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A locus has been identified in turkey DNA that contains nucleotide sequences homologous to the
oncogene (v-rel) in the avian retrovirus, reticuloendotheliosis virus strain T. This locus, c-rel, has been
molecularly cloned from an apparently heterozygous turkey. c-rel is approximately 23 kilobase pairs in
length, with at least seven apparent introns, and contains sequences sufficient to account for all of v-rel.
Nucleic acid sequence differences exist between v-rel and homologous regions of c-rel. We examined a
population of turkeys to determine whether these sequence differences are the result of polymorphism in the
population. Within the turkey population, c-rel is dimorphic in apparent introns and 3' flanking sequences,
but polymorphism has not been detected within the regions of the c-rel locus that are homologous to v-rel.
Additionally, no nucleic acid sequence differences have been detected between the regions of c-rel in
turkeys that are homologous to v-rel and the sequences related to v-rel of a homologous locus in chickens
(Chen et al., J. Virol. 245:104-113, 1983). The general organization of introns and flanking sequences is
conserved for both c-rel in turkeys and this locus in chickens, indicating that c-rel, like other proto-
oncogenes, may have an important developmental or metabolic function.

Retroviruses can be described in relation to their tumor
production as nononcogenic, weakly oncogenic, or highly
oncogenic. Weakly oncogenic retroviruses are competent
for replication and produce tumnors in infected animals only
after long latent periods and with low efficiency. Highly
oncogenic retroviruses are derived from weakly oncogenic
retroviruses and contain additional sequences, called onco-
genes, that enable them to produce tumors in sensitive
animals after a short latent period and with high efficiency.
Oncogenes are sequences that have apparently been ac-
quired from cell DNA by weakly oncogenic retroviruses.
The sequences that have been acquired from the genomes of
cells and give rise to oncogenes are called proto-oncogenes
(reviewed in reference 1).

Reticuloendotheliosis virus strain T (Rev-T) is a highly
oncogenic avian reticuloendotheliosis virus that contains the
oncogene v-rel (6, 32) and causes reticuloendotheliosis in
animals and transforms spleen cells in cell culture (12, 15, 20,
28). Rev-T was isolated from a tumor-bearing turkey in 1958
(28). Rev-T probably arose when a weakly oncogenic reticu-
loendotheliosis virus infected a turkey cell, acquired a proto-
oncogene homologous to v-rel, and then underwent subse-
quent modifications to form Rev-T. The proto-oncogene
sequences homologous to v-rel that were acquired by this
weakly oncogenic reticuloendotheliosis virus are called c-
rel.
Rev-T is defective for replication and is associated with

nondefective reticuloendotheliosis virus strain A, which
supplies helper functions in trans for those functions that
have been deleted from Rev-T (3, 4, 14-16, 23). Rev-A is
probably a reasonable approximation of the weakly onco-
genic parental virus that gave rise to Rev-T. v-rel DNA in
Rev-T is substituted for nucleotide sequences that encode
env in Rev-A DNA. In addition, Rev-T DNA has relative to
Rev-A a deletion of nucleotide sequences that in the parental
virus code for much of gag and pol (4, 15, 16, 23). This
deletion of sequences that encode gag and pol in the parental
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virus is necessary for the expression of the transforming
potential of Rev-T (6).

In this study we investigated the structure of the proto-
oncogene c-rel in turkeys. The genomic turkey sequences
that were detected to have homology to v-rel are part of one
locus. Two alleles of this locus have been isolated by
molecular cloning from an apparently heterozygous turkey.
The c-rel locus is large and is very similar to a locus
previously cloned from chickens (7). Differences exist be-
tween the sequences homologous to v-rel in the turkey locus
and v-rel. The sequence differences between v-rel and the
homologous sequences of c-rel cannot be accounted for by
polymorphism in the turkey population or by differences
between c-rel in chickens and turkeys.

MATERIALS AND METHODS
Cells. The procedures for propagating avian fibroblasts

have been described previously (13). The turkey embryos
used in this study were obtained from Wilmar Poultry,
Wilmar, Minn. Embryos 5, 7, and 10 are Orlopp turkeys.
Embryo 15 is a bronze turkey.

Virus. Rev-T was obtained from producer cell line 1-6 (4).
Sources of DNA. DNAs were extracted from turkey em-

bryo fibroblasts as previously described (5).
EcoRI v-rel probe is a subclone in pBR322 of v-rel-specific

sequences from defective Rev-T proviral clone 2-20-4 (4).
pRev-T 3 is a circularly permuted molecular clone in

pBR322 of Rev-T unintegrated circular DNA (6).
pRev-T 3 RI/Sal 3' is a subclone of pRev-T 3 that contains

the v-rel sequences 3' to the EcoRI site at 4.3 kilobase pairs
(kbp) in Rev-T (6). This subclone is the source of DNA for
the 3' v-rel probe.

