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A replication-defective deletion mutant of Prague Rous sarcoma virus (RSV),
which lacks functional gag, pol, and env genes, was crossed with a transformation-
defective deletion mutant derived from Schmidt-Ruppin RSV. Transformation-
and replication-competent viruses were generated in the cross. Characterization
of one of these rescued viruses indicated that it was a nondefective recombinant
containing the src gene of the replication-defective mutant plus the replicative
genes of the transformation-defective virus. These results indicate that, contrary
to previous reports, asymmetric recombination between RSV deletion mutants
can result in the formation of nondefective RSV.

Recombination occurs at a high frequency
between point mutants of Rous sarcoma virus
(RSV) (16). Recombination also occurs at a high
frequency between a temperature-sensitive src
mutant of RSV and the envelope (env) deletion
mutant N8 (5, 7) and between nondefective (nd)
RSV and transformation-defective (td) src dele-
tion mutants (5, 11, 14). In contrast, the env-
defective Bryan RSV and the env deletion mu-
tant N8 do not generate nd recombinants when
grown in the presence of tdRSV (3, 5, 6). The
Bryan and N8 strains differ from ndRSV in the
absence of env genes but share with ndRSV
functional gag, pol, and src genes. Since tdRSV
contains a functional env gene, it would be ex-
pected that the deletion would be repaired by
recombination, generating ndRSV. However, it
is possible that the env deletion in the Bryan
and N8 strains overlaps with the src deletion in
the td mutants, so that recombination to gener-
ate nondefective RSV would not be possible.

Here, we have carried out crosses with a
gag-, pol-, and env-defective RSV mutant and
tdRSV to determine whether asymmetric re-
combination can occur between deletion mu-
tants of RSV to generate nondefective virus
when there is a region of homology situated
between the two deletions. The replication-de-
fective (rd) mutant, rdBK303, used in these
studies is a deletion mutant derived from a UV-
irradiated stock of Prague RSV, subgroup A
(PR-A). It is maintained as a provirus in a clone
of transformed "nonproducer" quail fibroblasts,
UV3-B3 (8). The DNA of this provirus contains
a deletion of approximately two-thirds of the
genome, and the clone does not contain detect-
able gag, pol, or env gene products. The defec-
tive provirus retains an intact src gene, which
encodes a functional src gene product, plus the

terminal repeats found in normal provirus (8).
The precise extent of the deletion in rdBK303
has not yet been determined. However, the DNA
of rdBK303 hybridizes to an env-specific com-
plementary DNA (cDNA) probe, which does not
hybridize to the RNA of Bryan RSV but which
does hybridize to the RNA of transformation-
defective virus, indicating that sequences of the
env gene which are deleted in Bryan RSV are
retained in rdBK303 (8). The other parent in
the cross was a standard transformation-defec-
tive mutant, tdNY106 derived from Schmidt-
Ruppin RSV, subgroup A (SR-A). This mutant
does not appear to retain any detectable src
sequences (4). By infecting the rdBK303-trans-
formed quail cells with tdNY106, we have ob-
tained a recombinant ndRSV, termed B8. The
nature of the cross that generated B8 RSV is
diagrammed in Fig. 1.
The cross was carried out by co-cultivating

the nonproducer quail clone UV3-B3 with C/E
chf-negative chick embryo fibroblasts infected
with tdNY106. The cell mixture was then
treated with mitomycin C and plated for infec-
tious centers on susceptible chick C/E indicator
fibroblasts. These procedures have been de-
scribed previously (8). One to ten infectious cen-
ters were obtained per 106 quail cells. Stocks
prepared from foci picked from these infectious
center assays were found to contain a large ex-
cess of td virus. Therefore, the transforming
viruses were purified by successive agar colony
isolation. Several of these stocks appeared to
contain nondefective virus, and one of these, B8,
was characterized in detail.
When the stock of B8 was plated on chicken

embryo fibroblasts, all of the foci picked (10/10)
yielded infectious virus. Dilutions of B8 beyond
the endpoint for focus formation were tested for
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FIG. 1. Genetic structure of the deletion mutants

used in the cross. Top line: ndRSV; middle line: the
rd mutant rdBK303; bottom line: the td mutant
tdNY106. The dashed line indicates the exchange
required to produce nd virus.

an excess of td virus both by reverse transcrip-
tase assays and by interference tests with ndSR-
A. The endpoint dilution tests indicated that the
B8 stock did not contain an excess of a td
(helper) component. These results suggested
that B8 was nondefective. To confirm the pres-
ence of nd virus, the size of the viral RNA of B8
was compared with that of a td virus by poly-
acrylamide gel electrophoresis. The results (Fig.
2) indicate that B8 contains RNA of size class a
(about 10,000 nucleotides [2]), which is charac-
teristic of the RNA of nondefective RSVs.

