
is alive and reasonably healthy-but it 
could be much more so. To  flourish 
vigorously, to utilize to the full our vast 
human resources for greater progress in 
health research, additional sums are 
needed for many purposes, but equally 
we need a renewal of the long-range 
commitment to excellence and acceler- 
ated progress, and to preservation of 
managerial flexibility within the enter- 
prise itself. 

The AAMC has consistently and effec- 
tively supported this position. In that 
connection, I urge you to read carefully 
the analysis and exposition of principles 
for the support of biomedical research 
just issued by the AAMC executive 
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council. This little blue book, titled Pre- 
serving America's Preeminence in Medi- 
cal Research, is an exceptionally clear, 
balanced, and persuasive statement de- 
serving of widespread attention. 

Most of you will remember another 
influential report issued by the AAMC in 
1965. It was written by Lowell T .  Cogge- 
shall and titled Planning for Progress 
Through Medical Education. In the re- 
port was an observation that fits exactly 
the context of my remarks and, in a 
sentence, captures the ideas I have en- 
deavored to present. In Dr. Coggeshall's 
words-as valid now as when they were 
written-"The important question for 
the future is whether the present system 

Major pol Gene Progenitors in the 
Evolution of Oncoviruses 

Ing-Ming Chiu, Robert Callahan, Steven R. Tronick 

Jeffrey Schlom, Stuart A. Aaronson 

Oncoviruses, a subfamily of Retroviri- of mice and in certain murine tumors (3). 
dae (I) ,  are the causative agents of natu- Later studies revealed the existence of 
rally occurring tumors in diverse verte- infectious retroviruses containing exten- 
brate species. Unlike most viruses, sive homology to the A particle genome 
which are spread only as infectious as well (4). Type B viruses have been 
agents, oncoviruses can also be transmit- found only in murine species. Such vi- 
ted within the germ line of the host. ruses have been established as etiologi- 

Abstract. The genetic relationships among molecularly cloned prototype viruses 
representing all of the major oncovirus genera were investigated by molecular 
hybridization and nucleotide sequence analysis. One of the major progenitors of the 
pol genes of such viruses gives rise to mammalian type C viruses and another gives 
rise to type A, B ,  D, and avian type C oncoviruses. Evidence of unusual patterns of 
homology among the env genes of mammalian type C and D oncoviruses illustrates 
that genetic interactions between their progenitors contributed to the evolution of 
oncoviruses. 

Under such conditions, these viruses are 
passed from one generation to the next 
and often in an unexpressed form. The 
widespread distribution of oncoviruses 
among vertebrates implies that this inti- 
mate association has persisted through a 
considerable period of evolution. 

The oncovirus genera have been clas- 
sified by morphologic criteria (2). Defec- 
tive intracisternal type A viral particles 
were initially observed in early embryos 
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cally responsible for mammary tumors of 
the mouse (5). Type C viruses, which are 
widely distributed among birds and 
mammals, cause leukemia and other tu- 
mors [see (6) for reviews]. The most 
recently described type D oncoviruses 
are so far limited to primate species, and 
their oncogenicity remains to be estab- 
lished (7). 

In recent years, efforts have been 
made to ascertain the evolutionary rela- 

is sufficiently flexible and imaginative to 
keep pace with the contemporary revolu- 
tion in medical sciences and the changing 
expectations of the American people" 
(4). 
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tionships among different oncovirus gen- 
era. One of the most useful approaches 
has been the demonstration of shared 
antigenic determinants in their transla- 
tional products. Interspecies cross-reac- 
tivity was initially observed for several 
early isolates of type C viruses (8). The 
advent of radioimmunological tech- 
niques made it possible to demonstrate 
the presence of interspecies determi- 
nants common to the respective gag, 
pol, and env gene products of all known 
mammalian type C viruses (9). Such 
studies have led to the conclusion that 
mammalian type C viruses arose from a 
common progenitor. The detection of 
immunological relatedness between the 
major structural proteins of type B and D 
viruses, as well as between mammalian 
type C and D viruses, has suggested that 
evolutionary links may also exist among 
these three major oncovirus genera (10). 