2-20-6 is an infectious provirus clone of Rev-A in Charon
4A (4).
The clones X 1059 c-rel (chicken 15B) 5, X Charon 4A c-rel

(chicken 15B) 1, X 1059 c-rel (chicken 15B) 3, and X 1059 c-
rel (chicken 15B) 4 are molecular clones of c-rel locus 1 from
chicken line 15B (7).
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FIG. 1. Restriction endonuclease cleavage site map of insert in A Charon 4A Rev-T 52B. DNA from recombinant phage A Charon 4A Rev-
T 52B was digested with restriction endonucleases and electrophoresed in an agarose gel. The resulting fragments were visualized with UV
light after staining with ethidium bromide. A restriction endonuclease cleavage site map of the insert was made and is shown. The restriction
enzyme cleavage sites for ClaI, Sacl, and PstI were determined only for viral sequences. The regions homologous to v-rel sequences were
identified by comparison to restriction enzyme cleavage site maps of unintegrated Rev-T DNA and restriction enzyme cleavage site maps of
Rev-A (4, 23). The boxes indicate the positions of the long terminal repeats. The v-rel sequences shown as a solid bar have been positioned
based on heteroduplex electron microscopic analysis of Rev-T and Rev-A (16, 23; Wilhelmsen, unpublished data) and preliminary nucleic acid
sequence data of Rev-T and Rev-A (unpublished data). The XbaI site at 3.2 kbp is unique to Rev-T and arose by a 1-bp change of Rev-A se-
quence. Probably a single base change in the long terminal repeats in Rev-T generated BamHI sites not present in Rev-A, or they were present
in a parental virus different in this way from Rev-A. Rev-T lost a BamHI site in sequences homologous to Rev-A as a result of a 1-bp change at
3.18 kbp (unpublished data). The right and left lambda arms adjacent to the inserts are indicated with XR and XL, respectively. The sequences
which were subcloned (see the text) from Rev-T DNA for use as probes are diagrammed below the restriction map of the insert of X Charon 4A
Rev-T 52B. The 3' v-rel probe is a subclone from permuted pREV-T 3 and has only one long terminal repeat.

pc-rel BamHI-EcoRI 2.5 to 4.5 is a subclone of X 1059 c-rel
(chicken 15B) 4 that contains sequences between regions of
homology between v-rel and c-rel 1 and 2 (7).
Phage were grown in Escherichia coli strain DP50 (supF).
Plasmids were grown in E. coli strain HB101. HB101 is

dam'; consequently some XbaI sites in c-rel may not have
been detected as a result of methylation.

Preparation of molecular clones. A recombinant DNA
library in vector Charon 4A was constructed with a partial
EcoRI digest of DNA from Rev-T-infected fibroblasts from
turkey embryo 10. The insert DNA was selected on a NaCl
velocity gradient to be between 8 and 20 kbp. The library
was screened by hybridization to a nick-translated probe
made with the EcoRI v-rel subclone (2). The molecular clone
A Charon 4A Rev-T 52B was obtained. Infectious virus that
can transform chicken, spleen cells in culture can be recov-
ered from X Charon 4A Rev-T 52B. Figure 1 shows a
restriction enzyme cleavage site map of the insert of X

Charon 4A Rev-T 52B.
5' v-rel is a subclone in pBR322 of the HindIII (2.9 kbp) to

EcoRI (3.6 kbp) fragment of X Charon 4A Rev-T 52B. This
subclone is the source of DNA for the 5' v-rel probe.
Middle v-rel is a subclone in pBR322 of the EcoRI (3.6

kbp) to EcoRI (4.3 kbp) fragment of X Charon 4A Rev-T 52B.
This subclone is the source of DNA for the middle v-rel
probe.
Two other recombinant DNA libraries were constructed

with DNA from turkey embryo 7. The first library was
constructed in Charon 4A by using DNA that was partially
digested with EcoRI and was selected on a NaCl velocity
gradient to be between 6 and 20 kbp. This library was
screened by hybridization to the subcloned EcoRI v-rel
sequences. X Charon 4A c-rel (turkey 7) 1, 2, and 3 were
obtained. When this library was screened by hybridization to
pc-rel BamHI-EcoRI 2.5 to 4.5 sequences, X Charon 4A c-rel
(turkey 7) 4 was obtained. X Charon 4A c-rel (turkey 7) 4
contains a 4.7-kbp EcoRI fragment that is part of the c-rel
locus as well as another fragment that is not linked in
genomic DNA. A library was constructed in vector X 1059
with insert DNA from turkey 7 that was completely digested

with BamHI and selected on a NaCl velocity gradient to
contain inserts of 8 to 24 kbp (19). This library was screened
with the pc-rel BamHI-EcoRI 2.5 to 4.5 sequences. X 1059 c-
rel (turkey 7) 5 was obtained. This library was screened by
hybridization to the middle v-rel probe, and X 1059 c-rel
(turkey 7) 6 was obtained. X 1059 c-rel (turkey 7) 7 was
obtained when this library was screened by hybridization
with the 5' v-rel probe. An additional library was construct-
ed by digesting genomic DNA from turkey 7 completely with
BglII and dephosphorylating the ends with calf intestinal
alkaline phosphate (New England Nuclear Corp.) before
ligation with BamHI-digested X 1059 vector sequences. This
library was screened by hybridization with 5' v-rel se-
quences, and X 1059 c-rel (turkey 7) 8 was obtained.

