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Stocks of cloned helper-independent Rous sarcoma virus (RSV) spontaneously
segregate transformation-defective (td) mutants that appear to have an RNA
genome composed of smaller subunits than those of the patent virus. Differential
hybridization and competitive hybridization techniques involving reactions
between viral RNA and proviral sequences in host cell DNA (under conditions of
initial DNA excess) were used to measure the extent of the deletion in a td
mutant of Prague strain (Pr) of RSV (Pr RSV-C). Viral 60 to 70S RNA sequences

labeled to 1 to 5 x 107 counts per min per A.g with 125I were characterized with
respect to their properties in hybridization reactions and used to reinforce data
obtained with [3H]RNA of lower specific activity. By these techniques, about
13% i 3% of the sequences Pr RSV-C that formed hybrids with DNA from virus-
induced sarcomas appeared to be deleted from the genome of td Pr RSV-C. Stud-
ies comparing hybridization of RNA from Pr RSV-C and td Pr RSV-C with RSV-
related sequences in normal cells, and competition experiments with RNA from
the endogenous chicken oncornavirus Rous-associated virus type 0 (RAV-0) pro-
vided evidence that the majority, if not all, of the RNA sequences of Pr RSV-C de-
leted from its transformation-defective mutant are not represented in normal
chicken DNA. Competition studies with a leukosis virus, RAV-7, indicated this
virus also lacks a genome segment of about the same size as the deletion in the td
mutant. Finally, the genome of all three "exogenous" viruses was found to lack a

small segment (about 12%) of sequences present in the endogenous provirus of
RAV-O.

The C-type RNA tumor viruses of chickens
have been cultivated in tissue culture on
chicken embryo cells and, over a period of years.
separated into specific groups. Two of the readily
identifiable general groups are the sarcoma
viruses that produce transformation in tissue
culture and sarcomas in susceptible animals
and the leukosis viruses (often isolated from
sarcoma virus stocks) that do not transform
chicken embryo cells in tissue culture, but will
produce lymphomatosis in susceptible animals.
Cloned stocks of helper-independent sarcoma
viruses appear spontaneously to give rise to
transformation-defective mutants (27), and
recent studies of the migration of dissociated
RNA from mutant and parent viruses on poly-
acrylamide gels suggested the deletion of a
segment from the constituent subunits of the
RNA genome of the mutant (17).

'Present address: University of Washington, Department
of Medicine, Division of Oncology. Seattle, Washington
98195.

To clarify further the genetic relationships
between these various types of viruses and to
begin to define genome segments related to
their disparate biological properties, we have
attempted to measure the nucleotide sequence
relationships between the RNA genome of
Prague strain (Pr) of Rous sarcoma virus (RSV),
subgroup C (Pr RSV-C) and a spontaneous
transformation-defective (td) mutant arising
from the same strain (td Pr RSV-C). Further
comparisons were made with a standard sub-
group C leukosis virus, Rous-associated virus
(RAV) type 7 (RAV-7), and with RAV-0, an
example of the endogenous subgroup E leukosis
viruses associated with normal chicken cells
(28, 29). The technique used for these studies is
based upon Temin's theory of viral replication,
which requires a DNA provirus in the genome of
host cells (25), and the method involves hybridi-
zation reactions between viral RNA and provi-
ral DNA sequences. Conditions for such hybrid-
ization studies have been described that are
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based upon the use of an excess of reactive DNA
(6, 9, 18), and studies employing these condi-
tions have demonstrated the majority, if not all,
of the sequences of Pr RSV-C in DNA from
virus-induced sarcoma cells (19). A smaller
fraction of the sequences of the sarcoma virus
was detected in the DNA of normal chicken
embryos. Further studies of the same nature
revealed the presence of extensive proviral se-
quences of RAV-0 in the DNA of normal chick
cells and demonstrated a high degree of speci-
ficity for these hybridization reactions (20).

Recently, we have characterized a method of
comparing different viral sequences related to
proviral DNA in host cells by measuring the
competition of viral RNA from various sources
for complementary sequences in the DNA of
appropriate types of cells (S. E. Wright and P.
E. Neiman, Biochemistry, in press). These
initial studies demonstrated that the genomes
of Pr RSV-C and RAV-O RNA have extensive
homology as well as measurable unshared se-
quences. Furthermore, a minimum of 85% of Pr
RSV-C related sequences in normal DNA ap-
peared to be accounted for by the endogenous
provirus of RAV-O.

In the present study, we describe some fur-
ther improvements in the conditions for hybrid-
ization and hybridization competition reactions
with oncornavirus nucleic acids. By using these
techniques, we measured the extent of the
deletion present in the genome of td Pr RSV-C
and observed a deletion of similar magnitude in
RAV-7. Comparative studies, which included
hybridization reactions with endogenous viral
sequences in normal cells, provided evidence
that most, if not all, of the sequences deleted
from the mutant virus are in the segment of the
sarcoma virus genome not present in normal
chick DNA, that both the transformation-defec-
tive mutant and the standard leukosis virus
(RAV-7) retain some genome sequences that are
not present in normal DNA, and that all three
"exogenous" viruses lack a small segment of
genome present in the endogenous provirus of
RAV-O.

