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The complete genome of the jaagsiekte sheep retrovirus (JSRV), the suspected etiological agent of ovine
pulmonary carcinoma, has been cloned from viral particles secreted in lung exudates of affected animals and
sequenced. The genome is 7,462 nucleotides long and exhibits a genetic organization characteristic of the type
B and D oncoviruses. Comparison of the amino acid sequences of JSRV proteins with those of other retrovirus
proteins and phylogenetic studies suggest that JSRV diverged from its type B and D lineage after the type B
mouse mammary tumor virus but before the type D oncoviruses captured the env gene of a reticuloendothe-
liosislike virus. Southern blot studies show that closely related sequences are present in sheep and goat normal
genomic DNA, indicating that JSRV could be endogenous in ovine and caprine species.

Jaagsiekte is the Afrikaans name of a naturally occurring
contagious pulmonary bronchioalveolar adenocarcinoma
primarily affecting sheep (7, 10, 45, 47) and, to a lesser
extent, goats (40, 46). The primary lesion is the resultant
transformation of type II epithelial alveolar cells (granular
pneumocytes), with occasional metastasis to lymph nodes
and extrathoracic tissues (10 to 50% of cases) (6). The
disease is sporadic or endemic worldwide, except in Iceland,
where it has been eradicated, and in Australia. Depending on
country and breed of animal, the incidence varies from less
than 1% to as high as 20% (48). Although a number of agents
have been implicated in its etiology (45, 49), it is now
generally accepted that the disease is caused by a retrovirus
named the jaagsiekte sheep retrovirus (JSRV) (6, 48). Prog-
ress in research has been hampered because of the lack of an
in vitro culture system. The source of virus was therefore
limited to experimentally or naturally infected sheep lung
washes, which were often coinfected with an ovine lentivirus
(7, 31, 35, 37, 43). The two viruses can be separated by
density gradient centrifugation and differentiated serologi-
cally (52). Interestingly, no detectable circulating antibodies
against JSRV antigens have been detected in affected ani-
mals, a very unusual finding in retroviral infections. How-
ever, a p26 JSRV-associated protein is specifically recog-
nized by antisera to the p27 capsid protein of Mason-Pfizer
monkey virus (MPMV) and to mouse mammary tumor virus
(MMTV) (41). Morphologically, JSRV, with its knoblike
surface spikes, more closely resembles MMTV, the type B
prototype, than MPMV, the type D prototype (32, 39). We
have previously reported (52) that a JSRV-specific compos-
ite cDNA consisting of part of thepol gene and the 3' end of
the genome has homology to both type D and type B
retroviruses. We now report the cloning and sequencing of
the complete JSRV genome purified from ex vivo lung
washes of diseased animals; we also report on the phyloge-
netic relationship of JSRV to the type D and B oncoviruses
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and present evidence that a closely related virus is endoge-
nous in ovine and caprine species.

MATERIALS AND METHODS

Virus production and purification. JSRV was purified from
lung washings of experimentally infected sheep as previ-
ously described (47, 52).
cDNA and RT-PCR cloning. cDNA cloning was done

essentially as previously described (52). Briefly, polyadeny-
lated RNA was isolated from isopynic-gradient-purified vi-
rus, cDNA was synthesized by using an Amersham kit with
oligo(dT) as primer, and after the addition of EcoRI linkers,
the cDNAs were cloned either into XZAP II (Stratagene) or
Xgt 10 vectors. Recombinant clones were selected by using
either labelled random primed cDNA from JSRV polyade-
nylated RNA or previously identified JSRV specific clones
as probes. Clones were ordered relative to each other by (i)
restriction mapping and (ii) nucleotide sequencing of the
extremities and alignment of the predicted translational
products against MPMV and MMTV protein sequences.
cDNA of the 5' end of JSRV genomic RNA was synthesized
with 10 ng of polyadenylated RNA, 400 ng of the gag up
primer (CAGGTCGACAATGGAGCGGTAGGACCA, posi-
tions 1117 to 1134 plus a Sall restriction site tail), and
Moloney murine leukemia virus (Mo-MuLV) reverse tran-
scriptase (RT; BRL) in 20 ,ul of RT buffer. One-tenth of
the reaction was polymerase chain reaction (PCR) ampli-
fied with 400 ng of gag up and U5 down (TATGTCGA
CGTCCTGGTCGGATCCTCTCAACC, positions 18 to 37,
with one mismatch to create a BamHI site and a SalI-AatII
tail) primers, and 2.5 U of Taq polymerase (Stratagene) in a
volume of 50 pl. Thirty cycles were done, each consisting of
1 min at 94°C, 1 min at 60°C, and 4 min at 72°C. The amplified
DNA was then purified on low-melting-point agarose and
cloned into the Sall site of a pBluescript II vector (Strata-
gene).

Shotgun cloning and sequencing. Relevant clones were
sonicated, fractionated on low-melting-point agarose gels,
and cloned into M13 vectors as described elsewhere (34).
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SSC is 0.15 M NaCI and 0.015 M sodium citrate) 50%
formamide, 0.5% Denhardt's solution, 0.2% sodium dodecyl
sulfate, and 10 mM PIPES [piperazine-N,N'-bis(2-ethane-
sulfonic acid); pH 7.0] at 42°C. Two stringent final washes
(15 min each) were done in 0.1 x SSC at 57°C as described

JSRV (7,5 Kb) previously (52).
Nucleotide sequence accession number. The nucleotide

sequence of the complete genome of JSRV is deposited in
GenBank under accession number M80216.

Clones 46-1
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1 20
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FIG. 1. Schematic representation showing the eight clones that
were sequenced that cover the entire 7,462-nucleotide JSRV ge-

nome together with a simplified restriction map and genetic organi-
zation. Clone PCR-gag was amplified by using an RT-PCR reaction,
and the other clones were from a library of oligo(dT)-primed cDNA.
The ? indicates an undetermined 3' end. Restriction endonucleases:
E, EcoRI; B, BamHI; S, Sacl; X, XhoI; A, AatII; H, HindIIl.

Single-stranded templates were sequenced by the dideoxy
chain termination method with Klenow polymerase and
gradient buffer gels. Sequence data were compiled by using
an automatic shotgun sequencing program.

All computing was done via network link to the program
package of BISANCE (8).

Phylogenetic analysis. Two programs were used to gener-

ate the multiple alignments: (i) the TREEALIGN program of
Jotun Hein (13), which simultaneously solves the problem of
multiple alignments and that of growing a parsimonous tree;
and (ii) the CLUSTAL version V of Des Higgins (15). Trees
were then grown by (i) the neighbor joining methods and
bootstrap analysis included in CLUSTAL version V; (ii)
PROTPARS, a parsimony program in the PHYLIP (Phylog-
eny Inference Package) version 3.4 package of J. Felsenstein
(Department of Genetics, University of Washington, Seat-
tle); and (iii) least-squares distance matrix programs with
(KITSCH) or without (FITCH) the assumption of a molec-
ular clock from the PHYLIP version 3.4 package of J.
Felsenstein.

Cell lines and DNA analysis. The 15.4 cell line is an

epithelial tumor cell line from a Jaagsiekte-affected animal
(2). OFTR is a primoculture of ovine fetal tracheal cells of
fibroblast type, CFSM are caprine fetal synovial membrane
cells of fibroblast type, and SCP are sheep choroid plexus
cells also of fibroblast type. Cell DNA (2 to 6 ,ug) was
digested by restriction enzyme, separated on agarose gels,
and transferred to nylon membranes. Blots were probed with
a combination of cloned fragments representative of most of
the genome. Hybridization conditions were Sx SSC (lx

3
2

1

RESULTS

Using random primed cDNA of poly(A)+ JSRV genomic
RNA and previously described clone 46-1 (52), we "walked"
the JSRV cDNA library. Seven clones were identified and
sequenced. As clone 382 exhibited a mutation leading to a
frameshift in the pro reading frame, the sequence was
reascertained with clone 120. Four clones covering the 3'
end of the genome, including 107, 46-1, and two others
(namely, 72 and 15, which are not shown in Fig. 1), gave
divergent results for the 3' end of the R region. For clones
46-1 and 72, there are 13 nucleotides between the poly(A)
signal (positions 7444 to 7449) and the poly(A) tail (down-
stream of position 7462 or 13), but for clones 107 and 15, we
found a much longer intervening sequence leading to poly-
adenylation at position 40. We hypothesized that the abnor-
mal polyadenylation at position 40 represented a read-
through in the U5 region of the proviral long terminal repeat
during 3'-end processing of the viral mRNA. This sequence
was used to design an oligonucleotide primer specific for the
5' end of the genomic RNA which, together with a primer in
the sequencedgag region, was used to clone the 5' end of the
genome by RT-PCR (Fig. 1).