Efforts to analyze the structural and 
evolutionary relationships between dif- 
ferent oncoviruses have been facilitated 
by the ability to isolate and amplify these 
viral genomes by molecular cloning tech- 
niques. In the present studies, we used 
molecular hybridization and nucleotide 
sequence analysis to detect and localize 
related genes of viruses representing dif- 
ferent oncovirus genera. We have now 
established the existence of major pol 
gene families in the evolution of oncovir- 
uses, as well as other previously unde- 
tected evolutionary linkages. 

Oncoviruses have been classified on 
the basis of their morphological proper- 
ties (2). Even though four different gen- 
era have been recognized (Table I ) ,  vi- 

I.-M. Chiu, S .  R. Tronick, and S. A. Aaronson are 
in the Laboratory of Cellular and Molecular B~ology 
and R. Callahan and J.  Schlom are in the Laboratory 
of Tumor Immunology and Biology, National Can- 
cer Institute, Bethesda, Maryland 20205. 
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(IS), and baboon endogenous virus 
(BaEV) (16); and avian type C viruses, 
Rous sarcoma virus (RSV) (17) and avian 
myeloblastosis-associated virus (MAV) 
(18). The oncoviral inserts in each clone 
were subjected to electrophoresis on an 
agarose gel (0.8 percent), transferred to 
nitrocellulose, and then hybridized un- 
der relaxed conditions with labeled 
SMRV DNA. The SMRV probe demon- 
strated homology with all of the viral 
genomes tested (Fig. 1). 

To confirm and extend these findings, 
we performed reciprocal hybridizations 
using each of the other cloned viruses as 
a probe. The extent of homology was 
quantified by determining the amount of 
radioactivity in each band. As shown in 
Table 2, members of each oncovirus 

genus hybridized most strongly among 
themselves. Furthermore, reciprocal re- 
lationships were observed not only be- 
tween SMRV and representative type A, 
B, and avian C viruses, but among each 
of these other groups as well. 

Homologous regions of oncoviral pol 
genes. In order to localize regions of 
MMTV homologous with SMRV, we 
molecularly dissected clone GR7-la, 
which contains 6.8 kilobase pairs (kbp) 
of the MMTV proviral genome permuted 
at its single Eco RI site (12). Digestion 
with Eco RI and Pst I generated six 
fragments, only two of which (3.1 and 
0.9 kbp) contained pol sequences. Only 

these two fragments were specifically 
hybridized by SMRV DNA (data not 
shown). Further digestion of the 3.1-kbp 
fragment with Bgl I1 yielded two frag- 
ments, both of which were hybridized by 
the SMRV DNA probe. In a reciprocal 
experiment, three fragments (1 .&kbp Pst 
I-Bgl 11, 1.3-kbp Bgl II-Eco RI, and 0.9- 
kbp Eco RI-Pst I) representing the 5 ' ,  
middle, and 3' end of the MMTV pol 
gene, respectively, were isolated and 
used as hybridization probes. Each 
probe detected specific SMRV DNA 
fragments after cleavage of SMRV DNA 
with either Bam HI or Bgl I1 plus Pst I, 
or with Sph I (Fig. 2). The strongest 

Table 1 .  Comparative morphological and biochemical properties of infectious type A, B, C, and D oncoviruses. 

