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An endogenous type C virus recently isolated from the Columbian black-tailed
deer (Odocoileus hemionus) was used as a molecular probe to study the distribu-
tion of virus-related nucleotide sequences in cellular DNAs of mammalian
species. By DNA-DNA hybridization, the most extensive homology was demon-
strated between the viral complementary DNA and cellular DNA isolated from
Odocoileus species. DNAs of representatives of other genera within the same
family, Cervidae, were partially related to the virus, consistent with the phylo-
genetic relationship of these species to Odocoileus. O. hemionus viral sequences
were also detected within cellular DN As of members of a more distantly related
artiodactyl family, Bovidae. These findings suggest the genetic transmission of
type C viral genes within cervids and bovids for a period of at least 25 to 30
million years. There was no detectable nucleotide sequence homology between
O. hemionus virus and representatives of other major groups of mammalian
type C viruses. These results indicate that despite the known antigenic related-
ness of mammalian type C viruses, the O. hemionus virus has diverged suffi-
ciently to be considered the prototype of a separate group. By radioimmunologi-
cal techniques, it was possible to detect and partially purify, from normal tissues
of cervid species, antigens related to the major structural protein of the O.
hemionus virus. The present findings, that O. hemionus virus has been geneti-
cally transmitted for millions of years and yet has maintained the ability to be
expressed as infectious virus, argue for positive evolutionary selective pressures

for the maintenance of type C viral genes.

Species representing several classes of verte-
brates are known to contain genetic informa-
tion for type C RNA viruses (reviewed in refer-
ence 1). Endogenous viruses so far isolated from
mammals have been found to share antigenic
determinants among one or more (5, 20, 40, 43,
46) of their structural components, suggesting
an evolutionary relatedness of these viruses.
Most mammalian endogenous viruses appear to
comprise two major groups, more closely re-
lated to prototype endogenous viruses of either
rodents or primates (9, 11, 49). Recently, an
endogenous type C virus has been isolated from
cells of the Columbian black-tailed deer, Odo-
coileus hemionus (2). The present studies were
undertaken to study the genetic relatedness of
this new virus with the known mammalian
endogenous type C virus groups. The distribu-
tion of genetic sequences and expression of gene
products related to the O. hemionus virus has
been investigated in species phylogenetically
related to deer representing different families
within the order Artiodactyla.

MATERIALS AND METHODS

Viruses. O. hemionus type C virus was propa-
gated in a human tumor cell line (A673) or a horse
cell line (CCL57) obtained from the American Type
Culture Collection, Rockville, Md. (2). Virus was
purified from tissue culture fluids (harvested at 24-h
intervals) by isopycnic banding. Other viruses were
obtained as sucrose gradient-purified preparations
through the courtesy of J. Gruber, Office of Re-
sources and Logistics, National Cancer Institute,
Bethesda, Md. Mammalian type C viruses included
a virus of AKR mice, AKR-murine leukemia virus
(MuLV) (18); a virus of Wistar-Furth rats (12); a
virus of pigs (50); two viruses of cats, feline leu-
kemia virus (FeLV) (33) and RD114 (28); a virus of
baboons (Papio cynocephalus) (7); and viruses iso-
lated from gibbon apes (22) and a woolly monkey
(48). Other viruses included mouse mammary
tumor virus (26), Mason-Pfizer monkey virus (17),
and avian myeloblastosis virus (6).

Tissues. Frozen tissues were kindly supplied by
B. O’Gara, University of Montana, Bozeman; R.
Dieterich, University of Alaska, Fairbanks; R.
Hugie, University of Maine, Orono; G. Esra, Los
Angeles Zoo; R. Amity, Fairfax County, Va., Ani-
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mal Shelter; L. Stuart, National Institutes of Health
Animal Center, Poolesville, Md.; and W. Boever, St.
Louis Zoo.

Preparation of 3H-labeled viral cDNA. Viral *H-
labeled complementary DNA (¢cDNA) was prepared
from sucrose gradient-purified virus in reaction
mixtures containing 20 mM Tris-hydrochloride, pH
7.8; 60 mM KCI; 1 mM dithiothreitol; 5 mM MgCl,;
0.2 mM each dATP, dCTP, and dGTP; 0.01 mM
[BH]TTP (50 Ci/mmol; New England Nuclear); 50 ug
of actinomycin D per ml (Calbiochem); 0.014% (vol/
vol) Triton X-100; and 50 ug of viral protein per ml.
The reaction mixture also contained as primer 0.8
mg of DNase I-digested salmon sperm DNA per ml
(47), the addition of which resulted in a 6- to 10-fold
increase in the amount of cDNA synthesized. After
incubation at 37°C for 4 h, the reaction was termi-
nated by addition of an equal volume of 0.2 M Tris-
hydrochloride (pH 7.5), 0.2 M NaCl, 0.05 M EDTA,
0.8% sodium dodecyl sulfate, 25 ug of Escherichia
coli DNA per ml, and 1 mg of self-digested Pronase
per ml. 3H-labeled viral cDNA was purified as previ-
ously described (37). The specific activity of viral
c¢DNA’s used in these studies was around 2 x 107
cpm/ug. In most instances, it was possible to esti-
mate genetic complexities of viral cDNA’s by their
ability to protect the 3?P-labeled homologous 70S
RNA from RNase digestion; generally, at least 40 to
60% of the viral RNA was hybridized at a DNA:RNA
molar ratio of 2, and 60 to 80% of the RNAs could be
hybridized by the homologous cDNA at a ratio of 10.
With viruses that grew to only low titer, including
O. hemionus virus, it was not possible to prepare
sufficient quantities of 3?P-labeled viral RNA for
accurate complexity determinations.