Viral sequence deletions resulting from clustered EcoRI
sites at the extremities of cloned fragments are unlikely,
since JSRV gene products in these regions are colinear with
those of MPMV and MMTV. Therefore, we consider that
this sequence is a faithful representation of the complete
JSRV genome.
The genome is 7,462 nucleotides long, having a genetic

organization typical of type B and D retroviruses, with
overlapping gag, pro, and pol reading frames except for an
extra open reading frame (ORF) named X, which overlaps
pol (Fig. 2 and 3).

The long terminal repeat. Like all other retroviral long
terminal repeats, those of JSRV are delineated by a polypu-
rine tract (nucleotides 7158 to 7177) and a sequence comple-
mentary to the 3' end of a tRNA, here tRNAILY2s (primer-
binding site [PBS], nucleotides 127 to 144), which is used for
initiation of minus-strand synthesis. The long terminal repeat
of the JSRV provirus is 397 bases in length and is bound by
the inverted repeat sequences CTGC at positions 7178 to
7181 and GCAG at positions 122 to 125. We have found two
alternative boundaries between R and U5, but we assume
that the 13-nucleotide-long sequence which represents ca-

nonical spacing between the poly(A) signal and the poly(A)

FIG. 2. Genetic organization of JSRV. Stop codons in the three reading frames are represented by vertical bars.
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> R _- U5 v
GCAAGGTATCAGCCGTTCTGGTCTGATCCTCTCAACCCCATCTTTTGTCTTCTCAGTTCTTAGCGGGGACCGTCCGTTCTCTCCCTGTGCAGGTGCGACTCTTGTTTGTGCTGGTCGC
U5. 100
GGCA,GTGGCGCCCAACGTGGGGCTCGAGCTCGACAGTTTTCTTCCGCCACTACTCTCATTAATTGACTAAGTAAGTATATGGATAAACAAGTAGCCTAAATTAAGGAGGAGTAGTAAG
IR PBS *......... S A200

gag,MetGlyHi*ThrHisSerArgGlnLeuPheV-lHI*MetLeuSerValMetLeuLyeHis ArgG lyIleThrValSerLy*ThrLyaLeuIleAsnPhe
GTATATAGTTGAGAGTATAAATATGGGACACACGCATAGTCGTCAGTTGTTTGTGCATATGTTATCTGTAATGTTAAAACATAGGGGGATCACTGTTTCTAAAACTAAATTAATTAATT

300
LeuSerPheI leGluGluValCysProTrpPheProArgGluGlyThrValAsnLeuGluThrTrpLy*LyoV lGlyGluGln I1eArgThrHi sTyrThrLeuHi *GlyProGluLys

TCTTTCATTTATTGAGGAMGTTTGCCCTTGGTTTCCTACGGGAGGCACAGTCAATTTOGAGACATGGAAGAAGGTGGGAGAGCAAATTCGGACGCATTATACCTTACACGGCCCTGAAAA
400

V-lProV-lGluThrLeuSerPheTrpThrLeu IleArgAepCyeLeuAspPheAspA~nAspGluLeuLyeArgLeuGlyAsnLeuLeuLysG lnGluGluAspProLeuHisThrPro
GGTCCCTGTCGAGACATTATCTTTTGGACATTGATTCGTGACTGCCTGGATTTTGATAATGATGAATTGAAACGTTTAGGAAATTTGTTAAAACAGGAAGAAGATCCTCTCCATACCCC

500 . . . . . . 600
AspSerV lProSerTyrAepProProProProProProProSerLeuLyaMetHisProSerAspAsnAspAspSerLeuSerSerT'hrAs pGluAlaGluLeuAsp'GluGluAl aAla
TGATTCGGTACCTAGTTATGATCCTCCTCCTCCTCCTCCGCCATCTCTGAAAMTGCACCCTTCTGATAATGATGATTCACTTTCATCTACAGATGAGGCAGAATTAGACGAGGAAGCTGC

700
LyaTyrHisGlnGluAspTrpGlyPheLeuA1-GlnGluLysGlyAlaLeuThrSerLysAspGluLeu'Va1GluCys'PheLysAsnLe'uThr I leAl-LeuGlnAsnAlaGlyIleGln
TAAGTATCATCAAGAAGATTGGGGTTTTTAGCACAAGAAAAGGGGCATTAACATCTAAAGATGAATTGGTTGAGTGCTTTAAAATCTTACTATTGCCTTACAGAATGCAGGGATTCA

800
LeuProSerAsnAsnAsnThrPheProSerAlasProProPheProProAla*TyrThrProThrValMetAlaGlyLeuAe pProProProGl yPheProProProSerLyeHisMetSer
GCTTCCTAGTAATAACAATACCTTCCCTCTGCTCCGCCTTTCCTCCTGCTTATACTCCCACTGTTATGGCTGGCCTTGATCCCCCTCCCGGGTTCCTCCGCCGTCTAAACATATGTC

900 *L,~p 26 C A . . .382 .

ProLeuGlnLysAlaLeuArgGlnAlaG lnArgLeuGlyGluVal Val SerAspPheSerLeuAlaPhelProValPheG luAsnAsnAsnG lnArgTyrTyrG luSerLeuProPheLys
TCCATTGCAAAAGGCATTAAGACAGGCACAACGACTCGGTGAAGTTGTTCTGATTCTCTCTTGCCTTTCCTGTCTTCGAAAATAACAACCAGCGTTACTATGAATCACTGCCGTTTAA

1000
Gl1nLeuLysGl1 uLeuLyso I leAla&Cy S'erGlnTyrGl1yProThrAlaProPheThrI 1eA1aMetI GluSerLeuG1yThrGInA1aLeuProProAsnAspTrpLysG1nThrAla
ACAACTAAAAGAGTTAAAGATTGCTTGTTCGCAATATGT ACGTCmCTATTGCTATGATAGAAAGTTTGGGTACTCAAGCTTGCCCCCGAATGACTGGAAACAGACCGC

1100 . . . . . . . 1200
ArgAl-aCysLeuSerG lyG lyAspTyrLeuLeuTrpLys SerGluPhePheG luGlnCysAl&Arg I 1eAlaA*pValAsnAr&G lnG lnG ly I leGlnThrSerTyrGl1uMetLeu I le
TAGGGCATGTCTCTCAGGGGGAGATTATTTATTATGGAAATCTGAATTTTTTGAACAATGTGCTCGTATAGCTGATGTTAACCGACAGCAAGGTATACAGACCTCCTATGAAATGTTGAT

1300
G1yG IuGlyProTyrG 1nA1 ThrA.pTh'rGlnL.uA.n'PheLeuProG1yAlaTyrAl*GlnI leSerAsnAl&AlaArgGl1nAl1 TrpLysLysLeuProSer SerSarThrLysThr
TGGCGAAGGCCCTTATCAGGCTACTGATACGCAGCTTAATTCTTACCTGGTGCATATGCACAAATATCGAATGCGGCTCGACAGGCATGGAAAACTTCCTAGCTCCAGTACTAAGAC