Characteristic 

Prototypes 

Presence of intracytoplasmic A particles 
Complete nucleoid at budding 
Preferred cation for DNA polymerase activity 
Mature particle 

Nucleoid morphology 
Envelope spikes 

Hormone responsiveness of virus 

Centric 
N.A.t 
No 

Type B 
Avian 

MMTV RSV 
M AV 

Eccentric Centric 
Long, with knobs Short 
Yes No 

Mammalian 

MuLV 
SSAV 
BaEV 
- 

Centric 
Short 
No 

SMRV 

Eccentric 
Short 
No 

*M432 is an endogenous virus from Mus cervicolor containing extensive sequence homology with type A intracisternal A particle (IAP) genes (4). There is no 
extracellular form of the IAP, budding taking place into endoplasmic reticulum. tN.A.. not applicable. 

Table 2. Molecular hybridization analysis of cloned oncoviral DNA's. Radioactive bands were cut out of filters and their activity was measured in 
a liquid scintillation spectrometer. Symbols: -, < 300 countlmin; +, 2,000 to 10,000 countfmin; + +, 10,000 to 100,000 countlmin; + + +, 100,000 
to 1,000,000 countlmin; + + + + , > 1,000,000 countlmin; N.T., not tested. 

Hybridi- Reaction with cloned viral DNA 
zation 
probes M432 MMTV M AV RSV SMRV M-MuLV SSAV BaEV 

M432 ++++ + + + N.T. + + N.T. - - 
MMTV + + ++++ N.T. + + + - N.T. N.T. 
M AV + N.T. ++++ + + + + - N.T. N.T. 
RSV + + + + + ++++ + N.T. - - 
SMRV ++ ++ + N.T. ++++ N.T. + + + 
M-MuLV - - - N.T. + ++++ + + + 

- +++ 
SSAV N.T. N.T. - + + + + ++++ 

- - 
N.T. 

BaEV N.T. N.T. + + +++ N.T. ++++ 
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signals were obtained with the probe 
representing the 3' end of the MMTV pol 
gene. None of these probes detected 
sequences to the right of the Sph I site at 
5.45 kbp on the SMRV map (Fig. 2). 
Thus, these findings established genetic 
relatedness between pol gene sequences 
of prototype B and D oncoviruses. 

By a similar strategy, we sought to 
determine whether the sequence homol- 
ogy observed in genomic blots of type A 
and avian type C oncoviruses with 
SMRV or MMTV was due to pol gene 
relatedness. After being digested with 
different restriction enzymes, SMRV 
was subjected to Southern blotting anal- 

ysis with M432, MMTV, and RSV each 
used as probes. As shown in Fig. 3A, 
each of these probes specifically hybrid- 
ized to SMRV DNA fragments contain- 
ing its pol gene sequences. In reciprocal 
studies, genomic SMRV probes hybrid- 
ized to the pol genes in digests of M432, 
MAV, and RSV (Fig. 4A). These find- 

MMTV probes 
- A 1 2 3  4 5 6  7 8 

- - - 5 - 
4- - 0 - 
U) 3 u LO kb 

1 
4.7 * 

I F - m 
3.8 * m 

env 

Bg Sp Brn Bg Bm Hd Ss Sp PsBrnSp 

SMRV 11 gag 1 I POI I ] I /  env 

(0.6)(0.75) (2.3) (3.2) (4.4) (4.9) (5.45) (7.0) (7 
(5.3) (7.3) 

2.1 * m m MMTV [7777777772777777777 

R S V  rm/7mm7T/;r 

SMRV clone 

kbp Eco Rl Barn HI Barn H I  Barn HI BamHl  BamHl  EcoRl  

Fig. 2 (left). Homology between pol gene sequences of SMRV and 
MMTV. MMTV clone pMMTV-(C3H)2.5, which contained 4.0 kbp of M432 d 
sequences coding for MMTV gag-pol, was digested with Pst I. Bgl 11, (3 6) (4 6) (6 0 )  