If B8 is a recombinant between rdBK303 and
tdNY106, it should contain the src gene of
Prague RSV plus replicative genes derived from
tdNY106. (This would not be the case if it were
derived from a contaminant in parental virus or
cell stocks or by recombination with a cellular
transforming gene). To determine the genetic
origin of B8, the RNA was analyzed by finger-
printing RNase T1-resistant oligonucleotides.
3P-labeled viral RNA was subjected to poly-
acrylamide gel electrophoresis, and size class a
RNA was eluted, digested with RNase T1, and
fingerprinted by published procedures (12). The
fingerprints of B8 RNA, of tdNY106 RNA, and
of PR-A RNA are shown in Fig. 3A to C, and
the compositions of the individual oligonucleo-
tides determined by RNase A digestion are
shown in Table 1. Four oligonucleotides (no. 4,
6, 9, and 18) are shared by tdNY106 and PR-A,
and their origin cannot be determined. All the
remaining oligonucleotides of B8 have identical
counterparts in tdNY106 (identical numbers)
with the exception ofB8 oligonucleotides 51 and
52. The B8 oligonucleotides 51 and 52 are those
previously identified as being src-specific in
wild-type Prague RSV (12). To characterize the
src RNA sequence of B8 further, the 32P-labeled
B8 RNA was hybridized to cDNA prepared by
hybridizing PR-B RSV cDNA with tdPR-B
RSV RNA (9). The RNase Ti-resistant hybrids
were isolated, and the RNA of the resulting
hybrid was analyzed by fingerprinting its RNase
Ti-resistant oligonucleotides. This procedure al-
lows the resolution of many additional src-spe-

cific oligonucleotides. The fingerprint of the
cDNA,,-protected RNA is shown in Fig. 3D,
and the composition of the individual oligonu-
cleotides is given in Table 1. The result indicated
that the src-specific RNA sequence of B8 is
indistinguishable from that of Prague RSV,
which is distinct from src-specific RNA se-
quences of other RSV strains (Lee and Dues-
berg, manuscript in preparation).
These results indicate that the transforming

virus B8 recovered from a cross ofrdBK303 and
tdNY106 is a nondefective recombinant contain-
ing src-specific sequences from the replication-
defective parent and replicative genes from the
transformation-defective parent. We conclude
therefore that nonadjacent deletions in retrovi-
ruses can be repaired by asymmetric recombi-
nation (Fig. 1). Since the transforming viruses
resulting from the cross had to be purified from
the original mixture before they could be char-
acterized, we cannot determine the stage during
the rescue procedure at which recombination
takes place or estimate the frequency with which
the recombination event occurs. Since only 1 to
10 infectious centers were obtained per 106 quail
cells plated, it appears that the recombination
event is relatively infrequent.
The finding that deletion mutants ofRSV can

recombine to generate ndRSV suggests that the
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FIG. 2. Polyacrylamide gel electrophoresis of 35S
RNA of rescued RSV B8. 3H-labeled 50 to 70S RNA
of B8 (0) and "4C-labeled 50 to 70S RNA of avian
erythroblastosis-associated virus (A) were mixed,
heat dissociated, and electrophoresed on 2% poly-
acrylamide gels as previously described (10). The
avian erythroblastosis-associated viral RNA serves
as a marker for size class b RNA (10).
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FIG. 3. Electrophoretic-chromatographic analyses (fingerprints) and autoradiography of the RNase T,-
resistant 32P-labeled oligonucleotides of (A) rescued RSV B8, (B) tdNY106, a transformation-defective src
deletion ofSR-A RSV, (C) PR-A RSV, and (D) the src-specific RNA sequence ofB8. (A to C) Size class a RNA
ofB8 was eluted from a 2% polyacrylamide gel; the 60 to 70S RNAs of tdNY106 and PR-RSV were prepared
by sucrose gradient centrifugation. The RNAs were digested with RNase T1 and fingerprinted as described
elsewhere (12). The src-specific RNA sequence ofB8 was obtained as a hybrid formed between B8 RNA and
src-specific cDNA following procedures described previously (9). In short, src-specific cDNA was prepared by
hybridizing 1 /lg ofPR-B RSV cDNA with 5 pg of the RNA of tdLWM, a src deletion ofPR-B RSV (1) for 12 h
at 40°C in 10 Id 70% formamide, 0.3M NaCl, 0.03M sodium citrate, and 0.01 M sodium phosphate (pH 7.0),
to base pair all but the src-specific sequences of the cDNA. The src-specific cDNA was then hybridized for 2
h in 20 ill ofthe above buffer with 0.2 pig (1 x 106 cpm) ofB8 [32P]RNA. After digestion ofnonhybridized RNA
for 30 min at 40°C with 5 U ofRNase T1 in 200ill of 0.15M NaCl-0.015M sodium citrate, pH 7.0, the hybrid
was isolated by chromatography on a Bio-Gel (BioRad) P100 column (15 by 0.7 cm). Subsequently the hybrid
wasphenol extracted and melted, and the RNA was fingerprinted after digestion with RNase T, as described
for (A to C).

failure to observe formation ofndRSV by recom-
bination between tdRSV and Bryan or N8 RSV
is a consequence oftheir particular genetic struc-
tures. If the env deletion in the Bryan and N8
strains is contiguous with or overlaps the src
deletion in standard td viruses, illegitimate re-
combination would be required to generate non-
defective virus from the two defectives. Since
the deletion in the Bryan and N8 strains does
not appear to affect the expression of the src
gene, and since the deletion in tdRSV does not
affect the expression of the env gene, it is likely
that the overlap of the two deletions occurs in
the intercistronic region between the env and
src genes.