1400
GluAspLeuSerLysValArgGlnG lyProAspGluProTyrGlnAspPhoValAlaArgLeuLeuAspThr IleGlyLys IleMetSerAspGluLysAl-GlyMetValLeuAlaLys
AGAGGACCTTCAAGGTCCGGCAGGGACCTGATGAGCCTTACCAGGACTTCGTGGCACGACTTTTAGATACTATAGGTAAGATAATGTCAGATGAAAGGCTGGGATGGTGCTGGCAA

1500
Gl1nLeuAl1 PheG1uA.n I aA,nSerAl &CyaG InA 1 A 1 LeuArg;roTyrArgLy sLyrG yAspLeuSerAspPh a I 1eArg I 1eCysA1&AspIl eGlIyProSerTyrMe tGln

ACAATTAGCTTTTGAAAACGCTAACTCTGCTTGTCAAGCTGCTTTGAGACCTTATCGAAAAGGGAGATCTATCTGATTTTATTCGCATTTGTGCTGATATTGGACCCTCCTACATGCA
CA _NBP * 1600

GlyIeAlMetA1&Al a; -LeuGlnG1yLy.Ser I 1eLyaGWVal1LeuPheGlnGlnGlnAl ArgAonLyeLyeGlyLeuGlnLya SerG1yAsnSerGlyCysPheV-l1CysG1y
AGGCATTGCTAT,GGCAGCAGCATTACAAGGAAAAAGCATAAAAGAAGTACTTTTCCAGCAGCAAGCCCGGAACAG^AAGGACTTCAAAGTCAGGTAATTCGGGTTGCTTTGTTGTGG

120 1700 . . 1800
pro ,-LysArgLyeAlaLeuGlyThrArgLeuProPheGlnAsp

GlnProGlyHisArgA laAlaVal1CysProGlnLysHisGlnThrSerValAsnThrProAsnLeuCyaProArgCys LysLysGlyLys HisTrpAlaArgAspCysArgSerLys Thr
TCAGCCTGGCCATCGGGCTGCAGTATGCCCTCAAAAACATCAAACCTCTGTTAATACCCCTAATTTGTGCCCACGCTGTMAAAAAGGAAAGCATTGGGCACGAGACTGCCGTTCCAAGAC

1900
ArgCysSerArgGlnSerPheAlaProGlyPheGlyLysLeuGlyGluGlyProAlaProGlyProGluThrMetLeuTrpGl yAsnThrAlaGlySerLysArgThr I leAl aAspLeu
AspVal1GlnGl1yAsnProLeuProProValSerGlyAsnTrpValArgGlyGlnProLeuAlaProLysG lnCysTyrGlyAlaThrLeuGlnVal1ProLysGluProLeuGlnThrSer
AGATGTTCAAGGCAATCCTTTGCCCCCGGTTTCGGGAAACTGGGTGAGGGGCCAGCCCCTGGCCCCGAAACAATG;TTATGGGGCAACACTGCAGGTTCCAAAAGAACCATTGCAGACCTC

2000
CysArgAl aThrArgGlySerAl aGlyLeuAspLeuCysAl aThrSerTyrThrV&lLeuThrProGluMetGlyValGlnTh rLeuAl aThrGlyVa lPheGlyProLeuProProGly'
ValGluProGlnGluAlaAlaArgA.pTrpThrSerValProProProIleGlnTyre
TGTCGAGCCACAAGAGGCAGCGCGGGATTGGACCTCTGTGCCACCTCCTATACAGTATTAACCCCTGAGATGGGAGTTCAAACTCTTGCCACAGGAGTGTTTGGGCCTTTACCTCCAGGG

2100
ThrValGl1yLeuLeuLeuGlyArgSer SerAl aSerLeuLyoGly Il1eLeuIleHl*ProGlyV lIleAspSerAspTyrTh rGlyGlu I leLys Il1eLeuAl aSerAl aProAsnLys
ACAGTTGGATTACTTCTGGGACGCAGCAGTGCGTCTTTAAAGGGAATACTTATTCACCCTGGTGTTATTGACTCCGATTATACAGGAGAGATAAAAATATTAGCCTCCGCTCCTAACAA

2200
IleIleValIleAsnAlaGlyGlnArgIleAlaGlnLeuLeuLeuValProLeuValIleGlnGlyLysThrIleAsnArgAspArgGlnAspLysGlyPheGlySerSerAspAlaTr
ATTATTGTAATTAATGCGGGACAGCGAATAGCTCAACTTCTTTTAGTTCCATTAGTCATACAGGGAACAATTAACAGAGACCGTCAAGATAAAGGTTTCGGATCCTCTGACGCCTAT

2300 . . . . . 2400
TrpVa lGlnAsnVa lThrG1uAl1 ArgProG1uLeuGluLeuArg I 1eAsnAl &AsnPhePheArgGlyV'a lLeuA.pTh'rGl yAl aAs; I 1eSerVa 1 I 1eSerAspLy'eTyrTrpPro
TGGGTGCAAAATGTTACTGAGGCACGGCCAGAACTCGAGCTACGCATTAATGCAAACTTTTTCCGCGGGGTACTAGATACAGGGGCCGATATTAGTGTCATTCTGATAAATATTGGCCT

2500
ThrThrTrpProLysGlnMetAlaI leSerThrLeuGlnGlyIleGlyGlnThrThrAsnProGluGlnSerSerSerLeuLeuThrTrpLysAspLysAspGlyHisThrGlyGlnPhe
ACCACATGGCCAAAACAGATGGCTATTCCACTCTCCAGGGTATTGGCCAAACTACCAATCCAGAACAGAGTTCATCCCTTCTTACTTGGAAGGATAAAGATGGACATACAGGCCATTT

2600
LysProTyr IleLeuProTyrLeuProVa lAonLeuTrpGlyrArgA pIleLeuS*rLyaMe tGlyValTyrLeuTyrSerProSerProThrVa lThrAspLeuMetLeuAspGlnGly
AAACCTTATATTCTGCCCTATCTTCCAGTTAATCTATGGGGGCGTGATATATTAAGCAAATGGGTGTTATTATATAGTCCTTCACCCACTGTGACAGATTGATGTTAGATCAGGGC

., 2700
LeuLeuProAsnG lnGlyLeuG lyLysGlnHisGlnG lyIle IleLeuProLeuAspLeuLy*ProAanGlnAspArgLyaGlyLeuGlyCysPhePro s

pol'ISerArgSerLysArgLeuGlyValPheSerLeuGlyThrSerA.pSerProVal
TTACTTCCAAATCAAGGTTTAGGTAAACAACATCAMGGCATCATTTGCCCCTTGATTAACCTAATCAGATCGAAAGGCTTGGGGTGTTTCCCTAGGGACCTCTGATTCTCCTG

2800
ThrHi.AlaAspProIl AspTrpLysSerGluGluProV 1TrpValAspGlnTrpProLeuThrGlnGluLysLeuSerAlaAl&GlnGlnLeuValGlnGluGlnLeuArgLeuGly

TGACGCATGCCGATCCTATCGATTGGAAATCTGAGGAACCGGTATGGGTCGATCAGTGGCCCCTAACACAAGAAAAMCTTCTGCCGCACAACAGCTGGTGCAGGAACAGCTGAGACTTG
2900 . . . . . 3000

HisIleGleuProSerThrSerAlaTrpAnSerPro ePheV 1IeLyLy2Ly0SerGlLysTrpArLeuLeuGlnAspLeuArgLyeValAsnGluThrMetMetHisMetGly
GTCATATTGAACCTTCTACTTCTGCTTGG>ATTCTCCAATTTTGTTATMAAAAAAGAGTCTGGTAAATGGAGGTTGTTACAAGATCTCCGTAAGGTAAATGAGACGATGATGCATATGG

382 F 378 . ..3100 .
A1laLeuG1lnProG1yLeuProThrPo rA l-Il1eProAspLysSerTyr IleIleV l IleAspLouLysAspCyaPheTyrThr IleProLeuAlaProGlnAspCyrLysArgPhe

