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The complete genome of the snakehead fish retrovirus has been cloned and sequenced, and its transcrip-
tional profile in cell culture has been determined. The 11.2-kb provirus displays a complex expression pattern
capable of encoding accessory proteins and is unique in the predicted location of the env initiation codon and
signal peptide upstream of gag and the common splice donor site. The virus is distinguishable from all known
retrovirus groups by the presence of an arginine tRNA primer binding site. The coding regions are highly
divergent and show a number of unusual characteristics, including a large Gag coiled-coil region, a Pol domain
of unknown function, and a long, lentiviral-like, Env cytoplasmic domain. Phylogenetic analysis of the Pol
sequence emphasizes the divergent nature of the virus from the avian and mammalian retroviruses. The
snakehead virus is also distinct from a previously characterized complex fish retrovirus, suggesting that
discrete groups of these viruses have yet to be identified in the lower vertebrates.

The family Retroviridae comprises seven genera of viruses
isolated and characterized from a variety of vertebrate species
and which display a diverse range of host interactions and
replication strategies (37, 57). The classification of retrovi-
ruses, formerly based on morphology and pathogenicity, is now
more centered on a number of characteristics of the viral
genome, including gene organization and sequence homology
(9). Although retroviruses appear to be ubiquitous in verte-
brates, there is an incomplete representation of the compara-
tive relationship of these viruses outside of the mammalian and
avian species.

The snakehead retrovirus (SnRV) was originally identified
as a spontaneously productive infection of the SSN-1 cell line,
derived from the Southeast Asian striped snakehead fish
(Ophicephalus striatus) (18). Electron microscopy of morpho-
logically normal SSN-1 cells showed the release of 85- to 90-
nm-diameter type C retrovirus particles from the outer cell
membranes. Cell culture supernatants displayed a high level of
Mn?*-dependent reverse transcriptase (RT) activity associated
with a sucrose density gradient fraction of 1.16 g/ml. SnRV
induced cytolytic changes in cultures of the BF-2 cell line,
derived from the bluegill fry (Lepomis machrochirus), and pro-
ductive infection was confirmed by electron microscopy of cells
and RT assay of the cell culture supernatant. Southern blot
and PCR results have suggested the retrovirus to be exogenous
in nature to the striped snakehead species (unpublished re-
sults), and its potential pathogenicity is under investigation.
We report here the cloning, complete nucleotide sequence,
and transcriptional profile of SnRV from the SSN-1 cell line.
In addition, we compare SnRV to the well-characterized mam-
malian and avian retroviruses and to a recently sequenced fish
retrovirus, the walleye dermal sarcoma virus (WDSV) (25).
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MATERIALS AND METHODS

Cell culture and virus purification. Cultures of retrovirus-infected SSN-1 cells
and noninfected SSN-2 cells, both derived from striped snakehead fish, were
grown and maintained in serum-supplemented Leibovitz L-15 medium. Retro-
virus particles were purified by sedimentation velocity and equilibrium density
gradient centrifugation. Pelleted virus from clarified SSN-1 medium was resus-
pended in TNE buffer (10 mM Tris-HCI [pH 7.5], 100 mM NaCl, 1 mM EDTA),
layered onto a 5 to 20% step sucrose gradient, and centrifuged at 100,000 X g for
20 min. The visible viral band was collected, layered onto a 20 to 50% continuous
sucrose gradient, and centrifuged at 150,000 X g for 3 h. Gradient fractions were
collected and assayed for RT activity as described previously (18). Fractions with
peak activity were pooled and stored at —80°C.

RT-PCR amplification of viral genomic RNA. Purified virus was diluted in
TNE buffer, pelleted at 200,000 X g for 30 min and resuspended in disruption
buffer (0.1% Nonidet P-40, 10 mM Tris-HCI [pH 8.3], 1 mM dithiothreitol, 1 U
of Pharmacia Biotech RNAguard per pl) to release the viral genomic RNA.
cDNA synthesis was performed with a first-strand cDNA synthesis kit (Pharma-
cia Biotech) with the nonspecific primer P3, 5'-AGTATCGATCTCGAGTT-3'".
One third of the completed cDNA synthesis reaction mixture was added to a
PCR reaction mix containing 1 X Tagq buffer (10 mM Tris-HCI [pH 8.3], 50 mM
KCl, 1.5 mM MgCl,, 0.01% gelatin), 2.5 U of AmpliTaq (Perkin Elmer), and 30
to 40 picomol of primer PR3, 5'-CGTGCGGCCGCGAATTCNNNNGT-3'.
Amplification was performed with an initial denaturation of 2 min at 95°C,
followed by 3 cycles of 15 s at 95°C, 30 s at 37°C, and 90 s at 72°C and 27 cycles
of 15 s at 95°C, 30 s at 50°C, and 90 s at 72°C, with a final extension of 6 min at
72°C.