and Eco RI. Three fragments, Pst I-Bgl I1 (1.8 kbp), Bgl 11-Eco RI Eco RI Bql I1 Kpn I Eco  RI 
(1.3 kbp), and Eco RI-Pst I (0.9 kbp), designated A, B, and C on the 
MMTV map shown on the top line, were used as probes in (A), (B), MAV r~ I 0 
and (C), respectively. In (A), (B), and (C), ASMRV DNA was (2.7) (4.7) 
digested with Bam HI (lane I), Bgl I1 and Pst I (lane 2), and Sph I POI - 
(lane 3) and subjected to electrophoresis on an agarose gel (1.2 BarnHl  BarnHl BarnHI Snl 1 

percent). The regions in SMRV DNA homologous to &ch ofthe three R S V  I I - -  
probes are shown in the lower map as stippled (probe A), hatched ( 2 . 1 )  (3.9) 
(probe B), and cross-hatched (probe C) boxes. Open boxes represent - POI - 
long terminal repeats (LTR's). Nonstringent hybridization conditions 
were used as described in Fig. 1. The exposure time for (A) was four times longer than for (B) and (C). The gene order of SMRV shown in the map 
above was determined on the basis of these and previously reported results (11). Fig. 3 (top right). Localization of the regions in SMRV 
homologous to type A, B, and avian type C oncoviruses. (A) SMRV DNA was digested with Bam HI (lanes 1,4, and 7), Bgl I1 plus Pst I (lanes 2 
and 5 ) ,  and Sph I (lanes 3,6, and 8) and separated on an agarose gel. The DNA was then transferred to nitrocellulose paper and hybridized with 
nick-translated viral DNA probes M432 (lanes 1 to 3), MMTV clone GR7-la (lanes 4 to 6). and RSV (lanes 7 and 8). From the results, the 
maximum regions of homology in SMRV could be deduced and are shown in (B) as hatched boxes. The open box represents the LTR sequence 
and the map coordinates are given in parentheses. Abbreviations: Bg, Bgl 11; Sp, Sph I; Bm, Barn HI; Hd, Hind 111; Ss, Sst I; and Ps, Pst I. Only 
the pertinent restriction enzyme sites are shown. Fig. 4 (bottom right). Demonstration of reciprocal homologies between M432, MMTV, 
MAV, RSV, and SMRV pol genes. (A) DNA's were digested with appropriate enzymes, separated on a 1.2 percent agarose gel, transferred to 
nitrocellulose paper, and hybridized with the probes, as described in Fig. 1. M432 DNA was digested with Bam HI and hybridized with SMRV 
(lane I )  or MMTV (lane 2) DNA probes. MAV DNA (4-kbp Eco RI subgenomic fragments) was digested with Bgl I1 and Kpn I simultaneously 
and hybridized with SMRV (lane 3) or M432 DNA probes (lane 4). Sal I-permuted 9.6-kbp RSV DNA was digested with Bam HI and hybridized 
with SMRV (lane 5) or MMTV (lane 6) DNA probes. The regions of homology are shown in (B) as hatched boxes. The pol regions of MAV and 
RSV are demarcated by arrows. The open boxes represent LTR's. 
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ings strongly imply genetic relatedness other sequences in these viral DNA's are undertook comparative nucleotide se- 
between the pol genes of representatives described below. quence analysis. The complete nucleo- 
of the four major oncovirus genera. In A common pol gene progenitor for tide sequences of RSV (19) and M- 
contrast, when analogous studies were oncoviruses with ~ ~ ~ + - d e ~ e n d e n t  re- MuLV (20) pol genes as well as the 3' 
performed with mammalian type C viral verse transcriptases. To determine pre- terminal region of the MMTV pol gene 
DNA's, no pol gene homologies were cisely the extent of homology between (21) have been reported. We therefore 
observed. The relatedness of SMRV to the pol genes of these oncoviruses, we chose to sequence the 3' terminal region 