GAGCCTTACAACCTGGGTTGCCCACTCCTTCTGCTATACCTGATAAATCCTATATTATTG;TTATAGATTAAAAGATTGTTTTTACACTATTCCTCTTGCACCTCAAGATTGCAAAAGAT
A l PheSe rLeuProSe rV- lAsnPheiyaGluProMe tGlnArgTyrGl nTrpArgV lLeuProGinGlyMe tThrAsnSerProThrLeuCysGlnLysPheValiAl aThrAl aIl e

TCGCTTTCAGTTTACCCTCTGTTAATTTTAAAGAGCCTATGCAACGCTATCAATGGAGAGTTCTCCCGCAAGGAATGACTAATAGCCCTACGCTGTGCCAAAAATTTGTTGCTACAGCMC
3300

FIG. 3. Complete nucleotide sequence of the JSRV genome, from the cap site (position 1) to the polyadenylation site (position 7462),
together with the deduced amino acid sequences of the relevant ORFs. The limits of U3, R, and U5 are indicated by arrows; the alternative
polyadenylation site is capped with a closed triangle; the inverted repeats GCAG and CTGC, polypurine tract (PPT), PBS, TATA box,
polyadenylation signal, enhancerlike sequences, relevant restriction sites, and extremities of the individual clones are also indicated.
Oligonucleotide primers in U5 and gag which were used in the RT-PCR are underlined by arrows. ORFs were translated from the first ATG,
except for pro and pol, which were translated from their beginnings, until the termination codon. Putative extremities of the matured
gag-encoded capsid protein are indicated.
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Al ProV-alArgGlnArgPheProGlnLeuTyrrL*uV-lHisRTyrMetA~pAspIleLouLeuAlaHlieThrAspG luHilsLeuLeuTyrGlnAlaPhe$Ser IleLeuLy@GlnHisLeu
TAGCTCCGGTTCG;TCAACGTTTTCCGCAGCTATATTTAGTTCATTATATGGATGATATATTACTAGCTCATACTGACGAACATCTATTGTATCAAGCTTTTCGATTCTAAAACAACATT

3400
SerLeuAsnGl yLeuVal1Il1eAlaAspGluLys Il1eGlnThrHisPheProTyrAenTyrLeuGlyPheSe rLeuTyrProArgV lTyrAsnThrGlnLeuVa lLysLeuGlnThrAs p

TAAGCCTTAATGGTCTTGTTATTGCTGAGAA;7AGACTCATTTTCCTTA TCCTCGTGTTCTCTTATAACTGTmTTACCCAATTGGTAAAATTGCAGACTG
3500 . %A *461 . . 3600

Hi*LeuLysThrLeuAsnA*pPheGlnLyeLeuLeuG lyAspIleAsnTrpI leArgProTyrLeuLysLeuProThrTyrThrLeuGlnProLeuPheAsp Il1eLeuLyoGlyAspSer
ACCATTTAAACTCTAAATGACTTTCAAAACTTTAGGAGACATTAATTGGATACGTCCTTATTTAAATTACCCACTTATACCTTGCAGCCATTATTTGACATCCTTAAGGTGACT

3700
AspProAlaSerProArgThrLeuSerLeuGl uGly,ArgThrAl*LeuGlnSer Ile'GluGluAlaI'leArgGlnGlnGln Il1eThr'TyrCysoAspTyrGlnArgSerTrpGlyLeuTyr

CTGATCCTGCGTCACCCCGAACGCTTCTTAGAAGGACGAACTGCTTACAATCAATAGAAGAAGCTATTAGACAACACAGATTACTTATTGTGATTACCAACGATCATCGT
3800

IleLeuProThrProArgA laProTbrGlyValLeuTyrGlnAspLysProLeuArgTrpI leTyrLeuSerAl-ThrProThrLysHisLeuLeuProTyrrTyrG luLeuValAlaLys
ATATACTTCCTACCCCCCGAGCACCCACAGGGGTTCTCTATCAAGATAAACCTTTGCGATGGATATATTGTCTGCTACTCCAACTAAACATCTGCTCCCTTACTATGAACTTGTTGCAA

3900
I leIleAlaLysGlyArgHlisGluAlaIleGlnTyrPheGlyMetGluProProPheIlleCyoValProTyrAl-LeuGl.uGlnGlnA.pTrpLeuPh.GlnPheSerA*pAenTrp'Ser

AAATTATAGCAAAGGGACGTCACGAGGCCATCCAATATTTTGTATGGAACCCCCCTTCATTGTGTTCCTTATGCTTAGAACAACAAGATTGGCTTTTTCAATTTTCAGATAATTGGT
4000

IleAlaPheAlaAenTyrrProGlyGlnI leThrHisHisTyrProSerAspLyaLeuLeuGlnPheAlaSerSerHisA laPheIlePheProLya IleValArgArgGlnProI le'Pro
CTATAGCTTTTGCAAATTACCCCGGACAGATTACTCATCATTACCCTTCTGATAAATTGTTACAATTTGCTAGCTCTCATGCCTTTATTTTTCCAMATAGTTCGCCGACAACCTATTC

4100 . . . . . . . 4200
GluAlaThrLeuIl1ePheThrAspGlySerSerA&nGlyThrAl aAlaLeuIl elleA*nHl GlnThrTyrTyrAl*G1lnThrSerPheSerSerAl*G1lnValVa lGluLeuPheAl a

CCGAAGCGACACTTATATTTACAGATGGATCTTCTAATGGAACTGCAGCTTTATCATTAACCATCAAACCTATTACGCACAACCAGTTTTTCTTCTGCTCAAGTTGTCGAATTATTTG
4300

ValHisGlnAlaLeuLeuThrValProThrSerPheA.nLeuPheThrAspSerSerTyrValValGlyAlaLeuGlnMet IleGluThrValProIleIleGlyThrThrSerProGlu
CAGTCCACCAAGCGTTGCTAACTGTACCTACTTCCTTCAATTTATTTACAGACAGCTCCTATGTGGTCGGTGCCTTACAGATGATTGAAACTGTTCCAATTATCGGCACCACCTCTCCTG

4400
ValLeuAsnLeuPheThrLeuIleGlnGlnValLeuHiuCysArgGlnHiOProCy6Ph*PheGlyHilleArgAlaHi eSerThrLeuProGlyAlaLeuValGlnGlyA.nHisThr

AAGTTCTTAACTTATTACATTGATTCAACAGGTTCTCCATTGCCGCCAACACCCCTGTTTCTTTGGACATATTCGTGCACACTCCACCCTTCCTGGTGCCCTCGTACAAGGCAATCACA
4500

Orf X HMetGlnProGluAsnProMetIleTyrIleThrLysIleValIleLeuTyrAlaCy.AsnLeuLysPheProVal
AlaAspV-alLeuThrLysGlnVa lPhePheGlnSerAla*Il eAspAl aAlaArgLy*SerHl *AspLeuHis*HisGlnAen SerHi sSerLeuArgLeuGlnPheLys IlleSerArgGlu

CTGCGGACGTTCTTACTAAACAAGTGTTTTTCCAMTCAGCTATTGATGCAGCCCGMAATCCCATGATTACATCACCAAAATAGTCATTCTTTACGCTTGCAATTAAAATTCCCGTG
4600

LyeLeuHioGlyLyaLeuLeuAsnLeuAlaLeuLeuValLeuAsnSerLeuPheSerLeuAsnMetValSerThrLeuGluVa lTyrAlaLeu IleThrSerGl1yLysGlnMetLeuLeu
A1laAlaArgGln Il1eValLysSerCysSerThrCysProGlnPhePheValLeuProGlnTyrGlyV-lAsnProArgGl yLeuArgProAanHi sLeuTrpGlnThrA*pVg lThrHis

AAGCTGCACGGCAAATTGTTAAATCTTGCTCTACTTGTCCTCAATTCTTGTTCTCCCTCMATATGGTGTCAACCCTCGAGGTTTACGCCCTAATCACCTCTGGCAACAGATGTTACTC
4700 . . . . . . 4800