Preparation of radioactive unique-sequence cell
DNA. Cultured cells (O. hemionus and A673) were
incubated in the presence of 10 uCi of [*Hlthymidine
per ml for 48 h. The cells were harvested, and DNA
was isolated and sheared as described below. To
isolate the slowly reannealing fraction (14), the
[*H]DNA was denatured by boiling and then al-
lowed to reassociate to a Cyt value of 200 (see below)
at 65°C in the presence of 0.01 M Tris-hydrochloride
(pH 17.5), 0.6 M NaCl, and 0.1 mM EDTA. Single-
stranded DNA was separated from reassociated
strands by hydroxyapatite chromatography as de-
scribed by Britten et al. (13). The specific activity of
the [*HIDNAs was 2 x 10° to 3 x 10° cpm/ug. The
[*'H]IDNA representing the unique-sequence fraction
was less than 5% resistant to S1 nuclease (8, 24).

Preparation of RNA and DNA. Cellular RNA was
extracted by the hot-phenol method of Scherrer (36),
and virion RNA was prepared as described by Schin-
cariol and Joklik (37). RNA was determined both by
absorbance at 260 nm and by the orcinol method
(38). Cellular DNA was purified by a modified Mar-
mur procedure (27) as described by Britten et al.
(13). DNA was fragmented to an average size of 500
nucleotides, using a VirTis model 60K homogenizer.
DNA concentration was determined by absorbance
at 260 nm and diphenylamine assay.

Molecular hybridization. DNA-RNA hybridiza-
tion was performed by incubating varying amounts
of RNA from virions or cultured cells with 500 to
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1,000 cpm of 3H-labeled viral cDNA for 18 to 48 h at
68°C in 0.05 ml of 0.6 M NaCl, 10 mM Tris-hydro-
chloride (pH 7.5), and 0.1 mM EDTA. Hybrid forma-
tion was assayed by the S1 nuclease method (8, 24).
For DNA-DNA hybridization, about 0.8 mg of cell
DNA and 0.5 ng of [*H]cDNA in a volume of 0.2 ml
were heated at 100°C for 10 min and cooled quickly,
and the reaction was carried out at 62°C (T, of
homologous hybrid minus 25°C) in the solution de-
scribed above for DNA-RNA hybridization. Samples
were removed at various times, frozen in a dry ice-
acetone bath, and then assayed for hybrid formation
by the S1 nuclease method. Hybridization data are
expressed in terms of Cot and C,t (moles-second per
liter) for reactions involving DNA-DNA and DNA-
RNA, respectively (14). These values have been cor-
rected to a monovalent cation concentration of 0.18
M based on the data of Britten et al. (13).

Radioimmunoassays. A double-antibody competi-
tion immunoassay that detects O. hemionus virus
has been described (2). Briefly, reaction mixtures
containing a limiting amount of rabbit antiserum to
the O. hemionus virus and unlabeled competing an-
tigen in 0.01 M Tris-hydrochloride, 0.1 M NaCl,
0.001 M EDTA, 0.1% Triton X-100, and 1% bovine
serum albumin, pH 7.8, were incubated at 37°C for 1
h. About 10,000 cpm of '?**I-labeled RD114 viral p30
was then added, and incubation was continued for 3
h at 37°C, followed by 18 h at 4°C. Reaction mixtures
were subsequently diluted to 1.0 ml in 0.01 M Tris-
hydrochloride, pH 7.8, mixed with 0.025 ml of goat
anti-rabbit immunoglobulin G, incubated for 3 h at
4°C, and centrifuged at 2,500 rpm for 15 min, and the
resulting precipitate was measured for '*I radioac-
tivity. Immunoassays for the major structural pro-
teins of Rauscher MuLV and FeLV have been re-
ported in detail (40).

Isolation of O. hemionus virus-related proteins
from normal tissues. Extracts were prepared by
tissue homogenization in an equal volume of 0.01 M
Tris-hydrochloride, 0.01 M EDTA, and 0.5% Triton
X-100, pH 7.8. Homogenates were clarified by cen-
trifugation for 60 min at 30,000 rpm in a Beckman
type 30 rotor, dialyzed overnight against 0.01 M
Tris-hydrochloride, 0.001 M EDTA, and 0.1% Triton
X-100, pH 7.8, and applied to a Whatman DE-52
column (1.5 by 25 cm) equilibrated with the same
buffer. The column was washed with 100 ml of the
same buffer, and bound proteins were eluted with
200 ml of a 0.0 to 0.5 M KCl linear gradient. Individ-
ual fractions were dialyzed against 0.01 M Tris-
hydrochloride and 0.001 M EDTA, pH 7.8, and as-
sayed for immunological reactivity as described
above. Fractions with the highest levels of reactivity
were pooled and subjected to further purification by
agarose gel filtration in the presence of 6 M guani-
dine hydrochloride as previously described (45).

RESULTS

Analysis of O. hemionus virus for nucleo-
tide sequence homology with other mamma-
lian type C viruses. Previous studies have indi-
cated that known mammalian type C viruses
share cross-reactive antigenic determinants
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among several of their structural proteins (5,
20, 40, 43, 46). These findings have suggested a
common progenitor in their evolution (5).
Nonetheless, type C viruses endogenous to
some mammalian species exhibit greater nu-
cleotide sequence homology than would be ex-
pected on the basis of the degree of evolutionary
divergence of the species from which these vi-
ruses originate (9, 11, 29, 32, 49, 52). In the first
series of investigations, the type C virus iso-
lated from O. hemionus cells was analyzed by
molecular hybridization for genetic sequence
homology with representatives of these known
mammalian endogenous virus groups.