MATERIALS AND METHODS
Viruses and cell culture. Recently, cloned Pr

RSV-C was cloned again and the immediate progeny
was used to produce virus for this study. The deletion
mutant td Pr RSV-C was generously supplied by
Peter Vogt, as were C/A chicken embryo cell cultures
spontaneously releasing RAV-O. Exogenous viruses
were propagated on chicken embryo cells of the C/BE
and C/E phenotype from leukosis-free embryos ob-
tained from Heisdorf and Nelson Farms, Redmond,
Wash., by previously described techniques (23).

Preparation of viral RNA. Methods for labeling
viral RNA with 3H nucleosides and for the subsequent
isolation of labeled viral 60 to 70S RNA with a specific
activity of 1 to 2 x 106 counts per min per jg have
been described in detail (19, 20). Unlabeled RNA was
extracted by the sodium dodecyl sulfate
(SDS)-phenol method (22) from virus isolated by
buoyant density centrifugation in 20 to 60% sucrose
gradients (as for labeled virus) of virus pellets ob-
tained from 2 to 4 liters of tissue culture fluid, as
previously described (S. E. Wright and P. E. Neiman,
Biochemistry, in press). High molecular weight viral
RNA was separated from low molecular weight spe-
cies by sedimentation in preformed 15 to 30% glycerol
gradients in 10 mM NaCl, 1 mM EDTA, 0.2% SDS, 10
mM Tris, pH 7.4, at 48,000 rpm for 50 min at 20 C in
an SW 50.1 rotor. The 60 to 70S peak was located by
absorbance at 260 nm and precipitated by the addi-
tion of 2 volumes of cold ethanol to pooled gradient
fractions. Phage T-7 mRNA was a gift from Maxine
Linial. All viral RNA was dissolved in water and
stored at -176 C until used.
Labeling viral RNA with 125I. To obtain higher

specific activity, viral RNA was labeled with 1251I by
using a previously described technique (4; A. Tereba
and B. J. McCarthy, Biochemistry, in press) involving
carrier-free 1251 as NaI (Amersham Searle) that was
fully reduced by treatment with sodium sulfite prior
to use as suggested by Prensky et al. (21). Iodination
mixtures consisting of 2 ug of viral RNA in 17 ,iliters of
0.1 mM thallium trichloride, 50 mM sodium acetate,
pH 5.0, made about 20 mM in 125I were incubated in
sealed glass ampoules at 70 C for 15 min. The
ampoule was then opened, the contents were diluted
with 0.2 ml of 0.5 M sodium phosphate, pH 7.4, and
the vial was resealed and incubated for an additional
45 min at 60 C. Separation of labeled RNA from
unbound 125I was accomplished by passing the reac-
tion mixture over a column of Sephadex G-75 equili-
brated with 0.12 M sodium phosphate. The specific
activity of the RNA appearing in the void volume,
assuming 100% recovery, varied from 1 to 5 x 107
counts per min per jig. Conversion of the labeled
product to acid solubility by pancreatic ribonuclease
(20 Ag/ml for 30 min at 37 C in 0.12 M sodium
phosphate) was greater than 98% and did not differ
from the ribonuclease sensitivity of 5H-labeled viral
RNA.

Preparation ofDNA. High molecular weight DNA
was extracted from normal chicken embryos (pools
containing usually 10 to 20% of individual embryos
positive for viral group-specific antigen), and from
10-day-old sarcomas induced by injection of Pr
RSV-C in the wing webs of 1-day-old chicks, by a
previously described modification of the method of
Marmur (16). The DNA was fragmented to an average
molecular. weight of 100,000 by the technique of
limited depurination followed by alkaline hydrolysis,
as previously described in detail (15). The properties
of such chicken DNA fragments that are important to
nucleic acid homology studies have also been de-
scribed (19, 20).
RNA-DNA hybridization. We have previously

described the conditions, assay methods, and charac-
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teristics of "DNA excess" hybridization with avian
oncornavirus nucleic acids in detail (19, 20). Briefly,
hybridization reaction mixtures with 3H-labeled viral
RNA consisting of 1 mg of cellular DNA fragments, 2
to 4 x 10-4 g of viral RNA (300 to 600 counts/min) in
0.1 ml of 0.4 M sodium phosphate buffer at pH 7.0,
and 0.05% SDS were heated to 98 C for 10 min, chilled
in ice, and incubated at 67 C for periods of time up to
96 h. Under such conditions the initial DNA excess,
with respect to viral-specific nucleotide sequences,
was estimated to range from 40- to 160-fold in
different experiments. Individual reaction mixtures
were subsequently chilled in ice, diluted with cold
0.12 M phosphate buffer, divided into two portions,
and hybridization assayed by aquisition of resistance
to pancreatic ribonuclease. For studies with 1251-
labeled viral RNA by hybridization in phosphate
buffer, several modifications were possible because of
the greatly increased specific activity of the RNA.
Reaction mixtures could be reduced in volume to as
low as 15 Mliters containing 150 gg ofDNA in capillary
tubes, or quantities of radioactivity were increased to
6,000 counts/min in a standard reaction mixture with
preservation of an adequate DNA excess. Finally, to
achieve conditions allowing incubation periods of up
to 30 days, some hybridization reactions were carried
out in formamide-containing buffers consisting of 0.68
M NaCl, 0.068 M Na citrate, and 45% formamide at
50 C.
We observed that 1251-labeled viral RNA remained