DNA sequencing and analysis. PCR products were purified, cloned into
pBluescript KS (Stratagene) or pGEM-T (Promega) vectors, and sequenced on
both strands by the dideoxy chain termination method of Sanger et al. (53). A
minimum of two clones were sequenced for all positions of the genome. Se-
quence data were compiled and analyzed using the University of Wisconsin
Genetics Computer Group package. Nucleotide sequences and deduced amino
acid sequences were compared with database entries by using the FASTA and
BLAST search programs. Coiled-coil predictions were determined by using the
COILS program (32, 43). Transcription factor sites were identified by using the
SIGNAL SCAN program of Prestridge (47).

PCR amplification of proviral DNA. Genomic DNA was extracted from SSN-1
cells by the method of Miller et al. (36). Proviral DNA was PCR amplified with
the following primers derived from the RT-PCR clone sequence data (Fig. 1):
GPOL3, 5'-GAGTACCACACCTAGGTGGGTACCACCC-3'; DG11, 5'-TTT
TGGTCACTCCTGTGGGTATGAACC-3'; DG10, 5'-CATACAGAAAGTGA
CTACACCTCGCC-3'; GU34, 5'-GAATAAGTCCTGTTCCCAGGGACTAG
CG-3'; NPOL2, 5'-TCTACCTTTCCCTGTGATTGAGGATG-3'; NGAG?2, 5'-
CTAAGTTAAGACAAGGACCCACTGAG-3'; NU31, 5'-TCATAAGGCCAA
TCACGCTAGGAG-3'; NGAG3, 5'-GGGGTCATCTTTGTTACCGTCTCT-3';
LTR10, 5-TGACTCATATCCTGCTTAGTAGAC-3'; LTR20, 5'-GAAAGTAC
GACTCAGGCTCAAGAC-3'; ML1, 5'-TGGTACCCATGGATACAGGTACCT
CA-3"; and GPOL2, 5'-TGTCAGACATGGCCTGTACTTTAGCAGC-3'.

Inverse PCR. Alul-digested SSN-1 genomic DNA (100 ng) was self-ligated in
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FIG. 1. Positions of PCR products and provirus genome restriction map. (A) The locations of the primers (arrows) used in PCR amplification of the proviral DNA
and the resulting products (open boxes). (B) The positions of restriction sites used in Southern analysis of the provirus. In order to confirm that the genome structure
as deduced from sequence analysis of the overlapping PCR products corresponded to that of the provirus, the restriction map of the provirus was compared with the
deduced map by Southern hybridization analysis of digested SSN-1 DNA. The four major PCR products (in panel A) plus RT-PCR clones corresponding to positions
7076 to 8106 and 9948 to 10658 were used as probes in the analysis. B, BamHI; E, EcoRI; H, HindIlI; P, Pstl; S, Scal; X, Xhol.

a volume of 50 pl containing 1 X T4 DNA ligase buffer and 1 U of T4 DNA
ligase (Promega) at 14°C overnight. The ligase was heat inactivated at 70°C for
10 min, 10 U of Scal was added, and the reaction mixture was incubated at
37°C for 2 h. The reaction mixture (5 wl) was amplified in a final volume of 50
wl containing 1X Ampli7ag buffer, 200 pM dNTPs, 2 mM MgCl,, 2.5 U of
AmpliTaq, and 25 pmol of primers NRP3 (5'-GGACTAGCGTATGTGCATGC
TAAC-3') and IPS-2 (5'-AGATTCGAGAAACGAAGCGTCAAC-3'). Ther-
mocycling was carried out for 90 s at 95°C and for 35 cycles of 15 s at 95°C, 30
s at 65°C, and 1 min at 72°C, with a final extension of 7 min at 72°C.