About 85% of the O. hemionus viral cDNA
formed hybrids with its homologous virion
RNA, whereas the same probe did not detecta-
bly anneal to RNA of any of the other viruses
tested (Table 1). cDNA’s were also prepared
from representative rodent and primate type C
viruses and tested with these same RNA prepa-
rations. AKR-MuLV ¢DNA hybridized signifi-
cantly to woolly monkey viral RNA, and rat
viral cDNA annealed to FeLV RNA. Neither
c¢DNA hybridized to O. hemionus viral RNA or
to RNA of a representative endogenous primate
virus. As previously reported (49), viral cDNA
prepared from the baboon endogenous virus hy-
bridized significantly to RD114 viral RNA.
However, this probe lacked detectable homol-
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ogy with RNA of O. hemionus virus or any of
the rodent viruses tested. None of the type C
viral ¢cDNA probes hybridized with RNA of
mouse mammary tumor virus or Mason-Pfizer
monkey virus (Table 1). These results indicate
that O. hemionus virus lacks detectable nucleo-
tide sequence homology with representative ro-
dent and primate endogenous type C viruses.
Distribution of O. hemionus viral nucleo-
tide sequences in cellular DNAs of species
phylogenetically related to 0. hemionus. Deer
species belong to the family Cervidae, within
the order Artiodactyla (even-toed ungulates).
The distribution of nucleotide sequences homol-
ogous to O. hemionus viral cDNA was deter-
mined in cellular DNAs of several cervid spe-
cies. Cellular DNAs of O. hemionus and O.
virginianus (white-tailed or Virginia deer) ex-
hibited nearly identical hybridization kinetics
with the O. hemionus viral cDNA (Fig. 1). The
maximum extent of hybridization with each
was around 85% at a Coit of 2 x 10. DNAs
isolated from species of other cervid genera,
including C. canadensis (American elk or wap-
iti), C. elaphus (European red deer), Rangifer
arcticus (caribou), Dama dama (fallow deer),
Alces alces (moose), and Muntiacus muntjack
(muntjac), also hybridized significantly to O.
hemionus viral cDNA. The kinetics of the reac-
tion of each were very similar (Fig. 1), and the

TaBLE 1. Analysis of O. hemionus type C virus for nucleic acid homology with other reverse transcriptase-
containing RNA viruses :

Maximum hybridization values (%) with cDNA prepared from the follow-

ing type C viruses®
Viral RNA source ;
0. hemi Mus musculus Rattus norvegi- Papio cynoce-
. milonus ( AKR) X cus p halus
(Wistar/Furth)
Type C
O. hemionus 100 <3 <3 <3
AKR-MuLV <3 100 6 <3
Rat <3 5 100 <3
Woolly monkey <3 10 <3 <3
Gibbon ape <3 9 <3 <3
Pig <3 <3 <3 <3
FeLV <3 <3 10 <3
Baboon <3 <3 <3 100
RD114 <3 <3 <3 29
Avian myeloblastosis virus <3 <3 <3 <3
Non-type C
Mouse mammary tumor virus <3 <3 <3 <3
Mason-Pfizer monkey virus <3 <3 <3 <3

¢ Hybridization reactions were performed as described in the text. Viral RNA was extracted from either
virions or virus-infected cells. Reactions were carried out to C,t (initial nucleotide concentration x time)
values 10- to 100-fold in excess of the C;t value at which maximum hybridization was observed with the
appropriate homologous system. The hybridization values obtained for each cDNA were normalized to the
maximum percent hybridization obtained with the respective homologous viral RNA. Those values were as
follows: O. hemionus, 85%; M. musculus, 90%; R. norvegicus, 92%; and P. cynocephalus, 92%.
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Fic. 1. Hybridization of O. hemionus viral cDNA
to cellular DNAs of representative artiodactyl spe-
cies. DNA-DNA hybridization was performed as de-
scribed in the text. [*H]cDNA, prepared from O.
hemionus virus grown in human A673 cells, was
annealed to cellular DNAs extracted from normal
liver tissues of the following species: black-tailed
deer, O. hemionus (A); white-tailed deer, O. virgini-
anus (A); caribou, Rangifer arcticus (Q); elk, Cervus
canadensis (O); red deer, C. elaphus (®); fallow
deer, Dama dama (R); moose, Alces alces (V); moun-
tain sheep, Ovis canadensis (O); blackbuck, Antelope
cervicapra (V); llama, Llama peruana (X); and pig,
Sus scrofa (+). The results represent mean values of
at least two experiments.

final extents of hybridization achieved were
about 40% at C,t values of 2 x 10%.

The distribution of sequences related to O.
hemionus viral cDNA was also investigated in
DNAs of species representing other families of
the order Artiodactyla. Cellular DNAs tested
included those of Suidae (domestic pig), Came-
lidae (llama), and Bovidae (antelope and
sheep). The extent of hybridization achieved
with representative bovid species was around
20% (Fig. 1), whereas annealing of the O. hem-
tonus viral cDNA by suid and camelid DNAs
was not significantly above the background lev-
els of around 1 to 5% achieved with other cellu-
lar DNAs (Fig. 1 and Table 2). The genetic
complexity of viral cDNA was not possible to
determine. Thus, the probe may not uniformly
represent the viral genome. If those sequences
represented in the probe have diverged at a
rate that differs from that of the total viral
genome, the hybridization values obtained here
could differ somewhat from those of a perfectly
representative probe.