acid insoluble for periods up to 30 days under such
conditions, although specific assay of the size of the
RNA throughout the period of the reaction was not
carried out. Results of hybridization kinetic studies
were plotted as a function of Cot where C, is the
concentration of cellular DNA in moles of nucleotide
per liter and t is the time in seconds (3). No correction
was made for sodium concentration. Because a total
of 5 to 7% of the RNA from all of the viruses tested
acquired ribonuclease resistance in the presence of
heterologous mammalian DNA from various sources
(e.g., canine, human) at Cot values less than 100, and
because such reactions did not significantly increase
at Cot values between 102 and 104, this level of
reaction was subtracted as background from all as-
says.

Competitive hybridization with viral nucleic
acids. Sequence relationships between the different
viral RNAs were measured by assaying the competi-
tive effect of unlabeled RNA added to standard
hybridization mixtures. Unlabeled viral 60 to 70S
RNA could be obtained in sufficient quantity to vary
the ratio of reacting viral polynucleotides from an
initial modest DNA excess to a modest RNA excess
and thus reduce the fraction of radioactive RNA
entering hybrids in proportion to the fraction of
homologous sequences in the competitor RNA. We
have recently described a simple quantitative method
for analyzing such competition studies with viral
nucleic acids (S. E. Wright and P. E. Neiman,
Biochemistry, in press) which was suggested by the
work of Straus and Bonner (24) and of Tereba and
McCarthy (Biochemistry, in press). Their observa-
tions suggested that hybridization kinetics could be

predicted for conditions varying from modest DNA
excess to modest RNA excess by solving the general
differential equations for simultaneous RNA-DNA
hybridization and DNA reassociation for small in-
crements of time with the assistance of a simple
computer program. We adapted this method to the
conditions required for study of viral nucleic acids
and demonstrated that when reactions are assayed
at a particular Cot value, the fraction of RNA entering
hybrids in comparison with control hybridization reac-
tions in the absence of competing unlabeled RNA ap-
pears to be described by:

Y = X/(X±1) (1)

where Y is the fraction of the control hybridization
and X is the viral DNA:RNA ratio in the reaction
mixture-at least over the range of conditions used in
the experiments described here. This curve, adjusted
for the estimated number of proviral copies per
genome, was used to compare experimental data in
competitive hybridization studies.

RESULTS

Hybridization of 3H-labeled viral RNA
with DNA from normal and neoplastic
tissue. Figure 1A depicts the kinetics of hybrid-
ization of [3H ]RNA from Pr RSV-C and from its
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FIG. 1. Hybridization kinetics of 3H-labeled viral
RNA with DNA from normal and neoplastic tissues.
Hybridization reactions were carried out with 300 to
600 input counts/min of [3HIRNA from Pr RSV-C
(A), td Pr RSV-C (a), RAV-7 (-), and RAV-0 (-)
with specific activities of I to 2 x 101 counts per min
per vg at 67 C in 0.4 M phosphate buffer as described
in the text. (A) Description of the kinetics of reaction
of RNA from both the mutant and parent sarcoma
viruses with DNA fragments from virus-induced wing
web sarcomas. The solid line describes a theoretical
kinetic curve for RNA reacting with complementarx
DNA sequences present with a frequency of one per
cell genome, and the dashed line a derivative curve for
a frequency of three per cell genome. (B) Description
of the kinetics of reaction ofRNA from all four viruses
with DNA from normal chicken embryos. The dashed
line in this case is adjusted to two viral copies per cell.
The lower solid lines are not mathematically derived,
but simply fit to the data for illustrative purposes.
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transformation-defective mutant with DNA
fragments obtained from virus-induced wing
web sarcomas. At Cot values near 10', about
66% of the RNA from both viruses formed
ribonuclease-resistant hybrids. The data for
both viruses cluster closely around a theoretical
hybridization kinetic curve estimated for three
complete proviral copies per haploid genome.
Both the reference and one-copy and three-copy
curves were calculated by means of the tech-
nique referred to in Materials and Methods and
are based on estimates of hybridization rate
constants obtained in studies of the kinetics of
hybridization of in vitro-prepared RNA comple-
mentary to non-reiterated chicken DNA se-
quences, which we have described in detail (19,
20). The data points for both types of viral RNA
show a tendency to describe a biphasic curve
with about 40% of the RNA reacting at rates
slightly faster than the remainder. This obser-
vation is reminiscent of, but less striking than,
the evidence for a higher level of reiteration
(about 50 to 100 copies) of 30 to 40% of the
proviral sequences that we observed previously
in studies with a different clone of Pr RSV-C
(19) and that has been observed in studies with
avian myeloblastosis virus nucleic acids (M.
Shoyab et al., J. Virol., in press). Hybridization
kinetic studies with normal chick DNA are
depicted in Fig. 1B. The data for hybridization
with RAV-0 [IH ]RNA follows a curve adjusted
for about two proviral copies per cell and shows
only a minimal suggestion of more amplifica-
tion of a portion of the genome in accordance
with our previous observations (20). Also, as
previously reported, a much smaller fraction of
Pr RSV-C RNA entered hybrids at Cot values
around 10'. Because we have shown that the
vast majority of RSV-related sequences in nor-
mal DNA are indistinguishable (by hybridiza-
tion) from those of the provirus of RAV-0 (S. E.
Wright and P. E. Neiman, Biochemistry, in
pre's), this difference in hybridization is not
explained by a decreased reaction rate due to a
lower average frequency per cell of a separate
set of RSV-related sequences. The simplest
interpretation is that this difference reflects the
absence of a substantial fraction of the RSV
genome from normal chicken cells. The extent
of hybridization of [3H ]RNA from td Pr RSV-C
and RAV-7 falls intermediate between that of
the sarcoma virus and the endogenous virus.
Because of the relatively low level of radioactiv-
ity dictated by the technical limitations of DNA
concentration and RNA specific activity, we felt
more precise quantitation and interpretation
required some improvement in technique.