SM?V ~ A A T  :CC,ATT TGG [AA ATG GAT GTT. PC' CAT T T T  ACT ::T iT TGA A M  .:i i ;., - F 7  GTT ;elT GT: hCr ;-7 < L C  A r b ,  T : r q j : j  
@*olcqsn 8.13 k T r D  G1n M*: ! ~ S Q  $fa? T b r  3 i 5 , n h ~  - I > , -  " * n K  : r ~  Pht= i ' ; a l  U j q  %;a7 Thr  :,a1 ? ,5p  7 h ~ i ? l l G  ,:or ,I-, 

** 
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Fig. 5. Comparative nucleotide sequence analysis of the polgene segments of SMRV, MMTV, and RSV. DNA sequences were determined by the 
method of Maxam and Gilbert (22) and translated into amino acids. The predicted amino acid sequences were aligned by using Wilbur and 
Lipman's PRTALN computer program (24). A K-tuple size of I, window size of 20. and gap penalty of 4 were used in this analysis. The MMTV 
sequence determined by us differs from the published sequence of Redmond and Dickson (21) by the insertion of CC at positions 181 and 182 and 
the insertion of G at position 280. The differences. indicated in the MMTV sequences by asterisks. result in a frame shift of 32 amino acids as com- 
pared with the published MMTV sequence. However, the reading frames before nucleotide 181 and after nucleotide 280 are not altered. The 
symbols for the nucleotides are A, adenine: C. cytosine: G, guanine: and T, thymine. The symbols for the amino acids are Ala, alanine; Arg, argi- 
nine; Asn, asparagine; Asp, aspartic acid; Cys, cysteine; Glu, glutamic acid; Gln, glutamine; Gly. glycine; His, histidine; Ile, isoleucine; Leu, 
leucine; Lys, lysine; Met, methionine; Phe. phenylalanine; Pro. proline; Ser. serine; Thr, threonine; Trp, tryptophan: Tyr. tyrosine; and Val, 
valine. Autoradiograms of the DNA sequences are available upon request. 
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of the SMRV pol gene for comparative 
purposes, even though relaxed hybrid- 
ization analyses of this region did not 
show detectable homology with RSV 
(Fig. 3B); this region of the RSVpol gene 
encodes the pp32 peptide that has endo- 
nuclease activity (22). The SMRV seg- 
ment extended from 115 bp upstream 
from the Hind I11 site at 4.9 kbp on the 
SMRV physical map to 53 base pairs (bp) 
downstream from the Sst I site at 5.3 kbp 
(Fig. 3B). The nucleotide sequencing of 
this region was performed by the partial 
chemical degradation method of Maxam 
and Gilbert (23). The sequences of both 
strands were determined, and known re- 
striction enzyme sites were confirmed by 
sequence analysis (1 1 ). 

When the primary nucleotide se- 
quence of SMRV was translated into 
amino acids in all three reading frames, 
we observed only one open reading 
frame. The other two frames were fre- 
quently interrupted by termination co- 
dons. The predicted amino acid se- 
quence for the putative SMRV pol gene 
product was aligned with the amino acid 
sequences of MMTV and RSV pol gene 
products by the PRTALN computer pro- 
gram of Wilbur and Lipman (24). The 
corresponding MMTV pol segment is 
from the position 3 bp downstream from 

the single Eco RI site to the position 261 
bp upstream from the putative termina- 
tion codon (21). The analogous se- 
quences of the RSV genome extended 
from nucleotide 4210 to 4746 (19). The 
first codon after the single Eco RI site 
within the MMTV genome was arbitrari- 
ly assigned as the first nucleotide (Fig. 
5). 