Thermal stability of hybrids formed be-
tween O. hemionus viral cDNA and cellular
DNAs of various artiodactyl species. The de-
creased genetic sequence homology between O.
hemionus viral cDNA and artiodactyl species
other than Odocoileus could be explained
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either by deletion of specific viral nucleotide
sequences from those cellular DNAs or by base-
pair mismatching due to evolutionary diver-
gence of a common endogenous viral genome in
the course of the evolution of these species. To
investigate these possibilities, the thermal sta-
bilities of hybrids formed between various cel-
lular DNAs and the O. hemionus viral cDNA
were analyzed. Hybrids formed at a Cot of 2 X
10* were heated from 60 to 100°C, and the ther-
mal dissociation of the hybrids was assayed by
S1 nuclease (Fig. 2 and Table 2). The T',, for the
homologous hybrid of O. hemionus viral and
cellular DNA was 86.5°C, indicating a well-
matched hybrid. A similar T',, was observed for
hybrids formed between the viral probe and O.
virginianus DNA. The T,, values of hybrids of
the viral probe and cellular DNAs of other cer-
vid genera were significantly lower, with AT,
values ranging from 5.5 to 10.5°C. The AT,,
values of hybrids between the O. hemionus
virus and cellular DNAs of the bovid species
tested were even lower (AT, = 12 to 13°C).
These results imply that the differences in ex-
tent of genetic sequence homology between O.
hemionus virus cDNA and cellular DNAs of
other artiodactyl species were due to evolution-
ary divergence of related endogenous viral ge-
nomes rather than to deletion of a portion of an
otherwise highly conserved viral genome.

The nucleotide sequence divergence of virus-
related genes in the DNA of artiodactyl species
was compared with the divergence of genetic
sequences of the cellular DNAs of some of these
same species (Table 2). For these experiments,
radioactive unique-sequence DNA was pre-
pared from O. hemionus cells and hybridized
with a vast excess of nonradioactive cell DNA
of other mammals. The DNAs of cervid species
displayed substantial homology (>80%) with O.
hemionus unique-sequence DNA. There was
decreasing sequence relatedness with DNAs of
bovid and camelid species. The T,, values of
these hybrids were also decreased as might be
expected for such phylogenetically divergent
species. These results suggest that cell DNA
sequences of artiodactyls have diverged less
rapidly than their endogenous viral sequences.

Reiteration frequency of 0. hemionus viral
sequences in O. hemionus cellular DNA. The
reiteration frequency of O. hemionus viral nu-
cleotide sequences within Q. hemionus cellular
DNA was next determined. The Cgt,, of the
reaction involving viral cDNA with O. hem-
ionus liver DNA was 5.5 x 10" (Fig. 3). The
Cot,, for the reassociation of O. hemionus
unique-sequence cell DNA was 2 x 103. These
findings indicate the presence of at least 30 to
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TaBLE 2. Nucleotide sequence hemology and thermal stabilities of hybrids formed between O. hemionus viral
¢DNA and O. hemionus unique-sequence cell DNA and the cellular DNA of mammalian species®

) . 0. hemionus unique
O. hemionus viral cDNA cell DNA
Source of DNA
Perceni:el;ybnd- AT,» Pereelilztel‘;ybnd- AT,

Deer (Cervidae)

Black-tailed (0. hemionus) 100 0 100 0

White-tailed (O. virginianus) 100 0 NTe

Fallow deer (Dama dama) 48 6.5 NT

Caribou (Rangifer arcticus) 46 7.5 83 4

Elk (Cervus canadensis) 47 6.5 NT

Red deer (C. elaphus) 47 6.5 86 4.5

Muntjac (Muntiacus muntjack) 45 5.5 86 3

Moose (Alces alces) 47 10.5 69 8
Other artiodactyls

Blackbuck (Antelope cervicapra) 23.5 12 70 8

Mountain sheep (Ovis canadensis) 23.5 13 65 8.5

Llama (Llama peruana) <3 —d 27 14

Pig (Sus scrofa) <3 - NT
Other mammals

Mouse (Mus musculus) <3 - 3 -

Rat (Rattus norvegicus) <3 - NT

Cat (Felis catus) <3 - NT

Dog (Canis familiarus) <3 - NT

Baboon (Papio cynocephalus) <3 - NT

Rhesus monkey (Macaca mulatta) <3 - NT

Orangutan (Pongo pygmaeus) <3 NT

Human (Homo sapiens) <3 NT
Nonmammalian

Salmon (Onchorhynchus spp.) <3 - NT

Chicken (Gallus gallus) <3 - NT

¢ Hybridizations were carried out to a C,t value of 2 x 10* (see text and Fig. 1). [*H]lthymidine-labeled O.
hemionus unique-sequence cell DNA was prepared as described in the text. Reactions with this probe
contained a 1,000-fold excess of the appropriate unlabeled liver DNA. Hybridization values for reactions
with ¢cDNA and unique-sequence DNA have been normalized to the respective maximum hybridization

values observed with O. hemionus DNA.

% The T, value for hybrids between O. hemionus cDNA-O. hemionus liver DNA was 86.5°C, and the T,
for O. hemionus unique-sequence DNA-O. hemionus liver DNA was 83.5°C.

¢ NT, Not tested.
4 —, Hybridization too low to determine T,,.

40 copies of O. hemionus viral genome within
the host cell genome. The Cgt,,, values for hy-
bridization of the viral cDNA with cellular
DNAs from other cervid families (Fig. 1) also
indicate the presence of multiple viral copies
within the genomes of these species. For com-
parison, the number of copies of virus-related
nucleotide sequences present in exogenously in-
fected cells was determined. The C,t,,, value for
the hybridization reaction involving O. hem-
ionus viral cDNA and DNA isolated from hu-
man A673 cells infected with the O. hemionus
virus was 0.8 x 103, whereas the C,t,,, value for
the reassociation of human cell unique-se-
quence DNA was 2 x 10%. This indicates the
presence of about two to three copies of viral
genetic information in exogenously infected
cells.