Hybridization of l25l-labeled viral RNA in
phosphate and formamide-containing
buffers. The marked increase in the specific
activity of 1251-labeled viral RNA offered the
possibility of overcoming some of the limita-
tions we encountered, providing the presence of
the iodine on the 5 position of 1 to 5% of the
cytosine residues in the RNA did not adversely
affect the formation of hybrids with proviral
DNA. In standard phosphate buffer at 67 C, the
rate of hybridization of 125I-labeled RAV-0 RNA
with normal chicken DNA was almost identical
to that of RAV-0 [3H ]RNA, as shown in Fig. 2A.
Furthermore, assay of the thermal stability of
the iodinated RAV-0 RNA-normal chick DNA
hybrids by thermal chromatography on hydrox-
ylapatite columns (Fig. 3B) demonstrated a
melting temperature of 84 C, which is not
significantly different from that previously ob-
served for viral [3H ]RNA-proviral DNA hybrids
(19, 20). The use of formamide-containing buff-
ers was then introduced in an attempt to
establish conditions necessary for significantly
increasing the maximum Cot value to which
reaction mixtures could be incubated. Figure
3A depicts a curve demonstrating that the
optimal temperature for hybridization in the
formamide-containing buffer was about 50 C,
which produced a rate of hybrid formation only
slightly lower than that achieved in the stan-
dard phosphate buffer at 67 C and allowed
reactions to be carried out to Cot values near 105
without the viral RNA becoming acid soluble or
the cessation of hybrid formation due to ther-
mal degradation. This advantage is further
illustrated in Fig. 2B where RAV-0 [1211]RNA is
shown to form hybrids with normal chick DNA
to the extent of about 74% at a COT value of
about 105 and to nearly 80% when reacted with
DNA from Pr RSV-C induced sarcomas. This
higher percentage in the latter case reflects a
slightly increased rate of hybridization, indicat-
ing that an average of at least one more copy of
sequences complementary to most of the RAV-0
genome was present in the DNA of the tumor
cells.
Thus, we could extend the observation of

differential hybridization with normal chick
DNA described in Fig. 1B to obtain more
precise quantitation. Table 1 shows the results
of hybridization of 125I-labelec' RNA from
RAV-0, RAV-7, td Pr RSV-C, and Pr RSV-C
with normal chick DNA fragments in forma-
mide-containing buffer to Cot values of about
105. Inspection indicates that about 50% of the
radioactive RNA from Pr RSV-C entered ribo-
nuclease-resistant duplexes under these condi-
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FIG. 2. Hybridization of 1251-labeled viral RNA.
(A) Comparison of the kinetics of the hybridization
reaction of RNA from RAV-O labeled with 3H (0,
same data as Fig. IB) and 125I (0) with normal
chicken embryo DNA. In the case of ['25I]RNA,
reactions were carried out in 0.05 ml of the stan-
dard phosphate buffer at 67 C containing 0.5 mg
of DNA fragments and 1,500 counts/min of labeled
RNA with a specific activity of 1.2 x 107 counts per
min per MAg. (B) Illustration of the reaction of the same
'25I-labeled RA V-O RNA with normal chick DNA (0)
and DNA from Pr RSV-C-induced sarcomas (*)
under the same conditions except that formamide-con-
taining buffer was used (see text) and reactions were
carried out at 50 C. The solid line represents theoreti-
cal "one-copy kinetics" under these conditions, and
the middle and upper derivative dashed curves repre-
sent the expected rate of reactions with DNA se-
quences present with a frequency of two and three
copies per cell genome, respectively.
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FIG. 3. Properties of RAV-O ['25I]RNA-normal
chicken DNA hybrids. (A) Temperature optimum.
Reaction mixtures containing RAV-O [125I]RNA and
normal chicken DNA fragments were incubated in
formamide-containing buffer at various temperatures
to a Cat value of 104. The extent of hybridization was
assayed and plotted as the fraction of the value (58%)
obtained in standard phosphate buffer at 67 C. (B)
Thermal stability. Reaction mixtures incubated to
Cat value of 104 were diluted in 0.12 M phosphate
treated with ribonuclease, extracted with phenol, and