Northern (RNA) hybridization. Polyadenylated mRNA was isolated from
SSN-1 and SSN-2 cells with the Quickprep mRNA purification kit (Pharmacia
Biotech). Each mRNA preparation (2.5 ng) was separated on a 2% formalde-
hyde gel and transferred to a nylon membrane. A 710-bp RT-PCR clone corre-
sponding to nucleotides 9948 to 10658 of the SnRV long terminal repeat (LTR)
region was randomly labelled with [a-*2P]JdCTP by using an oligonucleotide-
labelling kit (Pharmacia Biotech) and purified through a Sephadex G50 column
(Nick column; Pharmacia Biotech). Hybridization in 50% formamide solution
and high-stringency washes were carried out as described by Sambrook et al.
(52).

Transcript analysis. Analyses of retroviral transcripts were performed using
SSN-1 mRNA isolated as described above. The cap site of the retrovirus tran-
scripts was determined by using the 5'-AmpliFINDER RACE kit (Clontech)
with primer SLICI, 5'-CTGGTGTTTCGTAAGCTGCATCTG-3', for cDNA
synthesis and primer SLIC2, 5'-ACGTGCTGCCTAGTCTACCAATAC-3', for
amplification. The polyadenylation site was determined by using the 3’-Ampli
FINDER RACE kit (Clontech), with primer LTR10. Subgenomic transcripts
were amplified with primer NRP3, 5'-GGACTAGCGTATGTGCATGCTAAC
-3', for cDNA synthesis and primers NRP2, 5'-GTCGTACTTTCACCGTTTA
CAGTG-3', and F4P01, 5'-CTCATGCTCAGACAGATCCGGACTGATC-3',
NRP2 and NRP3, or NRP2 and TENV1, 5'-CGTCCCTAAGGAGTATGTA
TCCTG-3', for amplification.

Phylogenetic analysis. Amino acid sequences were aligned with the
CLUSTAL W package (58) by using the BLOSUM series of protein weight
matrices (24) and adjusted manually to remove further gaps. The PHYLIP
package (15) was used for the analysis with protein distances calculated by using

the Dayhoff PAM 250 matrix (10), and the tree was constructed by the neighbor-
joining method of Saitou and Nei (50). The SEQBOOT and CONSENSE pro-
grams were used for bootstrap analysis of the aligned sequences.

Nucleotide sequence accession number. The complete nucleotide sequence of
the SnRV genome is available in the GenBank database under accession no.
U26458.

RESULTS

Nonspecific RT-PCR of genomic RNA isolated from puri-
fied virions yielded clones that could be identified to putative
gag, pol, env, and LTR regions by comparison to other retro-
virus sequences. Primers were derived from the sequence data
and used to amplify overlapping regions covering the predicted
proviral genome (Fig. 1A). The size of the genome deduced
from sequence analysis of the PCR products was confirmed as
corresponding to that of the provirus by restriction mapping
(Fig. 1B) and Southern blot analysis (data not shown). The
complete nucleotide sequence is shown in Fig. 2, with indicated
nucleotide positions relative to the cap site (+1) of the RNA
genome.

The sizes of the RNA genome and provirus are 10,688 nu-
cleotides and 11,157 bp, respectively. Sequence analysis of the
provirus found that it displays a typical LTR-gag-pol-env-LTR
retrovirus organization (Fig. 3). Separation of the gag and pol
regions by an in-frame stop codon is analogous to the organi-
zation found in the mammalian type C retroviruses, where
expression of pol occurs by translational suppression of the gag
termination codon (27, 68). The genome sequence has a base
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801 CATTGCTGAACTAGAAAAAGAGGTAGCAGACTTAACTAGCGCCGGTAGGGGAGCTGATCAGGTTATAGCAGGTATGGACAAAGAACTAAAGAAAACTGCA
I A E L E K EV A DUL T S A GR G A D QO V I A G MDKE L KX T A

901 GAGAAATATCAAGCCAAATTAGAAGAACTAGAGGAGCAGTTAGCTGCGATGACGGTAGAAAAGGAGGAATTGGAAAGCCAGGTTGAAGGGTTAAAGGAAT
E K Y 0 A K L EE L EE Q L A A M T V E KEE L E S Q V E G L K E S