Endogenous type C viral antigen expression
in cervid species. The above results indicated
the preservation over a prolonged evolutionary
period of multiple copies of viral genetic se-
quences related to O. hemionus virus among
two families, Cervidae and Bovidae, of the or-
der Artiodactyla. It was of interest to deter-
mine whether endogenous viral genes were de-
tectably expressed in normal tissues of repre-
sentative artiodactyl species. Immunological
analysis involved a competition radioimmu-
noassay in which limiting antiserum to O.
hemionus virus was used to precipitate !*°I-
labeled p30 of RD114 virus. This assay sensi-
tively detects the major structural antigen of O.
hemionus virus. Liver cell extracts, from R.
arcticus and O. virginianus, showed significant
reactivity in this immunoassay. In contrast,



6 TRONICK ET AL.

8

PERCENT HYBRID DISSOCIATED
8 8 8 & 8 3 8 8
T

-
o
T

n It L 1 i 1
60 70 80 90 100
TEMPERATURE (°C)

Fic. 2. Thermal dissociation of hybrids formed
between O. hemionus viral cDNA and DNAs of rep-
resentative artiodactyl species. Reactions were car-
ried out to a C,t value of 2 x 10*. Samples were cooled
quickly, and aliquots were incubated for 5 min at 5-
degree intervals from 60 to 100°C in 0.6 M NaCl. The
amount of hybrid remaining at each temperature was
determined by the SI nuclease method. Data have
been normalized to the actual number of S1-resistant
3H counts after incubation at 60°C. The melting
curves for each hybrid are designated by the same
symbols used in Fig. 1.

the same extracts did not react in immunoas-
says for the major structural proteins (p30) of
Rauscher MuLV or FeLV.

To further establish the specificity of the im-
munological reactions, the tissue-associated
antigens were partially purified by DEAE ion-
exchange chromatography and then subjected
to molecular size analysis by agarose gel filtra-
tion chromatography in the presence of 6 M
guanidine hydrochloride. The antigenic reac-
tivity partially purified from R. arcticus liver
co-chromatographed with a !*I-labeled p30
marker (Fig. 4). Similar results were obtained
with antigen from O. virginianus liver (data
not shown). These procedures resulted in 50-
to 100-fold increases in the antigenic activity
per milligram of cell protein. The immunologi-
cal specificity of the partially purified antigens
after sequential purification by ion-exchange
chromatography and agarose gel filtration is
indicated in Fig. 5. Each competed efficiently
and to a final extent of at least 80% in the assay
that detected O. hemionus virus p30; however,
detectable reactivity was not observed in con-
trol immunoassays. These results indicate that
O. hemionus virus-related genetic sequences
are detectably expressed in normal tissues of
species representing at least two cervid genera.
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DISCUSSION

The distribution of genetic sequences related
to an endogenous type C virus of the Columbian
black-tailed deer (O. hemionus) has been stud-
jied in the cellular DNAs of phylogenetically
related species. By molecular hybridization,
cDNA prepared from O. hemionus virus dem-
onstrated the most extensive nucleotide se-
quence homology with DNAs of species within
the genus Odocoileus. DNAs of species of other
genera within the cervid family hybridized to
about 50% of the level obtained with Odocoileus
cellular DNA. The lower T, values of hybrids
formed between the viral cDNA and DNAs of
less phylogenetically related species indicated
random base-pair mismatching, as might be ex-
pected to accumulate during the course of evo-
lution (23).
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Fic. 3. Comparison of the reiteration frequency of
O. hemionus viral sequences in O. hemionus cellular
DNA and DNA of O. hemionus virus-infected human
cells. O. hemionus viral cDNA was hybridized with
O. hemionus liver DNA (A), and the kinetics of this
reaction were compared to the rate of hybridization of
0. hemionus *H-labeled unique-sequence cell DNA
with a 1,000-fold excess of O. hemionus liver DNA
(A). The O. hemionus viral cDNA was also hybrid-
ized with DNA isolated from human cells (A673)
infected with the O. hemionus virus (@), and the rate
of this reaction was compared with that for the rean-
nealing of human cell *H-labeled unique-sequence
DNA with a 1,000-fold excess of DNA isolated from
uninfected A673 cells (O). The conditions for hybrid-
ization reactions were as described in the text. A
clonal line of O. hemionus virus-infected A673 cells
was obtained by a previously described microtiter
procedure (44). Data were normalized to the maxi-
mum percent hybridization obtained for each reac-
tion. These values were 85%, viral cDNA versus O.
hemionus liver DNA; 80%, viral cDNA versus in-
fected A673 cell DNA; 74%, O. hemionus unique-
sequence DNA; 76%, human unique-sequence DNA.
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Fi1c. 4. Molecular size analysis of O. hemionus
virus-related antigen partially purified from liver ex-
tracts of the cervid species R. arcticus. Extracts were
prepared and partially purified by DEAE-cellulose
chromatography as described in the text. Fractions
containing antigenic activity were pooled, concen-
trated, mixed with tracer amounts of '**I-labeled
RD114 p30, and subjected to agarose gel filtration
chromatography in the presence of 6 M guanidine
hydrochloride as previously described (45). Individ-
ual fractions (1 ml) were analyzed for radioactivity,
pooled in groups of five, dialyzed, concentrated, and
assayed for antigenic activity (see text). Immunoas-
say results are expressed as the reciprocal of the
antigen dilution at which 50% displacement of '*I-
labeled p30 was achieved. Symbols: Radioactivity,
O; antigenic activity, stippled bars.