ThrPheLeuAsnLeuG lyV-lLeuAsanMetPheMetPheLeuLeuThrLeuPheProI l-PhSeSrTrpLeuProPheThrLeuG luAsnGlnHisValThrV-.lPheAonIleCyaCys
IleProGInPheGlyArgLeuLysTyrV-lHisVal SerIleAspThrPheSerAsnPheLeuMetAl-SerLeuRisThrGlyGluSerThrArgHi *CysI1leGlnHisLeuLeuPhe

ACATTCCTCAATTTGGGCGTCTTAAATATGTTCATGTTCTATTGACACTTTTTCCAATTTCTCATGGCTTCCCTTCACACTGGAGAATCAACACGTCACTGTATTCAACATTGCTGT
4900

PheAlaPheLeuLeuG lnGluSerHi1*LyoProLeuLysG'lnlIleMetA;pL.uV,l IlLeuAl.V,alLeuPheJ,.Val PheVal1Phe'LeuSerLys PheIleIleLysGlnGluPhe
CysPheSerThr SerGlyIleProGlnThrLeuLyeThrAs pasnGlyProGlyTyrThrSerArgSerPheGlnArgPheCyaLeuSerPheGlnIl1eHi sHisLy*ThrGlyIlePro

TTTGCTTTTCTACTTCAGGAATCCCACAAACCCTTAAACAGATAATGGACCTGGTTATACTAGCCGTTCTTTTCAACGTTTTTGTCTTTCTTCCAAATTCATCATAAACAGGAATTC
5000 46*1- |019

LeuIleIleHisArgAspLy.ValLeuTrpAsnGluProIleAsnGluLeuAsnI1eAsnTyreX Eco RI
TyrAsnProGlnGlyGlnGlyI leValGluArgAl aHieGlnArg IleLysHi *GlnLeuLeuLysGlnLysLyoGlyAsnGl uLeuTyrSerProSerProHi SAsnAl-LeuAsnHis

CTTATAATCCACAGGGACAAGGTATTGTGGAACGAGCCCATCAACGAATTAMACATCAATTATTAAAAMAAAGGGGAATGAACTGTATAGCCCCTCACCACATAACGCCTTAAACC
5100 . 4-107

Al&LeuTyrValLeuAsnPheLeuThrLeuAspThrGluGlyA*nSerAlaAl&GlnArgPheTrpGlyGluArgSerSerCysLysLysProLeuVa lArgTrpLysAspProLeuThr
ATGCTCTTTATGTTTTAAATTTTTTAACTTTAGACACAG&AGGCAATT CAGCAGCCCAGCGTTTTTGGGGAG^XACGATCCTCATGCAAAACCACTTGTGCG GATGAGGiATCCACTTA

5200
envv->MetProLysArgArgA1aG1yPheArgLyaGlyTrpTyrAlaArgGlnArg

AsnLeuTrpTyrGlyProAspProValLeuI leTrpGlyArgGlyHiVaVlCysValPheProGlnAspAlaGluAlaProArgTrpI leProGluArgLeuValArgAlaAlaGluGlu
CCAMTCTGTGGTATGGGCCAGACCCTGTATTAATATGGGGACGAGGGCAT TTTTCACAGAGATGCCGAAGCGCCGCGCTGGATTCCGGAAAGGCTGGTACGCGCGGCAGAGG5300 A

50

* * * SA * . . . . 5400
AsnSerLeuThrH1i*GlnMe tGln/rgMe tThrLeuSerGluPr oThrSerGluLeuProThrGlnArgGlnIl eGluAla*LeuMetProTyrAla*TrpAonGluAla*Hi*V-alGlnPro

LeuProAapAlaSerAspAlaThrHisAspProGlue pOI
AMCTCCCTGACGCATCAGATGCAACGCATGACCCTGAGTGAGCCCACGAGTGAGCTGCCCAiCCCAGAGGCAAATTGiA&GCGCTAATGCCGTACGCCTGGAATGAGGCACATGTACAACCC

5500
ProV-alThrProThrAsnIle*LeuIleM*MtLeuLeuLeuLeuL*uGlnArgValGlnAsnGlyAlaAlAlaAlaPheTrpAl *Tyr Il eProA*pProProMetIl1eGlnSerLeuGly
CCCGTGACACCTACTAATATACT¢ATTA CTSCTCTATTACAGCG¢¢TACAMATG¢GGCAGTGCGCTTTTGGGCATATATTCCTGATCCGCCAATGATTCAATCCTTAGGA

5600
TrpAspArgGluI leValProValTyrV-lAsnAepThrSerLeuLeuGlyrGlyLysSerAspI leHis IleSerProGlnG lnAleAsn IleSerPheTyrGlyLeuThrThrGlnTyr
TOGGGATAGAGAAATTGTACCTGTATATGT TAATGATACGAG;CCTTTTGGGGGGTAAATCAGATATTCACATTTCCCCTCAGCAAGCoATATTTCTTTTATGGCCTTACTACTCAATAC

5700
ProMe tCysPheSerTyrGlnSerGlnHi sProHi sCysIleGlnValSerAlaA.pIleSerTyrProArgValThrIleSe rGlyIl eAspGluLysThrGlyLyeLysSerrTyrGly
CCCATGTGCTTTCTTATCAATCGCAG CATCCCCATTGTATACAGGTGTCAGCCGACATATCATATCCTCGAGTGACTATTTCAGGCATTGATGAAAAAACAGGGAAAATCGTATGGG

5800
AenGlyThrGlyProLeuAsp Il1eProPheCysAspLysHiLeuSer IleGly IleGlyIleAspThrProTrpThrLeuCysArgA laArgValAlsSerValTyrAsn IleAsnAsn
AACGGAACTGGACCCCTCGATATTCCGTTTTGTGACAAGCATTTAAGCATCGGCATAGGCATAGACACTCCG;TGGACTTTATGTCGAGCCCGGGTTGCATCGGTGTATAATATCAATAAT

5900 . . . 6000
AlaAsnAlaThrPheLeuTrpAs pTrpAl1aProGlyGlyThrProAs pPheProGluTyrArgGl yGlnHi.*ProProI'1ePheSerVa lAsnThrAl aProI leTyrGl1nThrGluLeu
GCCAATGCCACCTTTTTATGGGACTGGGCACCTGGAGGAACACCTGATTTTCCTGAGTATCGAGGACAGCATCCACCTATTTTTTCGGTGAACACCGCTCCTATATATCAGACGGAACTA

6100
TrpLysLeuLeuA laAlaPheGl1yH i Gl1yAsnSerLeuTyrLeuG lnProAsnIleSerG1lyThrLysTyrGlyAspValGlyValThrGlyPheLeuTyrProArgAlaCysValPro
TGGAAACTTTGGCTGCCTTGGTCATGGCAATAGCCTGTATTTACAGCCCAATATTAGCGGACCAAATATGGTGATGTGGGAGTTACAGGATTTT7TATATCCCCGAGCTTG;TGTTCCT

6200
TyrProPheMe tLeuIl1eGlnGlyHi sMetGlu Il1eThrLeuSerLeuAsn Il1eTyrHisLeuAsnCysSerAsnCys Il1eLeuThrAsnCys IleArgGlyVa lAilaLyeGlyzGluGln
TACCCATTCATGTTGATACAAGGCCATATGGAAATAACGCTGTCATTAAAATTATCATTCTAAACTGTTCTAATTGTATACTTACTAACTGTATTAGAGGAGTAGCCAAAGGAGAAA

6300
Va l Ile IleVolLysGlnProAlaPheV- lMetLeuProV-lGlu I leAlaGluAl-TrpTyrAspGluThrAlaLeuGluLeuLeuGl nArgI leAsnThrAlaLeuSe rArgProLys
GTTATCATAGTAAAACAGCCTGCTTTTG TAATGCTGCCCGTTGAAATAGCTGAA:CATGGTATGACGAGACTGCTTTAGAtATTATTACAACGTATTAATACGGCTCTTAGCCGTCCTAAG