Electron microscopic heteroduplex analysis. Heterodu-
plexes were formed by mixing and denaturing CsCl-purified
phage (5 ,ug of DNA each per ml) in 100 mM NaOH-20 mM
NaCI-20 mM EDTA at 25°C for 10 min. This solution was
then neutralized by adding Tris-hydrochloride (pH 6.0) to a
final concentration of 0.2 M. Formamide was then added to a
final concentration of 50% (vol/vol). The DNA was allowed
to reanneal for 60 min at 25°C. It was then dialyzed at 4°C
against 20 mM NaCI-10 mM EDTA (pH 7.0) before spread-
ing (9, 31). The procedure for spreading has been described
previously (17). The heteroduplexes were spread onto water
from a final concentration of 10 mM Na2CO3-5 mM EDTA-1
mM HCI-10 mM NaCI-20 ,ug of cytochrome c per ml-45%
formamide. Heteroduplexes were examined with a Hitachi
H-500 electron microscope at x 10,000. The lengths mea-
sured for heteroduplexes are reported ± their standard
errors.

RESULTS
Our previous analysis of c-rel in chickens indicated that it

is a large, complex locus. DNA from the c-rel locus in
chickens was completely cloned in five overlapping recombi-
nant DNA clones and contains at least seven regions that are
homologous to v-rel. To determine whether these features
are similar in chickens and turkeys and to determine the
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FIG. 2. Restriction endonuclease cleavage site map of the c-rel (turkey 7) locus. Molecular clones of c-rel sequences were obtained from

recombinant phage libraries that were constructed with DNA from turkey embryo 7 (see the text). Fragments containing sequences
homologous to v-rel were identified by Southern blot analysis with v-rel probes (data not shown). Restriction endonuclease cleavage site maps
were made for each of the clones obtained. (Symbols used: RI, EcoRI; Bg, BglII, X, Xbal; H3, Hindlll; Sc, Sacl; Cl, ClaI; Xh, XhoI; Kp. for
KpnI). Overlapping clones were identified by comparison of their restriction endonuclease cleavage site maps. The molecular clones that have
been obtained for this allele are shown above the restriction map. X Charon 4A c-rel (turkey 7) 1 and X 1059 c-rel (turkey 7) 6 are from an alter-
native allele of turkey embryo 7 compared with the other clones shown in this figure. The thick dashed lines indicate sequences of X Charon
4A c-rel (turkey 7) 1 and X 1059 c-rel (turkey 7) 6, which show allelic differences from the other molecular clones in this figure. To obtain a
more detailed restriction endonuclease cleavage map of these sequences, smaller subclones of these sequences were made by using pBR322 as
a vector. These subclones are from HindIll at -1.9 kbp to BamHI at 1.0 kbp, EcoRl at 1.5 kbp to EcoRI at 6.0 kbp, EcoRI at 6.0 kbp to
BamHl at 12.4 kbp, BamHI at 12.5 kbp to EcoRI at 22.0 kbp, ClaI at 17.0 kbp to EcoRI at 22.0 kbp, and EcoRI at 22.9 kbp to EcoRI at 27.6
kbp. There are additional HindIll cleavage sites between -7.3 to -5.9 kbp and 13.6 to 15.7 kbp as well as an additional BgtII cleavage site be-
tween -7.5 and -5.4 kbp. The regions of homology between v-rel and c-rel are numbered 0 to 7 and are shown as solid boxes. Electron
microscopic heteroduplex analysis has allowed a more precise estimation of the size and position of the regions of homology (Fig. 3). The left
and right lambda arms adjacent to the inserts are indicated with XL and XR, respectively.

structural relationship of the v-rel progenitor sequences to v-
rel, we have molecularly cloned c-rel sequences from tur-
keys.

c-rel (turkey). To clone the c-rel proto-oncogene se-
quences, we constructed recombinant DNA bacteriophage
libraries from DNA prepared from fibroblasts of a turkey
embryo (turkey 7). Recombinant phage were screened for
clones that contain c-rel sequences by in situ hybridization
with v-rel probes and with subclones of c-rel-containing
sequences (see above). A total of eight types of recombinant
DNA clones were obtained from turkey 7. Restriction en-

zyme cleavage site maps of these clones were made. These
clones have overlapping restriction enzyme cleavage site
maps. X Charon 4A c-rel (turkey 7) 1 and K 1059 c-rel (turkey
7) 6 have some insert sequences that overlap with A Charon
4A c-rel (turkey 7) 2 or 3 (or with both) and some insert
sequences that are not homologous to these clones. The
substitution and 3' sequence deletions are allelic differences
(see below). A total of 50 kbp of contiguous turkey DNA was
cloned in these eight recombinant lambda clones. Each of
these clones contains inserts that comigrate with fragments
detected in genomic DNA when they are digested with the
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FIG. 3. Regions of homology between v-rel and c-rel (turkey 7)
locus 1 allele 1. Electron microscopic analysis was made of hetero-
duplexes between A Charon 4A Rev-T-52B and X 1059 c-rel (turkey
7) 6. A representative electron micrographs is shown above. The
diagrams below the electron micrograph identify the regions of
interest in the heteroduplexes. The sizes of regions of homology
between v-rel and c-rel as well as the sizes of presumed introns are
in the text.

same enzyme (data not shown). A restriction endonuclease
cleavage map of these c-rel sequences from turkey 7 is
shown in Fig. 2.