TABLE 1. Hybridization of [l2II]RNA from the
various chicken oncomaviruses with normal chicken

DNAa

Input

Source of Cot
radio- Extent of Normal-SoRce of C activity' hybridiz- Normal

RNA ~~~~(counts! ationc ze

min)

RAV-0 105 1,500 74 1.0
RAV-7 105 1,400 62 0.84
td Pr RSV-C 105 2,350 55 0.75
Pr RSV-C 105 2,550 50 0.67

aThe conditions for hybridization in formamide-
containing buffers were as detailed in the text and
Fig. 2B.

b 125I-labeled RNA from RAV-0 had a specific
activity (in counts per min per Ag) of 107; from RAV-7,
1.1 x 107; from td Pr RSV-C, 4.5 x 107; and from Pr
RSV-C, 5.6 x 107.

c Each assay was performed in quadruplicate. Per-
centages are means with a range of ± 2%.

tions, which was about 67% of the extent of
hybridization of RAV-0. If this 33% difference in
reaction was a reflection of a segment of RSV
genome not contained in normal cells (as seems
reasonable from our previous observations, S.
E. Wright and P. E. Neiman, Biochemistry, in
press), then a major deletion from this segment
should result in an increase in the extent of
hybridization (conversely, a deletion in the
portion of the RSV genome contained in normal
chick DNA should produce a decrease in the
fraction of RNA entering hybrids). Interest-
ingly, the extent of hybridization of 1251 RNA
from td Pr RSV-C was 55% in this experiment or
some 75% of the reaction of RAV-0 RNA. RNA
from RAV-7 demonstrated even more extensive
hybridization amounting to 87% of the reaction
of endogenous viral RNA, suggestive of a
slightly smaller percentage of "exogenous" ge-
nome than was present in the td mutant sar-
coma virus. Nevertheless, because differential
hybridization could conceivably be affected by
factors other than sequence sharing, it was
important to compare these viral RNAs by
another technique. Therefore, these data were

passed over a small column of Dowex-50 according to
the method of Gelderman et al. (6). The hybrids and
the reassociated cellular DNA were then applied to
hydroxylapatite columns (in a ratio of 1 mg of input
DNA to 1 ml of column volume) at 60 C in 0.12 M
phosphate buffer. Thermal chromatography was car-
ried out by raising the temperature of the column in
increments and monitoring the dissociated DNA (---)
by optical density at 260 nm and acid-precipitable
[125IJRNA (0) in the effluent buffer.
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compared with more direct measurements of
sequence relationships obtained by competitive
hybridization discussed in the following section.
Competitive hybridization studies of se-

quence relationships between the different
viral RNAs. The study of genetic relationships
between the four viruses was extended by de-
tailed competition experiments depicted in Fig.
4. In each case, the extent of hybridization
obtained at Cot values of 104 in the absence of
competitor unlabeled RNA was normalized to
100% to facilitate comparisons. The addition of
unlabeled homologous RNA in the hybridiza-

IL

FIG. 4. Competitive h bridization studies. These
experiments were carried out in standard phosphate
buffer at 67 C with reaction mixtures incubated to Cot
values of 104. (A) Competition in the reaction be-
tween labeled RNA from RAV-O and normal chicken
cell DNA. Reaction mixtures included either 600
counts/min of [3H]RNA or 1,500 counts/min of [125I]_
RNA with a specific activity of 107 counts per min per
gg. Hybridization in the absence of unlabeled com-
petitor was about 60%, which was normalized on the
ordinate. Unlabeled RNA from RAV-O (0), RAV-7
(*), td Pr RSV-C, (U), Pr RSV-C (A, A for competi-
tion with [1251]RNA) and T-7 phage mRNA (x) was
added in increasing quantities and the resultant
extent of hybridization plotted in comparison with the
theoretical curve for competition by homologous RNA
(----) derived as described in the text. (B) Competi-
tion in the reaction between labeled RNA from td Pr
RSV-C and sarcoma DNA. Conditions were as for the
other experiments except that, in experiments with
iodinated RNA, 2,000 counts/min of [1251IRNA with a
specific activity of 4.5 x 107 counts per min per Ag
were used. Symbols for the unlabeled competitor RNAs
are as for (A) with the solid symbols representing com-
petition with [3H]RNA and the open symbols (RA V-O,
0; td Pr RSV-C, 0) for competition with [125I]RNA.
Extent of control hybridization in the absence of
unlabeled competitor was 64%. (C) Competition in
the reaction between labeled RNA from Pr RSV-C
and sarcoma DNA. Symbols for unlabeled competitor
RNA are as above; the significance of solid and open
symbols and the extent of control hybridization (64%)
is as for the other figures. Competition with 125I-
labeled Pr RSV-C RNA was carried out with 3,000
counts/min of ['25IIRNA with a specific activity of 5.6
x 107 counts per min per og in the reaction mixture.