6400

FIG. 3-Continued.

tail is the true R region. Hence, U3 is 271 bp, R is 13 bp, and Viral proteins. (i) Gag. The Gag precursor polyprotein
U5 is 113 bp long. The U3 region usually contains regulatory (nucleotides 263 to 2098, Fig. 3) is a 612-amino-acid poly-
signals for viral transcription. In addition to the TATA box, peptide with a calculated molecular weight of 68 kDa. The
we have highlighted two 19-bp tandemly repeated sequences precursor is probably myristilated, since its amino terminus
(positions 7347 to 7365 and 7366 to 7384), a sequence Met-Gly is identical to those of many other myristilated
[TGGC(A)4GCCA, nucleotides 7221 to 7232] resembling an retroviral Gag proteins. Alignment of the predicted JSRV
NF-1 binding site, and a core C/EBP putative binding site at Gag polyprotein with those of MPMV, squirrel monkey
positions 7387 to 7396. retrovirus (SMRV), and MMTV shows that there is a strong
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SU-4pTM
ArgGlyLeuSerLeuIleIleLeuGlyIleValSerLeuIleThrLeuIleAlaThrAlaValThrAlaCyeValSerLeuAlaGlnSer IleGlnAlaAlaHisThrValAspSerLeu
AGAGGCTTGAGCCTAATTATCCTGGGTATAGTATCTTTAATCACCCTAATAGCTACTGCTGTTACGGCTTGCGTATCTTTAGCACAATCCATTCAAGCTGCACATACAGTGGATTCCTTA

6500 . . . . 6600
SerTyrAonVa lThrLysValMetGlyThrG lnGluAspI leAspLyaLysIle*GluA pArgLeuSerAl *LeuTyrAspVal1Va lArgVa lLeuGlyGluGlnValGlnSer I leAsn
TCATATAATGTTACTAAAGTAATGGAACTCAAGAGGATATAGATAAGAMATAGAAGATAGGTTATCAGCTCTGTATGATGTAGTTAGAGTCCTAGGAGAACAAGTTCAGAGCATTAAT

6700
PheArgMetLys I leGlnCysHisA laAsnTyrLysTrpI leCysValThrLysLysProTyrAsnThrSerAspPheProTrpAspLys'ValLysLysHisLeuG lnGly IleTrpPhe
TTTCGCATGAAAATCCAGTGTCATGCTAATTATAAATGGATTTGTGTTACAAAAAGCCTTATAATACTTCTGATTTCCATGGGATAAAGTAAAAAACATTGCAAGGAATTGGTTC

6800
AsnThrAonLeuSerLeuAspLeuLeuGlnLeuH isAenGlu IleLeuAsp I leGluAsnSerProLyeAlaThrLeuAsn I leAlaAspThrVa lAspAsnPheLeuGlnAenLeuPhe
AATACTAATCTATCGTTAGATCTTTTACAACTACATAATGAAATTCTTGACATTGAGAATTCGCCAAAGGCTACCTTAAATATAGCCGATACCGTCGATAA ATCTTGCAAAmATTT

6900EcoR I
SerAsnPheProSerLeuHis SerLeuTrpLysThrLeu IleGlyLeuGlyI lePheVal IleI leIleAlaI leVal IlePheValPheProCysValValArgGlyLeuValArgAsp
TCTAATTTCCCTAGTCTTCATTCATTGTGGAAAACCCTGATCGGTCTAGGAATATTTGTGATAATTATTGCTATCGTAATCTTTGTATTTCCCTGTGTCGTTCGTGGTCTCGTTCGTGAT

7000 . .U3
PheLeuLysMetArgVa lGluMe tLeuHi sMe tLysTyrArgThrMe tLeuGlnH$isArgHi sLeuMe tGluLeuLeuLysAsnLysGluArgGl yAl aAl aGlyAspAspPro o
TTTTTAAAGATGAGAGTTGAAATGCTACATATGAAATATAGAACTATGTTACAACACCGACATCTAATGGAGCTTTTAAAGAATAAAGAGAGGGGAGCTGCGGGGGACGACCCGTGAAGG

7100 . PPT. i . 7200
GTTAAGTCCTGGGAGCTCTTTGGCAAAAGCCAAAGCCTAGGACAAATACCTAAGCTCCCTGTCCCGCCACCCTCTAGGATTCTTGAAAGCTCTTAAGGTTCGGATGTTTGCTGCCGGCAT

* * NF. . . . . . 7300
TACTTCACAGAAATGACGGGAAATCTGATTATGTAAGAATCCGGTGATTGTGTAAAATCCGG;TGGGTGTAGTTTGAGATGAATAAACAGGTTATGTAATGTACTGTATAAATATAGCAA
** * * ~~~~~ * * '~~~ C/EBP 7400 * * TATA

AGT"TAAAGCAAGGTATCAGC
"o- R .PolyA u

FIG. 3-Continued.

sequence conservation corresponding to the boundaries of
the capsid proteins (CA) of these three viruses (14, 16). We
therefore tentatively assigned the N terminus of the JSRV
CA to positions 1031 to 1033 and its C terminus to positions
1694 to 1696, implying a protein with a calculated molecular
weight of 24.6 kDa, which is in close agreement with the
observed JSRV gag-related p26 recognized by anti-MPMV
p27 serum. The COOH extremity of the nucleocapsid pro-
tein (NC) is less certainly assigned, although the MPMV
cleavage site Tyr/Gly-Ala is found in the same relative
position in JSRV Gag. This would make an NC of 9.6 kDa,
very similar to that of MPMV, which, according to its basic
content, migrates as p14. Separated by 13 residues are two
Cys-X2-Cys-X4-His-X4-Cys sequences thought to mediate
the binding of NC to the genomic RNA.

(ii) Pro. The protease is probably expressed as a fused
Gag-Pro polypeptide by a ribosomal frameshifting as for
MMTV (17). This ORF (326 residues; calculated molecular
weight, 35 kDa), like those of other type D and B oncovi-
ruses, comprises two parts: a pseudoprotease or protease-
like (PrL) domain of about 180 residues (3, 22, 33) and an
active protease (PR) which exhibits the core amino acid
sequence of cellular aspartyl protease Leu-Asp-Thr-Gly
(residues 198 to 201, nucleotide start at 2473). A PrL domain
is also found in some lentiviruses but located in thepol gene
between the RNase H and the integrase domain (22). Align-
ment of the JSRV PrL and PR domains against those of these
lentiviruses shows that the PrL polypeptide is even more
conserved than the protease, with respective percentages of
amino acid identities of 36 and 24 against feline immunode-
ficiency virus, 32 and 28 against caprine arthritis-encephalitis
virus, and 30 and 25 against the South African strain of visna
virus. It has been shown by computer analysis that the PrL
domains of retroviruses were related to dUTPases (24) and,
more recently, that the feline immunodeficiency PrL protein
indeed exhibits a dUTPase activity. A similar activity was
also present in the type D (MPMV and SRV1) viral particles
(11). It is thus likely that JSRV PrL also encodes a dUTPase
activity which could be packaged into the virions.

(iii) Pol. Pol is likely to be translated as a fused Gag-Pro-
Pol polypeptide. The boundaries of RT and integrase do-
mains (Fig. 3) have been assigned by homology to other
retroviral Pol proteins. The putative RT active site Tyr-Met-
Asp-Asp (3) starts at nucleotide 3405.