Within the region encompassing nucle- 
otide 193 to nucleotide 303, 69 percent 
homology between SMRV and MMTV 
was observed. This probably accounts 
for the hybridization detected between 
SMRV and the C probe derived from 
MMTV (Fig. 2). The predicted amino 
acid homology in this region was as high 
as 70 percent. In the total of 540 nucleo- 
tides displayed, there was 55 percent 
homology (2961540) between SMRV and 
MMTV pol genes without introducing 
any insertions or deletions. Nucleotide 
homology between SMRV and RSV, as 
well as between MMTV and RSV, was 
about 46 percent. A three-nucleotide 
(one amino acid) gap was introduced into 
the RSV sequence in order to achieve 
the maximum homology. At the amino 
acid level, the homologies between 
SMRV and MMTV, between MMTV 
and RSV, and between SMRV and RSV 
were 52, 38, and 38 percent, respective- 

A 1 2  3 4 5 6  7 8 9  l o  , ,3  Fig. 6. Localization of 
regions of nucleotide 
sequence homology 
between SMRV and 
mammalian type C ret- 
roviruses. (A) SMRV 
DNA was digested 
with Bam HI (lanes 1, 
4, and 71, Bgl I1 plus 
Pst I (lanes 2, 5, and 
81, or Sph I (lanes 3, 
6, and 9) and trans- 
ferred to nitrocellu- 
lose filters. The,filters 

B B Q S ~  ~m ~g am s p  P S B ~ S ~  were then hybridized 

SMRV A with SSAV (lanes I 
to 3) or BaEV DNA 

(5.45) (7.0N7.3) probe (lanes 4 to 6) 
g a g  POI env under nonstrinaent 

conditions. DNA< of 
S S ~  I  st I X b a I  X b a I  s s t  lanes 7 to 9 were hy- 

bridized with BaEV 
R-MuLV 

(5.2)(6.0) 
-J DNA probe under 

(0.4) (3.0) (A.6)(9.8) stringent conditions 
[hybridization in 1M 

E c o  R I  X b a  l  X b a l  X b a l  EcoRI  N ~ C I ,  10x Den- 
S S A V  

hardt's solution, salm- 
on sperm DNA (100 

(2.3) (4.4)(4.7) (6.31 (8.9) d m l ) ,  40 percent 
formamide, and probe 

(1 x 10' cpmlml) at 37°C overnight, then washing in triple-strength standard saline citrate, 0.1 
percent sodium dodecyl sulfate, and 0.1 percent sodium pyrophosphate at 64OCl. R-MuLV 
DNA was digested with Xba I (lane 101, Sst I (lane 1 I), or Xba I plus Sst I (lane 12), and SSAV 
DNA was digested with Xba I (lane 13). The filters were then hybridized with SMRV DNA 
probe under relaxed conditions. (B) The resulting hybridized regions are shown as hatched 
boxes. Open boxes represent LTR's. The direction of transcription for each virus is from left to 
right. The region of homology detected between SMRV and SSAV or BaEV under nonstringent 
conditions spans the region between the Sph I and the Bam HI sites (5.45 to 7.3 kb) on the 
SMRV physical map. Under stringent conditions with the BaEV probe, the homologous region 
is present between the Pst I and Bam HI sites (7.0 to 7.3 kb) on the SMRV map. 

ly. These findings firmly establish the 
related but divergent nature of the pol 
genes of these viruses. In contrast, this 
analysis detected no comparable homol- 
ogy at either nucleotide or amino acid 
sequence levels between any of these pol 
genes and that of M-MuLV (data not 
shown). 

A retrovirus, designated human T-cell 
leukemia virus (HTLV), has been isolat- 
ed from patients with certain forms of 
adult T-cell leukemia (25). Moreover, 
epidemiologic studies have implicated 
this agent in the etiology of such tumors 
(26). The functional characteristics of 
the HTLV polymerase have been report- 
ed to resemble those of A, B, and 
D oncoviruses, rather than mammalian 
type C viruses (27). The HTLV genome 
has now been completely sequenced 
(28), making possible direct comparisons 
of its sequence with the sequence of 
the corresponding regions of SMRV, 
MMTV, and RSV pol genes. These se- 
quences showed significant homology 
with the sequence of HTLV in the region 
between amino acids 57 and 171 (Fig. 5). 
The degrees of homology were 46, 38, 
and 39 percent, respectively, without 
introducing insertions or deletions. In 
contrast, no comparable homology of the 
HTLV pol gene to that of M-MuLV was 
detected by similar analysis. Thus, the 
pol gene of HTLV appears to have 
evolved from the progenitor that gave 
rise to the pol genes of types A, B, avian 
C, and D oncoviruses. 