tion reactions between labeled RNA from
RAV-0, td Pr RSV-C, and Pr RSV-C and
cellular DNA fragments containing their re-
spective proviruses produced a reduction in the
fraction of RNA entering hybrids that con-
formed closely to the theoretical curve adjusted
to two proviral copies per cell in the case of
RAV-0 sequences in normal cells and to three
proviral copies per cell in the case of sarcoma
virus sequences in wing web tumor DNA. The
amount of RNA required to produce the com-
petitive effects observed at the various DNA:
RNA ratios is displayed on the lower abcissa.
The determination of the apparent 1:1 ratio of
viral DNA and RNA in the reaction mixture
allowed us to make these sequence frequency
determinations based on an estimated viral
genome size of 107 daltons (2) and a haploid
chicken genome size of 6 x 1011 daltons (5). It
should be noted that homologous competitor
RNA produced a maximum of 93% of the
expected competitive effect in reactions be-
tween [3H]RNA from Pr RSV-C and sarcoma
cell DNA. In contrast, the competition of ho-
mologous RNA was virtually as predicted in
reactions between RAV-0 RNA and the endoge-
nous provirus in normal chicken DNA. The
significance of the 7% ribonuclease-resistant
radioactivity above background associated with
the labeled Pr RSV-C RNA, which persists
despite an apparent 100-fold excess of unlabeled
homologous competitor, remains to be deter-
mined. In any case, for purposes of tabulating
the extent of homology of the other viral ge-
nomes with Pr RSV-C, we have used the experi-
mental homologous competition data rather
than the theoretical curve for complete compe-
tition. Finally, the comparative studies in-
cluded the repetition of some experiments with
"25I-labeled RNA to increase the quantity of
radioactivity and enhance the accuracy of the
determination.

Figure 4A deals with competition in the
reaction between labeled RNA from RAV-0 and
normal chick DNA. The data indicate that the
unlabeled RNA from all three "exogenous"
viruses failed to compete as completely as
homologous unlabeled RAV-0 RNA, suggesting
that approximately 12% of the sequences of the
endogenous provirus of RAV-0 are missing from
the RNA genome of the other three viruses. This
is a smaller difference than the 18 to 20%
suggested by our previous experiment with Pr
RSV-C RNA alone as competitor, which was
performed with much smaller amounts of radio-
activity, (S. E. Wright and P. E. Neiman,
Biochemistry, in press).

Figure 4B demonstrates that unlabeled Pr
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RSV-C RNA competed as effectively as homolo-
gous RNA for td Pr RSV-C-related sequences in
wing web sarcoma DNA (as would be expected).
RNA from RAV-0, however, failed to compete
as extensively as homologous td Pr RSV-C viral
RNA, indicating the existence of proviral DNA
sequences in sarcomas related to the transfor-
mation defective mutant that are not present in
the genome of the endogenous virus. Figure 4C
indicates that competition by unlabeled RAV-0
RNA was even less extensive in the reaction
between labeled RNA from Pr RSV-C and its
proviral sequences in tumor DNA, suggesting
the presence of an additional segment of ge-
nome in the sarcoma virus (unrelated to RAV-0)
that is missing from td Pr RSV-C. The direct
test of this proposition is also demonstrated in
Fig. 4C where unlabeled td Pr RSV-C RNA is
seen to compete incompletely in this reaction
(although to a greater extent than did RAV-0
RNA), indicating at least a 13% deletion in the
RNA of the transformation defective mutant.
The apparent quantitative sequence relation-
ships between the genomes of the viruses stud-
ied in this fashion are summarized in Table 2.
Because the pertinent hybridization competi-
tion studies in this table are in reasonable
agreement with the data in Table 1, which is
based on the extent of hybridization of all four
viruses with normal chick DNA, and because of
our previous direct demonstration that nearly
all of the Pr RSV-C-related sequences (and,
presumably nearly all the sequences of td Pr
RSV-C) in normal chicken cells were accounted
for by the endogenous provirus of RAV-0, it is
possible to graphically display these findings in

TABLE 2. Sequence relationships between chicken
oncomaviruses by competitive hybridizationa

terms of the relationship of the viruses to each
other and to their representation in normal
chicken DNA. This is schematically depicted in
Fig. 5.