It was previously reported that there are se-
quences present between the env and src genes
that are shared by N8 and a td mutant of SR-
RSV (13); however, the particular td mutant
used in this work subsequently has been found
to contain only a partial src defect (Wang, per-
sonal communication). Since we have shown
here that recombination can occur between dele-
tion mutants, we would expect recombination
resulting in ndRSV to occur between env-defec-

tive Bryan or N8 RSV and mutants with partial
src deletions such as those described by Wang
et al. (13 and personal communication) and by
Kawai et al. (4, 15).
The effects of sequence nonhomology on the

formation of recombinants has been studied in
detail in bacteriophage lambda (10). In this case
the presence of regions of nonhomology (either
deletions or insertions) in both parents reduces
the recombination frequency by up to 50-fold as
compared with point mutations separated by a
similar interval. Recombination between point
mutations and recombination between deletions
appear to involve distinct processes. The major-
ity of recombinants from crosses involving
closely linked point mutations result from mis-
match repair of hybrid heteroduplex structures.
In contrast, extensive regions of nonhomology
are excluded from such heteroduplex structures.
Thus, only recombining structures which are
both initiated and resolved within the interval
separating the two deletions or insertions can
give rise to recombinants (10). In the case of
RSV, the molecular mechanism of recombina-
tion is unknown. However, it seems likely that
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RNase A digestion products
6U,7C,G,3AC,AAC

2 5U,9C,G,AC,AU,A3C
3 8U,5C,2AC,2AU,AG,AAC,

AAU
4a 4U,8C,2AC,AU,AAC,AAG
5 C,G,2AC,A3U,A4U/C
6a 3U,6C,G,3AC,AU
7 5U,6C,G,2AC,AU,2AAU
8 6U,6C,G,2AC,4AU
9a 8U,2C,G,4AU,AAU
10 5U,4C,G,2AU,A4U/C
11 5U,3C,2AC,3AU,AG
12 5U,8C,G,AC,4AU
13 9U,11C,2AC,AU,2AAG,A3C,

A4U/C
14 6U,IOC,G,2AC
15 4U,6C,G,2AC,AU,AAC
16 U,16C,G,7AC,2AU,2AG,

AAC,AAU,A3U,A4U/C
17 U,5C,3AC,AAG
18a 3C,AU,AG,A5U/C
20 U,2C,G,AC,AU,AAC,AAU
21 3U,5C,G,3AC,3AU
24 7U,6C,G,AU

51 4U,5C,G,2AC,AU,A3C

52 7U,12C,G,4AC,2AU,AG
53 4U,3C,G,AC,AAC
54 2U,5C,G,AC,2AU
55 4U,9C,AC,2AU,2AAG
56 3U,3C,G,2AC
57 U,4C,AC,AU,AG
58 U,2C,G,AC,2AAC
59 4C,G,A3C
60 4C,AC,AU,AG
61 2U,4C,G,3AC,AU,AAG
62 U,4C,AC,AU,AG
63 U,3C,G,AU,AAC
64 2U,4C,G,AAC
65 9C,2G,3AC,A4U/C
66 2C,2AC,AAG
67 7C,3AC,2AG,AAC
68 4U,2C,G,AAC
69 2C,AU,A3G
101 8U,8C,G,2AC,2AU,2AAU,

A3U
102 IOU,9C,G,2AC,AAC,AAU,

A3C
103 3U,6C,G,AC,AU,A3C
104 4U,5C,G,3AC,3AU,A3U
105 4U,3C,G,AC,2AU,AAC,AAU
106 4U,5C,AAG,A4U/C
107 4U,3C,2AC,3AU,AG
108 4U,3C,G,AC(,2AU,A5,U/C
109 1OU,8C,G,2AU
110 8U,IOC,G,AU
111 3U,5C,2G,4AC,2AU,AAC,

AsU/C
112 5C,2AC,AU,ArG
113 U,IOC,G,4AC,AU,AG,AAC,

AsU/C
114 8C,3AC,AG,AAU,AAG
115 6U,7C,3AC,AU,A4G

"Shared with PR-A.

in RSV, as in lambda, recombination between
two deletion mutants requires exchange events
restricted to a region ofhomology separating the
two deletions.
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TABLE 1. RNase A-resistant sequences ofB8, tdlO6,
and PR-A T1-oligonuckeotides

No.
1

Class
Shared by B8 and

tdlO6

src oligonucleotides
of B8 and PR-
RSV

PR-A specific
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