The degree of nucleotide sequence divergence
demonstrated between O. hemionus viral
c¢DNA and cellular DNAs of representative spe-
cies within the cervid family is consistent with
postulated phylogenetic relationships between
these species (34). The fossil record indicates
that ancestors of present-day Odocoileus spe-
cies arose during the early Pliocene and mi-
grated to the New World during the middle or
late Pliocene. This genus has been separated
from other cervids for at least 5 to 10 million
years (3, 34). Our findings that type C viral
genetic sequences are also present in related
Old World cervid genera argue that this endog-
enous virus became associated with the ances-
tors of Odocoileus before their migration to the
New World. Present day Odocoileus species are
the only vertebrates of New World origin so far
shown to contain endogenous type C viral
genes. Thus, the present results indicate that
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type C viruses have existed in the New World
for at least 5 to 10 million years.

Genetic sequences partially related to O.
hemionus virus were also demonstrated in cel-
lular DNAs of artiodactyls belonging to the
more distantly related bovid family. This is the
first evidence for the presence of endogenous
type C viral genes in this family. Cervid and
bovid families are believed to have shared their
most recent common ancestor about 25 to 30
million years ago (34). The existence of related
endogenous viral information in representa-
tives of each family indicates that type C virus
must have become genetically associated with
the progenitor of these families over 25 to 30
million years ago. The lack of detectable hy-
bridization of the O. hemionus viral cDNA to
cellular DNAs of species representing more dis-
tantly related artiodactyl families, T'ylopoda
and Suidae, argues that this type C virus may
have entered the cervid-bovid lines after their
divergence from other artiodactyl families
around 50 to 55 million years ago (34). Alterna-
tively, the genes of a common progenitor virus
may have diverged sufficiently so as to no
longer be detectable in cellular DNAs of more
distantly related artiodactyls, using O. hem-
ionus viral cDNA as a molecular probe.

Analogous molecular hybridization tech-
niques have indicated that endogenous type C
viruses have existed within primate and rodent
orders for at least 30 million years (11, 49). The
evidence also suggests the interspecies trans-
mission of primate and rodent viruses to species
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F1c. 5. Immunological analysis of 30,000-molec-
ular-weight O. hemionus virus-related antigen par-
tially purified from normal livers of cervid species.
Antigen preparations were analyzed in competition
radioimmunoassays for the p30 antigens of the O.
hemionus type C virus (O), Rauscher murine leuke-
mia virus (@), and FeLV (A), as described in the
text. Antigenic reactivity of partially purified anti-
gens prepared from (A) O. virginianus and (B) R.
arcticus.
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representing other mammalian orders during
more recent periods of evolution (5 to 10 mil-
lion years ago) (11, 49). In the present report,
analysis of cellular DNAs of a few species repre-
senting mammalian orders other than Artio-
dactyla failed to reveal evidence of genetic se-
quence homology with O. hemionus virus. A
more comprehensive analysis would be neces-
sary to exclude the possibility of interspecies
transmission of the O. hemionus virus or its
evolutionary precursor to or from other mam-
malian species.

Recent studies have demonstrated the immu-
nological relatedness of several of the respec-
tive structural proteins of mammalian type C
viruses (5). This evidence strongly argues that
mammalian type C viruses have had a common
origin. By molecular hybridization, O. hem-
ionus virus lacked detectable nucleotide se-
quence homology with other mammalian type
C viruses. Thus, endogenous viruses of cervid
and bovid species appear to have diverged suffi-
ciently from other mammalian endogenous vi-
ruses to be considered a separate group.

In the present report, nucleotide sequences
related to O. hemionus viral cDNA were found
to be reiterated 30 to 40 times within the ge-
nome of O. hemionus. After the initial demon-
stration of multiple copies of endogenous vi-
ruses within mouse (16, 19) and avian (4, 35, 51)
cellular DNAs, the reiteration of endogenous
viral genes was also documented in other spe-
cies (10). Another common characteristic of en-
dogenous viruses is the expression by normal
cells of viral antigens in the absence of com-
plete virus release (21, 30, 41, 42, 45). It was
possible to detect and partially purify viral
antigens related to O. hemionus virus from
normal tissues of two cervid species. This
antigen was shown to cross-react with mamma-
lian type C viral p30 and to co-chromatograph
with p30 by ion exchange and gel filtration.
Thus, in many respects, the endogenous virus
of O. hemionus cells has been shown to be anal-
ogous to endogenous viruses of other mamma-
lian species. That type C viruses have been
genetically transmitted for millions of years
and yet have maintained their ability to be
partially or even completely expressed argues
strongly for positive evolutionary selective
pressures for the preservation of type C viral
genes.

ACKNOWLEDGMENTS

We thank Virginia K. Steiner and Nelson Ellmore for
excellent technical assistance and Cirilo Cabradilla and
Keith Robbins for helpful discussions.

This work was supported in part by Public Health Ser-
vice contract NCI-3-73-3212 from the Virus Cancer Program
of the National Cancer Institute.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

J. ViroL.

LITERATURE CITED

. Aaronson, S. A., and J. R. Stephenson. 1976. Endoge-

nous type C RNA viruses of mammalian cells. Bio-
chim. Biophys. Acta Rev. Cancer 458:323-354.

. Aaronson, S. A, S. R. Tronick, and J. R. Stephenson.

1976. Endogenous type C RNA virus of Odocoileus
hemionus, a mammalian species of New World ori-
gin. Cell 9:489-494.

. Anderson, S., and J. K. Jones, Jr. 1967. Recent mam-

mals of the world. A synopsis of families. The Ronald
Press Co., New York.