DISCUSSION
A number of recent reports have described

the use of '25I-labeled RNA in hybridization
reactions (7, 21; A. Tereba and B. J. McCarthy,
Biochemistry, in press). In the studies reported
here, viral RNA labeled with "25I appeared to
form hybrids with chicken DNA that have
similar properties to those formed with 3H-
labeled RNA. The markedly enhanced specific
activity obtained by this method provides a
solution for some of the shortcomings of this
hybridization technique for studies of RNA
tumor virus nucleic acids. For example, it is no
longer necessary to use such large amounts of
DNA to obtain the required excess of proviral
sequences. More importantly, for this study we
were able to use sufficient quantities of radioac-
tivity to more accurately quantitate the results
of hybridization kinetics and competition anal-
yses with the different viruses. As has been
described (8, 14) the use of formamide-contain-
ing buffers allows the hybrids to form at lower
temperature, decreases the rate of thermal deg-
radation of the reacting molecules, and thus
allows the study of more extensive reactions.
There remain a number of problems with this

technique of hybridization which affect such
things as the precision with which we can
estimate rate constants for hybridization and
obtain derivative calculations such as proviral
copy numbers. For example, the theoretical
hybridization kinetic curves for single-copy se-
quences in cellular DNA were derived from

Source of Competing RNA
labeled td Pr
RNA RAV-o RAV-7 RSV-C Pr RSV-C

RAV-0 1.0 0.88 0.88 0.88
td Pr RSV-C 0.87 - 1.0 1.0
Pr RSV-C5 0.72 0.87 0.87 1.0

aThe figures are the apparent extent of homology
in terms of the fraction of labeled viral RNA se-
quences (which formed hybrids under these experi-
mental conditions) that are present in the unlabeled
competitor. The data are obtained from the apparent
competition "plateaus" shown in Fig. 4.

b Experimentally determined competition by ho-
mologous RNA was used as the basis for calculations
rather than the theoretical curve, where a small
discrepancy was observed in the case of Pr RSV-C
nucleic acids, as shown in Fig. 4A and elaborated in
the text.

Pr RSV-C ,SI
td Pr RSV-C
RAV-O

/-
,1

NORMAL CHICKEN GENOME
FIG. 5. Schematic relationship of the genome of

chicken oncornaviruses to the normal chicken ge-
nome. The letter S represents at least some genes
required for in vitro transformation and sarcomagene-
sis. The solid lines represent apparently homologous
genome segments (subject to the limit of sensitivity of
the hybridization technique) but do not have refer-
ence to structural characteristics. For example, we do
not have evidence that the unshared portions of
RAV-O and Pr RSV-C are at the ends of molecules.
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hybridization kinetic data from previous studies
with in vitro-prepared complementary RNA
that may differ from viral RNA in molar base
ratio and secondary structure. The inhibitory
effect of the latter upon the rate of hybridiza-
tion of rRNA was recently demonstrated (24).
The fact that the present studies were carried
out near the optimal temperature for hybrid
formation (Fig. 3A) suggests that any effect of
secondary structure on the hybridization of
viral RNA should have been minimized.
Another problem relates to the fact that the

calculations of copy number estimates are
based on the assumption that all of the viral
RNA will eventually form hybrids with DNA
from appropriate host cells if it were practical to
carry out reactions to Cot values in excess of 106.
Although the extended hybridization shown in
Fig. 2B is supportive of that concept, it is
possible that we are slightly underestimating
the number of proviral copy numbers in host
DNA by this technique, as has been previously
discussed (19, 20). Furthermore, the conditions
for all of these studies permit thermal degrada-
tion of the viral RNA to an extent that was not
determined. The recently reported effect of
RNA size on hybridization rate constants (11)
suggests that if thermal scission was extensive,
the apparent rate of hybridization of viral RNA
might be artificially depressed. Nevertheless,
the competition studies with homologous RNA
shown in Fig. 4 provide further evidence that
the reiteration frequency of most of the proviral
sequences is quite low.
The principal purpose of this study was to

obtain a measure of the genetic relationship of
cloned, helper-independent RSV to a transfor-
mation-defective deletion mutant that sponta-
neously segregated from stocks of the sarcoma
virus. It must be noted before proceeding that
the conclusions drawn from this study are
stated as though the very extensive, but incom-
plete hybridization of the sarcoma virus RNA
with proviral sequences in the DNA of virus-
induced tumors (and RAV-0 RNA with normal
DNA) is representative of the entire genome.
Although studies demonstrating the transmis-
sion of Pr RSV with purified cellular DNA (10)
provide strong support for this proposition,
rigorous interpretation is limited to the 60 to
64% of the viral sequences that were detected in
hybrids in the control reactions for the competi-
tion study. The competition experiment de-
scribed in Fig. 4 demonstrates that the mutant
lacks about 13% of the sequences present in the
provirus of RSV. However, as noted, competi-
tion by homologous unlabeled RNA from the
sarcoma virus fell about 7% short of the theoret-

ical value, a problem not observed in homolo-
gous RNA competition reactions of RAV-0 RNA
and td Pr RSV-C RNA with their respective
proviral sequences in cellular DNA. Therefore,
it is possible that the small fraction of RNA
sequences in the sarcoma virus preparation that
were not "competed out" (under the conditions
of our experiments) are also missing in RNA of
td Pr RSV-C. Because these radioactive se-
quences behave diff'erently from the rest of' the
RNA from Pr RSV-C, we have not included this
small fraction in the calculations of' sequence
relatedness between the viral genomes (and
thus introduced another possible source of error
in precision).
A second important observation is that the