Relationship between c-rel and v-rel. The regions of homol-
ogy between the eight c-rel (turkey 7) clones in Fig. 2 and v-

rel have been determined by restriction enzyme cleavage site
mapping and nucleic acid hybridization of c-rel clones with
v-rel subclones. The size and positions of some regions of
homology between c-rel and v-rel have been determined
more precisely by electron microscopic heteroduplex analy-

sis of the c-rel (turkey 7) recombinant DNA clones and an
Rev-T proviral recombinant clone (Ch4A Rev-T 52B) (see
below). There are at least eight regions of homology between
v-rel and c-rel (turkey 7) spread over approximately 23 kbp
of cell DNA. These regions are designated 0 through 7 in Fig.
2. Regions 0 and 1 hybridize to sequences at the 5' end of v-
rel. Region 7 hybridizes to sequences at the 3' end of v-rel.
Electron microscopic heteroduplex analysis and nucleic acid
hybridization data indicate that each portion of v-rel is
homologous to one and only one of the eight regions found in
c-rel (Fig. 3). Restriction endonuclease cleavage site map-
ping localizes regions 0 and 1 between the XbaI site at -0.3
kbp and the EcoRI site at 0.5 kbp and the HindlIl site at 2.3
kbp and the XbaI site at 3.1 kbp, respectively (Fig. 2). The
measured length of region 0 has not been made by electron
microscopic heteroduplex analysis. It is estimated to be
approximately 200 base pairs (bp) by filter hybridization
analysis. The length of region 1 by electron microscopic
heteroduplex analysis is very small (less than 100 bp).
However, the measurement of region 1 is at the limit of
detection of the method and may not be a precise measure of
the size. A more precise measure will be made by nucleotide
sequence analysis. Region 2 has been detected only rarely in
heteroduplexes and also appears to be less than 100 bp.
Restriction endonuclease cleavage site mapping and nucleic
acid hybridization data indicate that this region begins at or
near the EcoRI site at 6.0 kbp in Fig. 2. Regions 3, 4, 5, 6,
and 7 are 0.19 ± 0.03 kbp, 0.14 ± 0.04 kbp, 0.21 ± 0.07 kbp,
0.19 ± 0.09 kbp, and 0.54 ± 0.03 kbp, respectively (Fig. 3).
Regions 3 and 4 are separated by 3.8 ± 0.4 kbp in c-rel, but
they are adjacent in v-rel. Similarly regions 4 and 5 appear to
be separated by 0.23 ± 0.05 kbp in c-rel, but they are not
separated in v-rel (Fig. 3). It is possible however, that the
0.23 ± 0.05-kbp single strand deletion loop seen in Fig. 3 is
part of v-rel, and regions 4 and 5 are a contiguous segment of
DNA in c-rel. This ambiguity will be resolved when nucleo-
tide sequence data are available for this region. Region 5 is
separated from the EcoRI site at the 3' boundary of the insert
of A Charon 4A c-rel (turkey 7) 2 by 0.12 ± 0.04 kbp (data not
shown). Region 5 is separated from region 6 by 0.44 ± 0.12
kbp, and region 6 is separated from region 7 by 0.84 ± 0.17
kbp. (The sizes indicated above are based on measurements
of eight heteroduplexes.) Region 7, which hybridizes to v-rel
sequences both 3' and 5' to the EcoRI site at 4.3 kbp in Rev-
T, is 0.15 ± 0.06 kbp 3' to the EcoRI site at 22.2 kbp in c-rel
by electron microscopic heteroduplex analysis.
To estimate crudely the frequency of nucleic acid se-

quence differences between v-rel and the regions of c-rel
homologous to v-rel, we have looked for restriction endonu-
clease cleavage site differences. This type of analysis is
limited since only a small portion of possible sites of
sequence difference are examined. The absence of a restric-
tion endonuclease cleavage site is evidence that sequence
differences exist between v-rel and c-rel. Without additional
nucleic acid sequence data it is not possible to conclude that
the presence of corresponding restriction sites are from
homologous regions. Figure 4 shows a comparison of restric-
tion enzyme cleavage site maps of v-rel and the homologous
regions of c-rel. There are numerous restriction endonucle-
ase cleavage sites which are apparently conserved. There
are also restriction enzyme cleavage sites that are absent
from c-rel sequences and are found in the homologous
portion of v-rel, BamHI at 0.9 kbp, EcoRI at 1.33 kbp, and
PstI at 1.44 kbp (Fig. 4).
Polymorphism in c-rel (turkey). To decide whether the