(iv) X ORF. An additional ORF (Orf X) is found at

positions 4465 to 5103. The first ATG is well into the ORF at
position 4616, implying a predicted polypeptide of 166 amino
acids. Orf X is unusual in its location, is very hydrophobic,
and yields no meaningful homologies when aligned with
sequences in the National Biomedical Research Foundation
data bank. As we have not been able to detect any viral
transcripts in the cultured tumor cell lines 15.4 and JS7 (data
not shown), we do not know if there is a specific transcript
associated with this ORF. We computed the codon usage
along four 500-bp fragments of the pol gene, the last one
being overlapped by the X ORF, looking for an X ORF-
induced alteration of the codon usage in the fourth fragment.
No such alteration was observed (Table 1), suggesting that
the hypothetical X ORF coding potential exerts few if any
constraints on the codon usage of the pol gene. Moreover,
the codon usage of X ORF was found to be very different
from that ofpol, weakening the prospect of X ORF being a
coding gene.

(v) Env. Overlapping the end ofpol, the env ORF encodes
the precursor of the viral envelope glycoprotein. There are
two ATG codons 7 residues apart at the beginning of this
ORF (positions 5329 to 5331 and 5350 to 5352), but since a

TABLE 1. Codon usage of the pol gene and X ORF'

% Usage at:

Amilno Codon pol nucleotides X ORFacid nucleotides
3102-3602 3603-4103 4104-4604 4605-5105 4606-5106

F TTT 66.7 85.7 76.9 81.8 43.8
F TTC 33.3 14.3 23.1 18.2 56.3
Y TAT 90 75 50 100 25
Y TAC 10 25 50 0 75
H CAT 100 66.7 60 64.33 0
H CAC 0 33.3 40 5.7 100
Q CAA 76.9 83.3 78.6 93.3 16.7
Q CAG 23.1 16.7 21.4 6.7 83.3
R CGT 50 25 25 41.7 0
R CGC 16.7 0 50 16.7 0
R CGA 0 62.5 25 33.3 0
R AGG 0 0 0 0 100

a Codon usages along four 500-bp fragments of thepol gene and the X ORF
are indicated for phenylalanine (F), tyrosine (Y), histidine (H), glutamine (Q),
and four of the six codons for arginine (R).

J. VIROL.
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TABLE 2. Amino acid identities of JSRV proteins and those of
type B and D retroviruses

Virus (type)a % Identical amino acids

JSRV (?) Gagb Pro Pol Env

MPMV (D) 53.1 51.9 56
SRV-1 (D) 53.5 51.9 55.4
SMRV-H (D) 36.7 48 52.5
MMTV (B) 37.7 44.4 49.5 27.1
HERV-K (B) 34.8 41.8 45.6 23.9

a SRV-1, simian retrovirus 1; SMRV-H, SMRV from a human B-cell line.
b From the putative NH2 extremity of core p26 of JSRV to the COOH

terminus of Gag.

splice acceptor consensus sequence is found 1 base up-
stream of the second, we assume that Env is initiated at
methionine 5350, making a precursor of 617 amino acids. A
potential cleavage site in the sequence RPKR/GLS (position
6484) defines the C terminus of the outer membrane or
surface protein (SU) and the NH2 extremity of the trans-
membrane protein (TM). Three hydrophobic segments can
be readily identified in the Env precursor. The first one, 13
amino acids long, beginning 61 residues downstream of the
start site, corresponds to the signal peptide (positions 5530 to
5577). The second, 25 residues long, situated just down-
stream of the SU-TM cleavage site, probably corresponds to
the fusiogenic domain, and the third, 24 residues long
(positions 6997 to 7071) is the anchor, membrane-spanning
domain of TM which is followed by the cytoplasmic tail.
There are 12 cysteines and nine potential N-linked glycosyl-
ation sites, three of which are found in TM.
The calculated molecular weight of the unglycosylated

Env precursor is 69 kDa. Assuming an average molecular
weight of 2.1 kDa for each carbohydrate moiety (21) and a
cleavage site of the signal peptide at residue 73, the calcu-
lated molecular weight of mature SU protein is 47 kDa and
that of TM is 33 kDa. As the viral particles produced in the
lung surfactant have never been purified to sufficient homo-
geneity, in the absence of specific antisera, there are no
observed counterparts for the predicted gp47 and gp33.

Homologies with other retroviruses and phylogeny. JSRV
protein sequences were aligned to those of the type B and D
retroviruses and scored for the percentage of amino acid
identity. As there is no reliable alignment between the N
terminus of Gag polyproteins until the beginning of the CA
protein, with most of these viruses, this part was omitted.
There is a clear genetic dichotomy between the most JSRV-
related viruses, with gag, pro, and pol on one hand and env
on the other (Table 2). Although there is more than 50%
amino acid identity between JSRV, MPMV, and simian
retrovirus type 1 Gag, Pro, and Pol proteins, there is no
reliable alignment of their envelope precursor proteins.
Conversely, Env proteins of JSRV, MMTV, and human
endogenous retrovirus with lysine PBS (HERV-K) are ho-
mologous, although there is less than 38% amino acid
identity between their Gag proteins (30.4% for the whole
length of Gag). Homology between JSRV and type B Env
proteins is not very high in terms of amino acid identities,
but the relationship is evident in terms of overall structural
organization (Fig. 4), particularly for the second half of the
molecules, where numerous cysteines and glycosylation
sites are shared. In contrast, the skeletons of MPMV and
SMRV Env proteins show weak similarities to those of
JSRV and the type B retroviruses but are highly homologous

to that of the type C reticuloendotheliosis virus (REV-A)
(44).

This study was extended by phylogenetic analysis of Pol
and Env subdomains of these and other viruses. Numerous
trees were grown, either by using parsimony or by distance
matrix methods. The overall topology was conserved in
most of the trees. The deviations from the neighbor joining
tree presented in Fig. SA are (i) in the group of lentiviruses,
the South African strain of visna virus most often diverged
first; (ii) in the KITSCH tree, SMRV and JSRV exchanged
positions; and (iii) in parsimony analysis, a clade of MMTV
and HERV-K diverging between hamster intracisternal-type
A particles and JSRV is equally parsimonious to the succes-
sive divergences presented in the figure. A bootstrap analy-
sis of a neighbor joining tree for the RT subdomain shows a
clear clade in which the type A (hamster intracisternal type
A particles), B, and D retroviruses successively evolved
(Fig. SA) in agreement with previous reports (1, 23, 51).
JSRV diverged between the B prototype MMTV and the D
prototype MPMV. Even though this tree is unrooted,
KITSCH analysis and previous works (9, 51) pointed out a
root between the Mo-MuLV-baboon endogenous virus clade
and the other retroviruses. In the absence of a published RT
sequence for REV-A, the position of this type C virus is not
indicated on this tree. However, it has been shown else-
where (23, 44) that the avian REV-A branched from the
Mo-MuLV lineage before baboon endogenous virus di-
verged. Concerning the extracellular domain of the Env
transmembrane proteins, a similar bootstrapping analysis
which is also strongly supported by all other tree-growing
programs yielded a very different relationship. JSRV still
grouped with the type B clade, but the type D retrovirus
TMs evolved from a REV-A-like ancestor (23, 44). Because
recombinational events in the branches of the tree preclude
the possibility of using a molecular clock in the tree-growing
program and because there is no known outgroup envelope
sequence, there is no way of internally placing a reliable root
for the transmembrane tree. Assuming that the root is the
same as that of the RT tree, then a single recombinational
event involving the prototype D env gene after the diver-
gence of JSRV in the A-B-D clade could explain the anom-
alous positions of the type D envelope proteins. The position
of the baboon endogenous virus envelope in the tree would
be best explained by a second recombination between this
retrovirus and the env gene of a MPMV progenitor (23).
Endogenous nature of JSRV. The absence of detectable

circulating antibodies in affected animals made us question
whether the pathogenic exogenous JSRV could have an
endogenous counterpart in the same way as its close relative
MMTV. To investigate this, we analyzed genomic digests of
(i) the 15.4 epithelial tumor cell line (2), two fetal primary
cells of fibroblast type from sheep and goats (OFTR and
CFSM), and a primary culture of choroid plexus fibroblasts.
All were found to contain JSRV-like sequences as integrated
proviral DNA without any detectable linear or circular
unintegrated proviruses (Fig. 6). SacI cut the exogenous
JSRV three times, twice in the long terminal repeats (posi-
tion 7217) and once upstream of the PBS (position 151).
Therefore, the observed 7-kb SacI fragment represents a
major part of the provirus (Fig. 6B). The 7.5-kb fragment in
OFTR DNA (Fig. 6B, lane 3) corresponds to incomplete
digestion of the PBS site in this particular experiment.
However, the restriction pattern for EcoRI and other en-
zymes (data not shown) is identical to those of 15.4 and
French-ovine choroid plexus sheep DNA. The inferred
restriction map of the endogenous sheep JSRV-like virus is