Env gene recombination in the evolu- 
tion of mammalian C and D retroviruses. 
Previous studies have indicated that 
mammalian type C and D viruses have 
related sequences that could be mapped 
to their env genes (29, 30). To confirm 
and extend these observations, we used 
genomic probes prepared from repre- 
sentative viruses, SSAV and BaEV, to 
identify homologous regions within the 
SMRV genome. SSAV and BaEV 
probes hybridized to restriction frag- 
ments including the 2.9-kbp Bam HI, 
3.8-kbp Bgl 11-Pst I, 1.4-kbp Pst I-ECO 
RI, and the 2.3-kbp Sph I fragment (lanes 
1 to 6 in Fig. 6A) under nonstringent 
conditions. These results identified the 
region of homology as 5.45 to 7.3 kbp on 
the SMRV map (Fig. 6B). Reciprocal 
experiments with SMRV as a probe were 
consistent with these results (lanes 10 to 
13 in Fig. 6A). As summarized in Fig. 
6B, the region of homology between 
SMRV and R-MuLV and between 
SMRV and SSAV genomes corre- 
sponded to their env gene sequences. 

Under stringent hybridization condi- 
tions (lanes 7 to 9 in Fig. 6A), the region 
of homology between BaEV and SMRV 
was reduced to a 0.3-kbp stretch from 



Pst I to Bam HI, corresponding to 7.0 
kbp to 7.3 kbp on the SMRV map (Fig. 
6B); in contrast, there was no detectable 
homology between SSAV and SMRV 
under the same hybridization conditions 
(data not shown). These findings indicate 
that the type D and mammalian type C 
env genes diverged from a common pro- 
genitor but that SMRV and BaEV share a more highly conserved sequence. 

In order to better define this unusual 
relationship, we performed heteroduplex 
analysis of the SMRV and BaEV ge- 
nomes. A representative heteroduplex is 
shown in Fig. 7A. We observed a contin- 
uous 300-bp stretch of homology (seg- 
ment 4 in Fig. 7B). Since the orientation 
of the two clones within their plasmid 
vectors was known (data not shown), the 
homologous region could be assigned to 
the p15E coding segment of BaEV (Fig. 
7C). These results strongly suggest that 
BaEV and SMRV became evolutionarilv 
linked by a more recent recombinational 
event involving their p15E coding re- 
gions. 

Discussion. Oncoviruses exhibit a 
unique association with vertebrates. 
These agents are transmitted as endoge- 
nous viral sequences within the germ 
lines of a wide variety of species. More- 
over, in some cases oncoviruses have 
been established as infectious agents re- 
sponsible for the induction of naturally 
occurring tumors of animals, probably 
including man. Earlier studies have 
shown that mammalian type C viruses 
share antigenic determinants among sev- 
eral of their respective gag, pol, and env 
gene products; this implies that these 
viruses have a common progenitor (9). 
The major structural proteins encoded 
within the gag gene of type C and D 
oncoviruses share antigenic determi- 
nants, as do the major proteins of type B 
and D oncoviruses (10). Moreover, cer- 
tain mammalian type C and type D onco- 
viruses share common antigenic determi- 
nants in their env-coded gp70 protein 
(29), as well as sequence homology in 
their p15E coding region (30). These 
patterns of homology argue that the evo- 
lution of present oncovirus groups has 
occurred through genetic interactions 
among their progenitors. 