difference in EcoRI cleavage sites detected between c-rel
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FIG. 4. Comparison of the restriction endonuclease cleavage site maps of c-ref and v-rel. A fine structure restriction endonuclease
cleavage site map of v-rel was made by digesting each of the 5'. middle, and 3' v-rel subclones with the enzymes indicated. The sizes of the re-
sulting fragments were determined by electrophoresis through 1.5% agarose and 3 or 12% polyacrylamide gels and comparing the resulting
fragments with the sizes offragments of pBR322 digested with Alfll. This map of v-ref is more precise than the map of Rev-T in Fig. 1 since the
sizes of small fragments were determined directly. The recombination site between v-rel and parental virus sequences was determined by
sequencing the 5' and 3' ends of v-rel and corresponding regions of Rev-A (data not shown). The restriction enzyme cleavage pattern of v-rel
by Piull and Bgll corresponds well to the map of Rev-T made by Rice et al. (23). A phage recombinant c-rel clones and plasmid subclones
were digested with the restriction endonucleases that were expected to digest based on the restriction endonuclease cleavage site mapping of
v-rel. The identified restriction enzyme cleavage sites presumed to be shared in common by v-r-el and c-rel and estimates of the size of regions
of homology between v-rel and c-rel based on nucleic acid filter hybridization data and electron microscopic heteroduplex analysis were used
to determine the relationship between c-rel and v-rel shown above. The regions of homology between v-r-ef and c-r-el are labeled 0 through 7 as
in Fig. 2. Restriction endonuclease cleavage sites presumed to be in common to v-rel and c-rel are indicated between the restriction
endonuclease cleavage maps of v-rel and c-rel. and those sites where no candidate cleavage site was found in c-rel for a corresponding site in
v-rel are identified above the restriction endonuclease cleavage map of v-rel. The P iill cleavage site at 0.98 kbp may or may not be conserved
and is indicated with a question mark. Where more than one restriction endonuclease cleavage site was found in a single region of c-rel. the
distance between cleavage sites was determined to be as close to the corresponding distance in v-rel as could be determined without nucleic
acid sequencing. For reference, lengths and position of segments of DNA which separate regions of c-r-el that are homologous to v-rel are
shown below the v-rel restriction endonuclease cleavage map.

and v-rel was due to population differences or mutation of
sequences acquired by the virus, we have examined the
incidence and nature of polymorphism in a turkey popula-
tion. To determine the incidence and nature of polymor-
phism in c-rel, DNAs of a small collection of unrelated
turkey embryos were examined (Fig. 5). The DNAs were
cleaved with EcoRI, separated as to size by electrophoresis
in an agarose gel, transferred to nitrocellulose, and hybrid-
ized to v-rel-containing probes. The probes used in this
study were three subclones of Rev-T that divide v-rel into
three nonoverlapping regions. The junctions between these
subclones are the EcoRI sites at 3.6 and 4.3 kbp (Fig. 1).
Except for the large EcoRI fragments that hybridize to the

middle v-rel probe, each of the embryos studied has the
same pattern of cleavage of c-rel sequences by EcoRI.
Embryos 5, 10, and 15 do not have an additional EcoRI

cleavage site that could account for the EcoRI cleavage site
found at 4.3 kbp in the v-rel sequences of Rev-T and not in
the corresponding sequences of c-rel from turkey embryo 7
(discussed above).
Each of the embryos analyzed (Fig. 5) has one or two large

EcoRI fragments that hybridize to the middle v-rel probe.
The simplest model to explain this observation is that they
represent two possible alleles of the c-rel locus.

Molecular clones were obtained of two allelic EcoRI
fragments from an apparently heterozygous turkey embryo
(turkey 7 in Fig. 5). Electron microscopic heteroduplex
analysis of these two clones shows that they differ by a
substitution. The larger EcoRI fragment (part of allele 1)
contains 2.4 + 0.2 kbp not present in the smaller EcoRI
fragment (Fig. 6). whereas the smaller EcoRI fragment (part
of allele 2) contains 0.17 + 0.03 kbp not found in the larger
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FIG. 5. c-rel polymorphism in a turkey population. DNA was
isolated from embryo fibroblasts from four individual turkeys (num-
bers 5, 7, 10, and 15). DNA (60 [.g) from each individual was
digested with a 20-fold excess of EcoRI. The samples were then
divided into three equal portions and electrophoresed in a 0.5%
agarose gel. The DNA was denatured and transferred to nitrocellu-
lose filters for hybridization with 5' v-rel, middle v-rel, and 3' v-rel
probes (Fig. 1). Note that the 5.0-kbp fragment detected with the 5'
v-rel probe is a different size than the 4.4-kbp fragment that
hybridizes to the 3' and middle v-rel probes and that there are two
different 1.0-kbp EcoRI fragments, one that hybridizes to the 5' v-rel
probe and one that hybridizes to the middle v-rel probe.

EcoRI fragment. This substitution is in an apparent intron
just 5' to region 3 (Fig. 2). X 1059 c-rel (turkey 7) 6 (Fig. 2) is
from allele 2.

In addition to this substitution detected in turkey c-rel
alleles, we found another form of polymorphism. Molecular
clones of the two alleles of embryo 7 were obtained which
contain exon number 7 and 3' flanking sequences. Restric-
tion enzyme cleavage site mapping of X Charon 4A c-rel
(turkey 7) 3 and X 1059 c-rel (turkey 7) 6 indicates that there
is an increased incidence of discordant restriction enzyme
cleavage sites with increasing distance 3' to region 7 (data
not shown).
Comparison of c-rel in chickens and turkeys. As previously

stated, there is one major c-rel locus in chickens. Sequences
from this locus have been isolated by molecular cloning (7).
Electron microscopic heteroduplex analysis of chicken and
turkey recombinant clones of c-rel indicates that the pre-
sumed coding sequences of c-rel are conserved, that pre-
sumed intervening sequences contain unequal length substi-
tutions, and that there are regions of increased mismatching
in presumed intervening sequences. Figure 7 shows a com-
posite comparison diagram of the c-rel loci of chickens and
turkey DNA (allele 1).