. Baluda, M. A. 1972. Widespread presence in chickens of

DNA complementary to the RNA genome of avian
leukosis virus. Proc. Natl. Acad. Sci. U.S.A. 69:576-
580

X Barbécid, M., J. R. Stephenson, and S. A. Aaronson.

1976. Evolutionary relationships between gag gene-
coded proteins of murine and primate endogenous
type C RNA viruses. Cell 10:641-648.

. Beard, J. W. 1963. Avian virus growths and their etio-

logic agents. Adv. Cancer Res. 7:1-127.

. Benveniste, R. E., M. M. Lieber, D. M. Livingston, C.

J. Sherr, G. J. Todaro, and S. S. Kalter. 1974. Infec-
tious C-type virus isolated from a baboon placenta.
Nature (London) 248:17-20.

. Benveniste, R. E., and E. M. Scolnick. 1973. RNA in

mammalian sarcoma virus transformed nonproducer
cells homologous to murine leukemia virus RNA.
Virology 51:370-382.

. Benveniste, R. E., C. J. Sherr, and G. J. Todaro. 1975.

Evolution of type C viral genes: origin of feline leuke-
mia virus. Science 190:886-888.

Benveniste, R. E., and G. J. Todaro. 1974. Multiple
divergent copies of endogenous C-type virogenes in
mammalian cells. Nature (London) 252:170-172.

Benveniste, R. E., and G. J. Todaro. 1975. Evolution of
type C viral genes: preservation of ancestral murine
type C viral sequences in pig cellular DNA. Proc.
Natl. Acad. Sci. U.S.A. 72:4090-4094.

Bergs, V. V., G. Pearson, H. C. Chopra, and W.
Turner. 1972. Spontaneous appearance of cytopathol-
ogy and rat C-type virus (WF-1) in a rat embryo cell
line. Int. J. Cancer 10:165-173.

Britten, R. J., D. E. Graham, and B. R. Neufeld.
Analysis of repeating DNA sequences by reassocia-
tion. 1974. Methods Enzymol. 29:363-418.

Britten, R. J., and D. E. Kohne. 1968. Repeated se-
quences in DNA. Science 161:529-540.

Cabradilla, C. D., K. C. Robbins, and S. A. Aaronson.
1976. Mouse type-C virus induction by translational
inhibitors: evidence for transcriptional derepression
of a specific class of endogenous virus. Proc. Natl.
Acad. Sci. U.S.A. 73:4541-4545.

Chattopadhyay, S. K., D. R. Lowy, N. M. Teich, A. S.
Levine, and W. P. Rowe. 1974. Evidence that the
AKR murine-leukemia virus genome is complete in
DNA of the high-virus AKR mouse and incomplete in
the DNA of the “virus-negative” NIH mouse. Proc.
Natl. Acad. Sci. U.S.A. 71:161-171.

Chopra, H. C., and M. Mason. 1970. New virus in a
spontaneous mammary tumor of a rhesus monkey.
Cancer Res. 8:2018-2086.

Furth, J., R. F. Buffet, M. Bonasiewicz-Rodriquez,
and A. C. Upton. 1956. Character of agent inducing
leukemia in newborn mice. Proc. Soc. Exp. Biol. Med.
93:165-172.

Gelb, L. D., J. B. Milstien, M. A. Martin, and S. A.
Aaronson. 1973. Characterization of murine leuke-
mia virus-specific DNA present in normal mouse
cells. Nature (London) New Biol. 244:76-78.

. Gilden, R. V., S. Oroszlan, and R. J. Huebner. 1971.

Coexistence of intraspecies and interspecies specific
antigenic determinants on the major structural poly-



Vor. 23, 1977

22.

25.

26.

27.

28.

29.

30.

31

32.

33.

peptides of mammalian C-type viruses. Nature (Lon-
don) New Biol. 231:107-108.

. Huebner, R. J., G. J. Kelloff, P. S. Sarma, W. T. Lane,
and H. C. Turner. 1970. Group-specific antigen
expression during embryogenesis of the genome of
the C-type RNA tumor virus: implications for ontoge-
nesis and oncogenesis. Proc. Natl. Acad. Sci. U.S.A.
67:366-376.

Kawakami, T. G., S. D. Huff, P. M. Buckley, D. L.
Dungworth, S. P. Snyder, and R. V. Gilden. 1972. C-
type virus associated with gibbon lymphosarcoma.
Nature (London) New Biol. 235:170-171.

. Laird, C. D., B. L. McConaughy, and B. J. McCarthy.
1969. Rate of fixation of nucleotide substitutions in
evolution. Nature (London) 224:149-154.

. Leong, J. A., A. C. Garapin, H. Jackson, L. Fanshier,
W. Levinson, and J. M. Bishop. 1972. Virus-specific
ribonucleic acid in cells producing Rous sarcoma vi-
rus: detection and characterization. J. Virol. 9:891-
903.

Lieber, M. M., and G. J. Todaro. 1975. Mammalian
type C RNA viruses, p. 91-130. In F. F. Becker
(ed.), Cancer: a comprehensive treatise. Plenum
Press, New York.

Lyons, M. J., and D. H. Moore. 1965. Isolation of the
mouse mammary tumor virus: chemical and morpho-
logical studies. J. Natl. Cancer Inst. 35:549-565.

McAllister, R. M., M. Nicholson, M. B. Gardner, R. W.
Rongey, S. Rasheed, P. S. Sarma, R. J. Huebner, M.
Hatanaka, S. Oroszlan, A. Kabingting, and L. Ver-
non. 1972. C-type virus released from cultured hu-
man rhabdomyosarcoma cells. Nature (London) New
Biol. 235:3-6.