The promiscuous nature of the onco- 
virus genome is strikingly illustrated by 
our present studies. Under appropriate 
hybridization conditions, distant but sig- 
nificant homology could be demonstrat- 
ed between type C virus env genes and 
that of SMRV, findings consistent with 
their having a common env gene progeni- 
tor. By use of stringent hybridization 
conditions, we also detected a much 
greater degree of homology between the 
p15E coding regions of BaEV and 

SMRV than is observed between either 
of these viruses and the env genes of 
other type C viruses (Fig. 6). By hetero- 
duplex analysis it was possible to dem- 
onstrate a region of complete colinearity 
between the corresponding p15E coding 
regions of BaEV and SMRV. These re- 
sults strongly imply that BaEV and 
SMRV became evolutionarily more 
closely linked by a relatively recent re- 
combinational event involving their 
p15E coding regions. 

In contrast to the relationships among 
gag or env genes that have been exten- 
sively studied by immunological meth- 
ods, relatively little is known about the 
genetic relationships among pol genes of 
different oncovirus genera. Our present 
studies establish by both molecular hy- 
bridization analysis and nucleotide se- 
quence comparison that the pol genes of 
prototype type A, type B, avian type C, 
and type D oncovirus genera are all 
genetically related. These findings corre- 
late well with the known functional simi- 
larities in the reverse transcriptases cod- 
ed for by their pol genes. These enzymes 
exhibit similar template and cation pref- 
erences that differ markedly from those 
of mammalian type C viruses (31). Thus, 

Fig. 7. Heteroduplex 
analyses of SMRV 
and BaEV. Super- 
coiled plasmid DNA's 
containing Eco RI- 
permuted SMRV (8.4 
kbp) and BaEV (8.8 
kbp) DNA were lin- 
earized by digestion 
with Pvu I. The 
heteroduplexing reac- 
tion was performed as 
described by Davis et 
a / .  (37). A repre- 

our studies provide strong support for 
the concept of a major pol gene progeni- 
tor for mammalian type C viruses and 
another for types A, B, avian type C, and 
D oncoviruses. 

Using computer analysis to search for 
local, dense homology [LSRCHP pro- 
gram (24)] beween the most conserved 
regions of these four oncoviral pol genes 
and other published amino acid se- 
quences, we were able to detect homolo- 
gy with the M-MuLV pol gene. This 
region, corresponding to amino acids 117 
to 132 (Fig. 5) is as follows (32): 

SMRV: g K _ r H  T I K _ T D N G P G Y T _ G  

MMTV: 9 I ~ ~ K I K T D N A ~ _ A Y V ~  

RSV: g R P K A l K T D N G S C F T ' S  

HTLV: G K _ r S Y l N T D N G P A ! l  S 
M - M u L V : s M P g V L G T D N G P A F V S  

Amino acids in each sequence matching 
the consensus sequence, GKPQXIKTD- 
NGPAYTS, are underlined. The se- 
quence for each virus in this region cor- 
responds to the consensus sequence in 
10 to 12 of the 16 positions. To evaluate 
the statistical significance of similarities 
to the consensus sequence, we used the 
SEQDP program (33). The program com- 

sentative heterodu- 7 
I 

plex is displayed in 
(A). Contour lengths 
shown in the sche- 
matic representation 
(B) were based on 
measurements of 20 
molecules, and are as 
follows: region 1, 3.8 
+ 0.2: region 2, 7.0 + 
0.4: region 3. 3.9 + 
0.3; region 4, 0.3 + 
0.08: region 5, 1.1 * 
0.1; region 6, 4.6 2 
0.4; and region 7, 0.6 
? 0.04 kb. Regions 1 
and 7 are pBR322 
DNA segments. The 
region of homology 
(region 4) between 
SMRV and BaEV is 
shown in (C) as a 
hatched box. The 
boundaries of gp70 
and p15E genes of 
BaEV are demarcated 
by arrows (30). The 
open boxes represent 
LTR's. 

C 
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