DISCUSSION
Rev-T is a defective highly oncogenic avian retrovirus that

contains the oncogene v-rel. We have obtained molecular

clones of Rev-T and have made subclones of v-rel sequences
to examine the cellular sequences that are homologous to v-
rel.

c-rel (turkey). We have molecularly cloned DNA of two
allels of locus 1 of c-rel from a heterozygous turkey. c-rel in
turkeys has eight regions of homology to v-rel (Fig. 2).
Region 0 is approximately 23 kbp from the 3' end of region 7.
Regions 2 and 3 are separated by 11 kbp. The sum of the
lengths of the regions of c-rel that are homologous to v-rel
(assuming regions 0, 1, and 2 are together 400 bp) is 1.65 kbp.
The length of v-rel is approximately 1.55 kbp. The sum of the
lengths of regions of homology to v-rel in c-rel locus is
consistent with this locus being the source of all of the v-rel
sequences. A more precise accounting of v-rel sequences
relative to c-rel locus 1 will be made when nucleic acid
sequence data are available.

Since the c-rel locus from turkey is probably the progeni-
tor sequence for v-rel, sequences in c-rel between the
regions in c-rel homologous to v-rel were lost. The structural
relationship between oncogenes and proto-oncogenes has
been studied for other oncogenes (8, 10, 11, 21, 22, 24, 27,
29, 30). Some proto-oncogenes do not have segments of
DNA sequence that interrupt their regions of homology with
their respective oncogenes, others have a few segments of
DNA sequence that interrupt their regions of homology with
their respective oncogenes, and others have many segments
of DNA sequence that interrupt the regions of homology to
their respective oncogenes. c-rel is similar to the last. It is
believed that segments of DNA in proto-oncogenes that
interrupt the regions of homology with oncogenes are introns
(18). Shimotohno and Temin (25) and Sorge and Hughes (26)
have shown that if cellular genes with introns are inserted in
a retrovirus vector, the introns are lost after a few cycles of
virus replication.

Nucleotide sequence differences between c-rel and v-rel.
Restriction endonuclease cleavage sites have been detected
in v-rel for which corresponding restriction endonuclease
cleavage sites cannot be found in the c-rel locus sequences
that are homologous to v-rel. The significance of these
differences is hard to assess. These restriction endonuclease
cleavage site differences could have been generated by the
splicing together of regions of c-rel during the formation of v-
rel. Alternatively, the sequence differences could have aris-
en by mutation during the process of acquisition or after the
sequences were acquired by the virus. Additionally, it
cannot be determined whether the proto-oncogene studied is
the allele from which an oncogene was acquired. A polymor-
phic allele of c-rel may exist that has identical coding
sequences with v-rel. The differences between such an allele
and the allele in turkey 7 would then have been generated
either by somatic mutation or by evolutionary divergence of
germline sequences or by both.

c-rel locus dimorphism. We have examined the c-rel locus
within a turkey population to see whether an allele could be
found which had the sequence changes found in v-rel. Within
the turkey population we found dimorphism of the c-rel
locus, but only in apparent noncoding sequences. We found
substitutions in an apparent intron of a turkey heterozygous
at the c-rel locus. We also found that 3' to the regions of
homology to v-rel, c-rel locus 1 has a high frequency of base
changes when two turkey alleles are compared. We have
found no evidence for c-rel coding sequence polymorphism
in the turkey population we have studied.
Comparison of c-rel in chickens and turkeys. To determine

what types of changes occurred in c-rel over a greater
evolutionary time span, we compared c-rel sequences from
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FIG. 6. Substitution in c-rel locus 1 in a heterozygous turkey. Two large EcoRI fragments of approximately 12 and 15 kbp that hybridize to

the middle v-rel probe were molecularly cloned from turkey embryo 7 in the vector Charon 4A. A map of one of these clones, X Charon 4A c-
rel (turkey 7) 2, is presented in Fig. 2. A restriction endonuclease cleavage site map was also made for the other clone, X Charon 4A c-rel (tur-
key 7) 1 (at the bottom of the above figure). These maps are colinear at both 5' and 3' ends. A representative electron micrograph of a
heteroduplex of these two clones is shown above. There is a substitution which by restriction endonuclease cleavage site mapping and
electron microscopic heteroduplex analysis is close to, but probably 5' to. region 3. The larger single strand of the substitution is 2.4 + 0.2 kbp
in length. The smaller single strand of the substitution is 0.17 ± 0.03 kbp (based on 10 micrographs).

