers of rRSV’s de-
scribed by us and others (over five) and the
number of cellular src-related loci (one or at
most two) argues against the transductional or-
igin of these markers.

In addition it is difficult to reconcile available
data on the genetic structure of ptd RSVs with
their known frequencies and presumed mecha-
nism of transduction. It has been postulated that
residual, terminal src sequences of ptd RSVs are
necessary for transduction (16, 41, 42, 47). These
were located at the 5’ end of src in ptd RSVs
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studied by one group (22, 41) and at the 3’ end
in ptd RSVs studied by the other group (16, 47).
Specifically, it was postulated by Hanafusa et al.
(16) and Wang et al. (47) that a putative src
oligonucleotide marker from the 3’ end of src,
oligonucleotide no. 27, is required because all
ptd RSVs studied by these investigators share
this oligonucleotide but vary in other residual
sre oligonucleotides. However, as we point out
above this oligonucleotide was not detected by
our sre-specific cDNA and ACS3 DNA hybrids.
Instead, it was detected outside the 3’ border of
src in the adjacent c region at positions 1,602
through 1,612 of the sequence of Czernilofsky et
al. (7) (Fig. 3). Its presence in all ptd RSVs
described by Hanafusa et al. might reflect the
essential role of the ¢ region in replicating viruses
(43). In view of this, it would appear that three
classes of ptd RSVs transduce src at the same
predictable frequencies of >50% within 2 months
of inoculation of viruses into the animals (15,
16); those which lack verifiable oligonucleotide
markers of either src terminus like td SR RSV-
A 105 (16, 47, 50), those which lack the 5’ ter-
minus but contain markers of the 3’ terminus of
src like td SR RSV-A 101 and 109 (16, 47, 50),
and those which retain both src termini like td
SR RSV-A 108 (Fig. 2) (16, 47, 48, 50). It appears
surprising that each of these classes of deletions
is said to transduce at the same frequency (15,
16), because double illegitimate recombination
would be necessary for src deletions with no
residual src termini, single illegitimate recom-
bination would be necessary for src deletions
with one residual src terminus, and homologous,
asymmetric recombination would suffice for
transduction by src-deletions with both src ter-
mini.

Finally, the six intervening sequences of the
cellular src locus would have to be eliminated to
make the cellular src DNA colinear with viral
srec (35). Since the cellular src-related mRNA is
about twice the size of viral src mRNA (51) and
hence may not be colinear with src, it cannot be
assumed that regular splicing removes all introns
of the cellular src-related locus. There is also no
evidence that the cellular src-related protein
(34) functions like the viral p60 src protein.

Experimentally reproducible src transduction
by ptd RSV with a 3’ src terminus is particularly
incompatible with the total lack of evidence for
src recombination between env-defective Bryan
RSV(-) and its helper virus or between Moloney
leukemia and sarcoma virus, which has a genetic
structure similar to RSV(—) (8, 25). Since both
RSV(-) (10, 26, 44) and Moloney sarcoma virus
(25) share sequences adjacent to the 3’ boundary
of src with their respective helper viruses, they
should each be able to form nondefective sar-
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coma viruses by one homologous recombination
near the 3’ end of src and one illegitimate recom-
bination at 5’ end of src. Yet there is no evidence
for the formation of nondefective RSV (26) or
Moloney sarcoma virus (25) despite extensive
passage of these viruses in animals and cell
culture (39a). This type of recombination should,
in fact, be more frequent than that reported
between ptd RSV and cellular src-related se-
quences, because two viruses are more likely to
interact with each other than are a virus and a
cellular gene, and because no sequences of non-
homology need to be removed from viral sre.
In view of our results, alternate hypotheses,
some of which we proposed previously (8, 32),
are tenable to explain the phenomenon of gen-
erating rRSV’s from ptd RSV. For example,
rRSV may have been generated by cross-reac-
tivation among nonoverlapping src deletions in-
volving asymmetric recombination (13, 26) or by
mutations of nontransforming variants with
complete src genes which may be present in the
ptd RSV stocks inoculated into animals. (In-
deed, a nontransforming variant of rRSV, td 113,
with a complete src gene has been observed by
Wang et al. [47].) Such components might be
present as minor components in stocks of ptd
RSVs and may therefore escape biochemical
detection which is usually limited to a range of
2 orders of magnitude, whereas biological assays
may detect minor components present at con-
centrations of less than 107°. The presence of
biochemically detectable contaminants in some
biologically cloned stocks of ptd RSVs has been
documented above. The single base differences
observed between the src oligonucleotides of
rRSV and parental RSVs could be the products
of these processes or could reflect spontaneous
mutations in variable src regions which arose
during the selection process that led to the for-
mation of tumorigenic rRSV in the animal.
The occurrence of spontaneous mutations in
src oligonucleotides upon clonal selection under
conditions as stringent as those that led to the
formation of rRSV from ptd RSV was shown
here for SR RSV-D2, a clonal variant of SR
RSV-D1. The single nucleotide differences ob-
served among the src genes of the six other
laboratory strains of RSV examined here may
also reflect point mutations arisen upon clonal
selections. Single base changes also occur regu-
larly in oligonucleotide sequences of other avian
tumor viral genes after passage of viruses under
selective conditions (6, 9, 11, 40) and have been
observed previously (32) and here in compari-
sons between rRSV’s 3-3 and 14-2 and parental
SR RSV-D1 (data not shown). Furthermore,
single base changes set apart known allelic oli-
gonucleotide sequences of many related avian
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tumor viruses (5, 6, 46; compare 36 and 39).
Likewise, spontaneous mutations of oligonucle-
otides were recently observed upon clonal pas-
age of influenza virus (2).

The failure of some ptd RSVs (15, 16) and of
all complete src deletions of RSV to generate
rRSV’s may then simply reflect their clonal pu-
rity. Since deletion of the src gene has been
shown to proceed via partially deleted interme-
diates (6), stocks of ptd RSVs are more likely to
be heterogeneous, i.e., containing intermediates
with nonoverlapping src deletions that could
regenerate src by cross-reactivation, than the
terminal products of this process, i.e. td RSVs
with complete src deletions.

Hence, to prove transduction of cellular src-
related sequences, it would be necessary to find
definitive markers or to reproduce the phenom-
enon with molecularly cloned ptd RSVs.

Origin of RSV. Although our evidence casts
doubt on the idea that the distinctive oligonu-
cleotides of the src genes of rRSV’s originated
by experimental transduction of a cellular se-
quence, the close relationship between viral src
and cellular src-related sequences argues that
sre genes of RSV originated from the cell at one
time in evolution. However, the generation of
RSV from cellular src-related sequences and a
retrovirus without src must be a rare and genet-
ically complicated event, because it would re-
quire illegitimate recombination and deletion of
non-src sequences that interrupt the src-related
sequence of the cell.
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ADDENDUM IN PROOF

A recent analysis of the src peptides of recovered
RSVs by R. Karess and H. Hanafusa (Cell 24:155-164,
1981) indicates that of about 20 rRSV src peptides
resolved, 17 are shared with parental RSV, 1 to 2 are
specific, and 2 resemble peptides of a cellular protein
serologically related to the viral src protein. Although
these results are in good agreement with the oligonu-
cleotide analysis described herein, they were inter-
preted as evidence for the cellular origin of rRSV src
genes.
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