data provide signif'icant evidence that the ma-
jority, if not all, of the deletion in the transfor-
mation-defective mutant occurred in the sec-
tion of the RSV genome not represented in
normal chick DNA. This proposition is based on
our previous study of the nearly complete com-
petitive effect of unlabeled RAV-0 RNA in the
reaction between Pr RSV-C RNA and normal
chick cell DNA, demonstrating that the vast
majority of the RSV related DNA sequences in
normal chicken cells are accounted for by the
endogenous provirus of RAV-0 (S. E. Wright
and P. E. Neiman, Biochemistry, in press).
Thus, a comparison of Fig. 4B and 4C, indicat-
ing that RAV-0 RNA competes more exten-
sively with RNA from the transformation-defec-
tive mutant than with Pr RSV-C RNA for
complementary sequences in sarcoma DNA,
strongly suggests that the genome deletion in td
Pr RSV-C RNA is not present in the genome of
RAV-0 and thus is absent from normal cells.
Furthermore, the extent of the exogenous dele-
tion calculated in this fashion (15 to 16%) is in
fair agreement with the apparent size of the
total missing segment. However, as noted in our
previous competition study (S. E. Wright and
P. E. Neiman, Biochemistry, in press), the
possibility remains that a maximum of 10 to
15% of the RSV-related DNA sequences of
normal chickens might not be shared with
RAV-0. This would amount to 7 or 8% of the
entire Pr RSV-C genome. Were all of such
putative endogenous sequences to participate in
the deletion, then only about half of the missing
information in td Pr RSV-C would be from the
"exogenous" portion of the genome.
The data in Table 1 (and Fig. 4C) appear to

rule against that possibility. They are most
consistent with the interpretation that about
33% of the genome of Pr RSV-C was not present
in normal cells, whereas about 25% of the
sequences in the transformation-defective mu-
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tant are apparently exogenous. A 10% deletion
of the Pr RSV-C genome in the exogenous
portion would produce this effect. Thus, com-
bining the results of the several methods of
calculation, we estimated a deletion of 13% ±
3%, in this particular mutant, of the portion of
the RSV genome that is not represented in
normal cells.

If, as seems apparent, at least part of the
genome required for transformation by RSV is
carried in this large missing segment, one could
conclude that at least some of the "on-
cogene(s)" of this particular RNA tumor virus is
not endogenous to normal chicken cells, con-
trary perhaps to the prediction of the viral
oncogene hypothesis (26). There are severe
restrictions on such a conclusion, however, be-
cause the exogenous viruses used in this study
were isolated long ago, have an extended history
in tissue culture and, therefore, have an uncer-
tain relationship to viruses causing spontaneous
malignancy. Furthermore, at least some trans-
formation-defective mutants of RSV have been
shown to retain their capacity to produce
lymphoid leukosis in susceptible chickens (1).

In this connection, the data available here
suggest that both RAV-7 and td Pr RSV-C
retain a significant fraction of genome that was
not detected in normal cells. Furthermore, all
three exogenous agents are lacking at least 12%
of the sequences present in the endogenous
provirus of RAV-0, a virus which has a demon-
strably different biology than the other agents
including, perhaps significantly, the fact that it
has not yet been observed to produce lym-
phomas even in susceptible chickens. It is not
possible, however, on the basis of these observa-
tions, to sort out the role of such genetic
differences, if any, in the specification of enve-
lope antigens and other structural proteins that
differ between subgroup E and C viruses, in the
regulation of subviral gene expression or viral
replication, or in lymphomagenesis. For exam-
ple, RAV-7 was only partially characterized in
this study, largely because of the impracticality
at present of obtaining DNA containing a com-
plete provirus. Two statements can be made,
however. First, there is a segment of genome
missing from RAV-7 in comparison with Pr
RSV-C of about the same size as the deletion in
the RNA of td Pr RSV-C. Second, as men-
tioned, this leukosis virus lacks a small segment
of the genome of RAV-0, but additional endoge-
nous sequences unrelated to RAV-0 have not
been excluded from RAV-7 by the current
study. The question of the relationship of leuko-
sis virus to endogenous virus in chickens is
being explored further in studies involving re-

cent field isolates from lymphoid leukosis.
Finally, it should be noted that the genetic

differences described here are presumably mini-
mum differences. Despite the high thermal
stability of the viral RNA-cellular DNA hybrids
formed under the conditions used in this study,
single noncomplementary bases could be pres-
ent in such structures to the extent of 1% or so of
the total number of nucleotide pairs without
significantly affecting our measurement of the
melting temperature (13). Thus, a fair number
of amino acid substitutions could conceivably
be present in protein gene products from the
different viruses that are coded for by genome
segments that appear homologous by the hy-
bridization technique. Resolution of genetic
differences beyond that detected by competitive
hybridization will require nucleotide-sequenc-
ing techniques. An approach to such an analysis
by using both hybridization techniques and
"fingerprinting" was recently reported (12) that
demonstrated the presence of a few oligonucleo-
tides in RNA from sarcoma viruses not present
in the genome of their transformation-defective
&nutants (and no additional sequences in the
mutant RNA) compatible with the results of the
present study. On the other hand, it would not
be surprising if some of the differences detected
in RNA by the fingerprinting technique be-
tween strains and subgroups of biologically
similar viruses were not as striking in competi-
tive hybridization studies.
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