TURKEY
_' I -4tc 4h444-4-4Ixrn

CHICKEN

1-2 kbp-1 )O( - MISMATCHED REGION

FIG. 7. Differences between c-rel locus 1 in chicken and in turkey DNA. Regions of homology between chicken and turkey DNAs are
drawn as a single line. Regions of homology between chicken and turkey DNA in which there is a high frequency of mismatches are marked
x. Regions with no homology are shown with lines above the center line for turkey DNA and below the center line for chicken DNA. The re-
gions of homology between v-rel and c-rel are shown as boxes and numbered as in Fig. 2. The turkey allele that is diagrammed in this figure is
allele 1 as shown in Fig. 2. The substitutions between regions 2 and 5 are drawn such that the larger strand of the substitution is present in
chicken DNA. This decision is based on the length of the distance between regions 2 and 5 in chicken and turkey DNAs. The substitution 3' to
region 7 could be longer in turkey or in chicken DNA. More than eight heteroduplexes were used for each of the comparisons made.
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chickens and turkeys. The c-rel loci of chickens and of
turkeys are very similar with respect to the size and distribu-
tion of the regions homologous to v-rel. However, there are
differences between chickens and turkeys in restriction
endonuclease cleavage sites, increased base pair changes in
certain regions, and unequal length substitutions in pre-
sumed introns of c-rel.

Since specific germline changes in apparent coding se-
quences of the c-rel locus are rare within a turkey population
and have not been detected in comparison of chickens and
turkeys, it is less likely that the sequence changes between
v-rel and c-rel were the result of transduction of a rare
germline mutant. The conservation of c-rel locus 1 between
chickens and turkey indicates that this locus has an impor-
tant function in normal cells.
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ADDENDUM IN PROOF

The nucleic acid sequencing of v-rel and the homologous
regions of c-rel (turkey 7) is almost completed (manuscript in
preparation). The basic conclusions of the present paper
have been verified. Region 0 is 144 bp, region 1 is 149 bp,
region 2 is 92 bp, region 3 is 142 bp, region 4 is approximately
104 bp, region 5 is approximately 214 bp, and, because the
exact position of the 3' crossover is ambiguous, region 7 is
between 370 and 377 bp.

LITERATURE CITED
1. Bishop, J. M., and H. Varmus. 1982. Functions and origins of

retroviral oncogenes, p. 999-1108. In R. Weiss, N. Teich, H.
Varmus, and J. Coffin (eds.), Molecular biology of tumor
viruses: RNA tumor viruses. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

2. Blattner, F. R., B. G. Williams, A. E. Blechl, K. Denniston-
Thompson, H. E. Faber, L. A. Furlong, D. J. Grunwald, D. 0.
Kiefer, D. D. Moore, J. W. Schumm, E. L. Sheldon, and 0.
Smithies. 1977. Charon phages: safer derivatives of bacterio-
phage lambda for DNA cloning. Science 196:161-169.

3. Breitman, M. L., M. M. C. Lai, and P. K. Vogt. 1980. The
genomic RNA of avian reticuloendotheliosis virus REV. Virolo-
gy 100:450-461.

4. Chen, I. S. Y., T. W. Mak, J. J. O'Rear, and H. M. Temin.
1981. Characteristics of reticuloendotheliosis virus strain T
DNA and isolation of a novel variant of reticuloendotheliosis
virus strain T by molecular cloning. J. Virol. 40:800-811.

5. Chen, I. S. Y., and H. M. Temin. 1980. Ribonucleotides in
unintegrated linear spleen necrosis virus. J. Virol. 33:1058-
1073.

6. Chen, I. S. Y., and H. M. Temin. 1982. Substitution of 5' helper
virus sequences into non-rel portion of reticuloendotheliosis
virus strain T suppresses transformation of chicken spleen cells.
Cell 31:111-120.

7. Chen, I. S. Y., K. C. Wilhelmsen, and H. M. Temin. 1983.
Structure and expression of c-rel, the cellular homologue to the

oncogene of reticuloendotheliosis virus strain T. J. Virol.
45:104-113.

8. Dalla Favera, R., E. P. Gelmann, S. Martinotti, G. Franchini,
T. S. Papas, R. C. Gallo, and F. Wong-Staal. 1982. Cloning and
characterization of different human sequences related to the onc
gene (v-myc) of avian myelocytomatosis virus (MC29). Proc.
Natl. Acad. Sci. U.S.A. 79:6497-6501.

9. Davis, R. W., M. Simon, and N. Davidson. 1971. Electron
microscopic heteroduplex methods for mapping regions of base
sequence homology in nucleic acids. Methods Enzymol.
21:413-428.

10. DeFeo, D., M. A. Gonda, H. A. Young, E. H. Chang, D. R.
Lowry, E. M. Scolnick, and R. W. Ellis. 1981. Analysis of two
divergent rat genomic clones homologous to the transforming
gene of Harvey murine sarcoma virus. Proc. NatI. Acad. Sci.
U.S.A. 78:3328-3332.

11. Ellis, R. W., D. DeFeo, T. Y. Shih, M. A. Gonda, H. A. Young,
N. Tsuchida, D. R. Lowry, and E. M. Scolnick. 1981. The p21
src genes of Harvey and Kirsten sarcoma viruses originate from
divergent members of a family of normal vertebrate genes.
Science 292:506-511.