Marmur, J. 1961. A procedure for the isolation of deoxy-
ribonucleic acid from micro-organisms. J. Mol. Biol.
3:208-218.

Okabe, H., R. V. Gilden, and M. Hatanaka. 1973. Spec-
ificity of the DNA product on RNA-dependent DNA
polymerase in type C viruses. II. Quantitative analy-
sis. Proc. Natl. Acad. Sci. U.S.A. 70:3923-3927.

Parks, W. P., D. M. Livingston, G. J. Todaro, R. E.
Benveniste, and E. M. Scolnick. 1973. Radioimmu-
noassay of mammalian type C viral proteins. III.
Detection of viral antigen in normal murine cells and
tissues. J. Exp. Med. 137:622-635.

Parks, W. P., and E. M. Scolnick. 1972. Radioimmu-
noassay of mammalian type C viral proteins: inter-
species antigenic reactivities of the major internal
polypeptide. Proc. Natl. Acad. Sci. U.S.A. 69:1766-
1770.

Quintrell, N., H. E. Varmus, J. M. Bishop, M. O.
Nicholson, and R. M. McAllister. 1974. Homologies
among the nucleotide sequences of the genomes of C-
type viruses. Virology 58:568-575.

Rickard, C. G., J. E. Post, F. de Noronha, and L. M.
Bass. 1969. A transmissible virus-induced lympho-
cytic leukemia of the cat. J. Natl. Cancer Inst.
42:987-1014.

. Romer, A. S. 1971. Vertebrate paleontology, 3rd ed. The

University of Chicago Press, Chicago and London.

. Rosenthal, P. N., H. L. Robinson, W. S. Robinson, T.
Hanafusa, and H. Hanafusa. 1971. DNA in unin-
fected and virus-infected cells complementary to
avian tumor virus RNA. Proc. Natl. Acad. Sci.
U.S.A. 68:2336-2340.

DISTRIBUTION OF MAMMALIAN TYPE C VIRAL GENES

36.

317.

38.

39.

40.

41.

42.

47.

49.

51.

52.

9

Scherrer, K. 1969. In K. Habel and N. P. Salzman (ed.),
Fundamental techniques in virology, p. 413-432. Aca-
demic Press Inc., New York.

Schincariol, A. L., and W. K. Joklik. 1973. Early syn-
thesis of virus-specific RNA and DNA in cells rapidly
transformed with Rous sarcoma virus. Virology
56:532-548.

Shatkin, A. 1969. Colorimetric reactions for DNA,
RNA, and protein determinations, p. 231-237. In K.
Habel and N. P. Salzman (ed.), Fundamental tech-
niques in virology. Academic Press Inc., New York.

Sherr, C. J., and G. J. Todaro. 1974. Radioimmunoas-
say of the major group specific protein of endogenous
baboon type C viruses: relation to the RD114/CCC
group and detection of antigen in normal baboon
tissues. Virology 61:168-181.

Stephenson, J. R., and S. A. Aaronson. 1973. Expres-
sion of endogenous RNA C-type virus group-specific
antigens in mammalian cells. J. Virol. 12:564-569.

Stephenson, J. R., and S. A. Aaronson. 1976. Search for
antigens and antibodies crossreactive with type C
viruses of the woolly monkey and gibbon ape in ani-
mal models and in humans. Proc. Natl. Acad. Sci.
U.S.A. 73:1725-1729.

Stephenson, J. R., and S. A. Aaronson. 1977. Endoge-
nous type-C viral expression in primates. Nature
(London) 266:469-472.

. Stephenson, J. R., M. Barbacid, S. R. Tronick, S.

Hino, and S. A. Aaronson. 1977. Proteins of type C
RNA viruses. Recent Adv. Cancer Res. 2:37-50.

. Stephénson, J. R., R. K. Reynolds, and S. A. Aaronson.

1972. Isolation of temperature sensitive mutants of
murine leukemia virus. Virology 48:749-756.

. Stephenson, J. R., S. R. Tronick, R. K. Reynolds, and

S. A. Aaronson. 1974. Isolation and characterization
of C-type viral gene products of virus-negative mouse
cells. J. Exp. Med. 139:427-438.

. Strand, M., and J. T. August. 1974. Structural proteins

of mammalian oncogenic RNA viruses: multiple anti-
genic determinants of the major internal protein and
envelope glycoprotein. J. Virol. 13:171-180.

Taylor, J. M., R. Illmensee, and J. Summers. 1976.
Efficient transcription of RNA into DNA by avian
sarcoma virus polymerase. Biochim. Biophys. Acta
442:324-330.

. Theilen, G. H., D. Gould, M. Fowler, and D. Dung-

worth. 1971. C-type virus in tumor tissue of a woolly
monkey with fibrosarcoma. J. Natl. Cancer Inst.
47:881-889.

Todaro, G. J., R. E. Benveniste, R. Callahan, M. M.
Lieber, and C. J. Sherr. 1974. Endogenous primate
and feline type C viruses. Cold Spring Harbor Symp.
Quant. Biol. 39:1159- 1168.

. Todaro, G. J., R. E. Benveniste, M. M. Lieber, and C.

J. Sherr. 1974. Characterization of a type C virus
released from the porcine cell line PK(15). Virology
58:65-74.

Varmus, H. E., R. A. Weiss, R. R. Friis, W. Levinson,
and J. M. Bishop. 1972. Detection of avian tumor
virus-specific nucleotide sequences in avian cell
DNAs. Proc. Natl. Acad. Sci. U.S.A. 69:20-28.

Wong-Staal, F., R. C. Gallo, and D. Gillespie. 1975.
Genetic relationship by a primate RNA tumor virus
genome to genes in normal mice. Nature (London)
256:670-672.