VOL. 66, 1992
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FIG. 4. Structural features of Env precursors of MMTV, JSRV, and HERV-K (A) and of MPMV, SMRV human isolate (SMRV-H), and
REV-A (B). Cysteines and glycosylation sites shared by the three viruses in each group are indicated by closed symbols. Symbols: U,
hydrophobic residues; ', unique glycosylation sites; t, shared glycosylation sites; A, unique cysteines; A, shared cysteines. aa, amino
acids.

mostly but not completely identical to that of the exogenous
JSRV, indicating a close relationship between the two vi-
ruses. Stringent hybridizations of sheep DNA with gag-
specific or env-specific probes (not shown) yield essentially
the same conclusions; i.e., the JSRV-related sequences in
normal sheep DNA are homologous to JSRV along the entire
genome. However, the presence of additional faint bands
indicates that the endogenous sequences are heterogenous,
as is usually observed for other endogenous retroviruses.
The somewhat different restriction pattern of the goat DNA
implies that the goat endogenous provirus is more distantly
related to the exogenous sheep JSRV than to the endogenous
sheep provirus (Fig. 6B and C, lanes 4, and data not shown).
Dot blot analysis using the cloned PCR-gag fragment as
internal standard and Southern blots probed with JS 378pol
fragment indicate that JSRV-like sequences are present at
tens of copies in ovine and caprine species but absent in
human and mouse DNAs (data not shown).

DISCUSSION

In agreement with biochemical, serological, and morpho-
logical reports, sequence information confirmed that JSRV is
related to the type B and D oncoviruses. They share the
same characteristic genetic organization, exhibiting a sepa-

rate pro reading frame. Although JSRV Gag, Pro, and Pol
show a higher relatedness with the type D than the type B
retroviruses, JSRV Env is related only to type B but not to
type D Env. Phylogenetic analysis suggest that JSRV
evolved from the A-B-D lineage and diverged from it after
HERV-K and MMTV type B but before MPMV and SMRV
type D diverged. After the JSRV diverged, a recombina-
tional event leading to the capture of a REV-A-like env gene
by the progenitor of the type D viruses could have taken
place. This could explain why the Env proteins of MPMV
and SMRV are not in line with those of JSRV and the type B
viruses, although they are still highly related for Gag, Pro,
and Pol. In conclusion, because the Env "skeletons" essen-
tially determine the morphology of the spikes on the viral
envelope, which was a characteristic used in the classifica-
tion of types B and D, JSRV is more type B than type D.
The finding that probes of cloned JSRV cDNA hybridized

to endogenous sequences in sheep and goat DNA was not
unexpected. For many years, we had speculated on this
possibility because of the failure to detect circulating anti-
bodies in the sera of experimentally or naturally infected
sheep. It is unlikely that this failure results from the poor
quality of the antigens in the viral pellets, because sera
directed against the heterologous MPMV and MMTV gag
proteins cross-reacted with the JSRV p26 in the same
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t12 3 4 1 2 3 4 M '1 2 3 4 M

| r

SA-OMVV FIG. 6. JSRV-like sequences in normal sheep and goat DNAs,

either undigested (A) or digested by Sacl (B) or EcoRI (C). Genomic
DNAs were analyzed by Southern blotting and probed with a

EIAV combination of cloned fragments representative of the whole JSRV
- HERV-K genome under stringent washing conditions (Tm - 12°C). Lanes: 1,

15.4 sheep tumor cell line; 2, French-ovine choroid plexus sheep
MMTV DNA; 3, sheep OFTR DNA; 4, goat CFSM DNA; and M, HindIII-

sI.1.0RV digested DNA and HaeIII-digested 4X174 DNA.

FIG. 5. Phylogenetic trees of RT (A) and transmembrane (B)
domains of baboon endogenous virus (BaEV) (18), Mo-MuLV (42),
bovine leukemia virus (BLV) (38), South African ovine maedi visna
virus (SA-OMVV) (34), bovine immunodeficiency virus (BIV) (12),
equine infectious anemia virus (EIAV) (19), hamster intracisternal
type A particles (IAP) (28), HERV-K (29), MMTV (25), JSRV (this
work), MPMV (44), REV-A (50), and SMRV human isolate
(SMRV-H) (27). For RT, the datum subset is a 220-site-long domain
aligned to SA-OMVV nucleotides 2220 to 2858 or Mo-MuLV
nucleotides 2778 to 3416. For the transmembrane, the datum subset
is a 152 (for REV-A)- to 195 (EIAV)-amino-acid-long domain aligned
to JSRV nucleotides 6472 to 7044, corresponding mostly to the
extracytoplasmic transmembrane, from the beginning of the RPKR
consensus sequence of the SU-TM cleavage site to a residue in the
hydrophobic membrane-spanning domain of TM. Sequences were

aligned by using the multiple alignment program CLUSTAL version
V, and trees were grown by the neighbor joining method. Numbers
indicate the numbers of occurrences of this particular grouping in
1,000 trials of bootstrap resampling; horizontal branch lengths are

proportional to evolutionary distances measured as percentages of
divergence.

preparation (39, 48). A possible explanation could be that the
very closely related endogenous JSRV antigens are ex-
pressed in the neonatal period during ontogeny, leading to
the depletion of JSRV-specific T and/or B lymphocytes and
thereby establishing a state of tolerance for the endogenous
and eventually the exogenous virus.
There have been reports of a low incidence of natural

jaagsiekte in goats (36). The disease has also been experi-
mentally transmitted by the sheep isolate to newborn goats,
although with a reduced efficiency (40, 46). Recently, a

JSRV- and MPMV-related virus was identified in nasal fluids
and tumors from goats with nasal adenocarcinomas (5). To

date, it is not known whether the natural goat virus is more
closely related to the endogenous virus of goats or the
exogenous sheep virus.
Ovine lentiviruses and JSRV often coexist in the same

diseased animals (30, 31, 37, 43), and to our knowledge,
there is no country devoid of one virus-induced pathology
which is not also devoid of the other. This suggests that the
lentivirus and JSRV could be synergistic in their transmis-
sion and/or their pathogenicity, even though they are indi-
vidually pathogenic in sheep (20, 39). In fact, it has been
reported that the lentivirus infection and its transmission to
in-contact animals occurred to a greater extent in JSRV-
infected sheep (4). The lentivirus has been shown to induce
in experimentally infected sheep a mild immunosuppression
(26) which may affect other viral or bacterial infections.

In field cases, the incubation period of ovine pulmonary
carcinoma ranges from months to years, but serial passages
in newborn lambs of a JSRV isolate contaminated with a
lentivirus were associated with a decrease in the incubation
period to as little as 3 weeks (39). Such an acute transfor-
mation suggests that the oncogenic potential of the virus is
encoded by a viral gene. However, neither env nor ORF X
shares homology with known oncogenes, and because we

did not detect any evidence of JSRV transcription in the
cultured tumor cell lines, it is still not known whether ORF
X is actually a gene or an unusually long ORF which arose

by chance, as suggested by its atypical codon usage. A study
of JSRV transcription in tumor biopsy samples will help
address this issue.
Having the JSRV cloned and sequenced will now enable

us to express the viral proteins in vitro and thereby over-

come the problems associated with the inability to grow the
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virus in vitro. In addition, the development of much-needed
JSRV diagnostic assays will also be greatly facilitated.
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