12. Franklin, R. B., R. L. Maldonado, and H. R. Bose. 1974. Isola-
tion and characterization of reticuloendotheliosis virus trans-
formed bone marrow cells. Intervirology 3:342-352.

13. Fritsch, E., and H. M. Temin. 1977. Formation and structure of
infectious DNA of spleen necrosis virus. J. Virol. 21:119-130.

14. Gonda, M. A., N. R. Rice, and R. V. Gilden. 1980. Avian
reticuloendotheliosis virus: characterization of high-molecular-
weight viral RNA in transforming and helper virus populations.
J. Virol. 34:743-751.

15. Holezer, J. D., R. B. Lewis, C. R. Wasmuth, and H. R. Bose, Jr.
1980. Hematopoietic cell transformation by reticuloendothelio-
sis virus: characterization of the genetic defect. Virology
100:462-474.

16. Hu, S. S. F., M. M. C. Lai, T. C. Wong, R. S. Cohen, and M.
Sevoian. 1981. Avian reticuloendotheliosis virus: Characteriza-
tion of genome structure by heteroduplex mapping. J. Virol.
37:899-907.

17. Inman, R. B., and M. Schnos. 1974. Denaturation mapping of
DNA, p. 64-80. In M. A. Hayat (ed.), Principles and techniques
of electron microscopy, vol. 4. Van Nostrand Reinhold Co.,
New York.

18. Jeifreys, A. G., and R. A. Flavell. 1977. The rabbit ,-globin gene
contains a large insert in the coding sequence. Cell 12:1097-
1108.

19. Karn, J., S. Brenner, L. Barnett, and G. Cesareni. 1980. Novel
bacteriophage A cloning vector. Proc. Natl. Acad. Sci. U.S.A.
77:5172-5176.

20. Lewis, R. B., J. McClure, B. Rup, D. W. Niesel, R. F. Garry, J.
Hoelzer, K. Nazerian, and H. R. Bose, Jr. 1981. Avian reticu-
loendotheliosis virus: identification of the hematopoietic target
cell for transformation. Cell 25:421-431.

21. Oskarsson, M., W. L. McClements, D. G. Blair, J. V. Maizel,
and G. F. Vande Woude. 1980. Properties of a normal mouse
cell DNA sequence (sarc) homologous to the src sequence of
Moloney sarcoma virus. Science 207:1222-1224.

22. Parker, R. C., H. E. Varmus, and J. M. Bishop. 1981. Cellular
homologue (c-src) of the transforming gene of Rous sarcoma
virus: isolation, mapping, and transcriptional analysis of c-src
and flanking regions. Proc. Natl. Acad. Sci. U.S.A. 78:5842-
5846.

23. Rice, N. R., R. R. Hiebsch, M. A. Gonda, H. R. Bose, Jr., and
R. V. Gilden. 1982. Genome of reticulendotheliosis virus: char-
acterization by use of cloned proviral DNA. J. Virol. 42:237-
252.

24. Robins, T., K. Bister, C. Garon, T. Papas, and P. Duesberg.
1982. Structural relationship between a normal chicken DNA
locus and the transforming gene of the avian acute leukemia
virus MC29. J. Virol. 41:635-642.

25. Shimotohno, K., and H. M. Temin. 1982. Loss of intervening
sequences in genomic mouse a-globin DNA inserted in an
infectious retrovirus vector. Nature (London) 299:265-268.

26. Sorge, J., and S. H. Hughes. 1982. Splicing of intervening

J. VIROL.



STRUCTURE AND DIMORPHISM OF c-rel (TURKEY) 529

sequences introduced into an infectious retroviral vector. J.
Mol. Appl. Genet. 1:547-560.

27. Takeya, T., H. Hanafusa, R. P. Junghans, G. Ju, and A. M.
Skalka. 1981. Comparison between the viral transforming gene
(src) of recovered avian sarcoma virus and its cellular homolo-
gy. Mol. Cell. Biol. 1:1024-1037.

28. Thelian, G. H., R. F. Zeigel, and M. J. Twiehaus. 1966. Biologi-
cal studies with RE virus (strain T) that induces reticuloendoth-
eliosis in turkeys, chickens, and Japanese quail. J. Natl. Cancer
Inst. 37:731-743.

29. Vennstrom, B., and J. M. Bishop. 1982. Isolation and character-
ization of chicken DNA homologous to the two putative onco-

genes of avian erythroblastosis virus. Cell 28:135-143.
30. Vennstrom, B., D. Sheiness, J. Zabielski, and J. M. Bishop.

1982. Isolation and characterization of c-myc, a cellular homo-
logue of the oncogene (v-myc) of avian myelocytomatosis virus
strain 29. J. Virol. 42:773-779.

31. Westmoreland, B. C., W. Szybalski, and H. Ris. 1969. Mapping
of deletions and substitutions in heteroduplex DNA molecules
of bacteriophage A by electron microscopy. Science 163:1343-
1348.

32. Wong, T. C., and M. M. C. Lai. 1981. Avian reticuloendothe-
liosis virus contains a new class of oncogene of turkey origin.
Virology 111:289-293.

VOL. 49, 1984