1001 CTCTAGTAGAAGCAGAAACTAAGAAAGTCAGTCTCATGGAAGTATTGACTATGCCCACCAGATCAAAAGGACCGAAGAAACGGGGCCCTGATTTGAAACA
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1101 GATTAGATCGTTGCACGTGATGGCTGATTCATTGGGCAT GGACAGTGATGGCATAGACT GGGATTGGTTGGCTAGACAAGCCTGGGACTATGAAGGAGAT
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1301 GGAACGGTCATAGGGAAGATCAATGGAGACCCCTGACAGTCACAGAATTACCCGCAGCCGTTACCGCAGTAGGAGGAGCAT GGGATCCCACGAGGGAAAC
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1401 AGGAAGTGCTAGGTGGAAAAAGATAGTGAARAGCAGCAGAGGCTATAGGATGGGGGACAGGCGATGT GTGTCAGGTTGTGACCGCTATGTCACCATCATGG
G S A R W K K I vV KA AEATIGMWGTGDVCQVVTAMS?PSW

1501 GCAGATGTGCCTCCCGAAATAAGAAATAGGGTGGCTACTGAGAAAGAAATAARAGCATGGTTGATGAAGCAGGGACCCGGAGGAGGACAGGGTTTGTTGG
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1701 TAACAAAGATGACCCCGCATTTCTGCAGCAGGCTACTCAAGGCCTGTTGCCTTGGTTAAAGAAAGCTGTGATATTAGGAGGAAAAAACACGTCATGGCAA
N K DD P A F L ¢ Q A T QG L L P WULKI KA AWV ILGGZKNT S W Q
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1801 GAGATGACTAGCTTCTGCCAGAGGTTGTGGTTGGTCAGAGATCAATTTGCCGACAARACAGGTGTCTCARAGGCCCGACCTATTGTCAGAAAT GAAGGAC
EM TS F C QR L WLV RDIOEQFADKTGV S KAURUPT V RNIEG P

1901 CAAGACCACAACAAGGGCACAGCAARAATTGTTTTTGGGGGAAACTGCCGARATTGTGGAAAAGCAGGACACATGGCTAGAGATTGTTGGGCCAAAGGTGG
R P Q ¢ G H S K1 v ¥ G GNCWRNTZCGI KA AGHMARDTCMWAIK GG

2001 TGGACAAGAAGGAAAAGGACCGCGTCAGAACACCACCTGGARACCCAAATCTGGAGCAATAGCCAGCGCCCCACCTGCTGAAAGCCCTTATGCTGATTGT
G Q E G K G P R Q N T TWIK P K S G A I A S AP P AESPYADC
Pol —~>
2101 GCTAAACAGTTAGCCGATATCGARAAACGCCTTAAGGACCTCACCACTGCTGGTGGAGGACCCAAAGGACCCAACCCATTCCACAAACCATAGGGCGTTG
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A L A A P L C S L KGR P HV SV E I EGH K I ETCL VDTG A E

2301 GGTGTCATTAACATCCCTTCAATTACAGGCACAACGATTTGAACAGGTGGTTGGTTTGGGAGGCAAACCGGT GAGAGTAGGGATAGCGGATCATGT CGAT
v § L T $ L ¢ L QA QR FE OV V GL GG K PV RV G I AUDIHVTD

2401 ACCACAGTAGGACAAGTAAAAGGAAAAGGCTGCTGGCGAATATCACAGGAATTAGCGGAAAATATCCTAGGAAATGATCTGTTGAGGTCATTAGGATTAA
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2501 TAGTGGATCAATGCAACGGAGTTCTATGGCAGGCTAGT GAGGGCCTAGGACCCGATAATTGGATGGCAGCAGAAACACTAAGGATATACAGTATTAAATL
vV D ¢ ¢C N G V L W Q A S E G L G P DNWMAAIETLR I Y S I K S

2601 ACCCGGTCATTATAACCTACCTGAACTATTAGCCACTAAAGATGAACAACTAGCTGATATCCTATGGAACAACGTTGAAGCCTTTGCTACTCACAGAAAT
P G H Y N L P E L L AT KD E L ADTI L WNNVEA ATFATHRN

2701 GATTGCGGGAACTTACAGGGCATGACTGCCAGTTTTACCGCTGACCATCCARAAATGATTAAACAATACCCGGTACCGGATGCATCACATGCTAGCATAA
D C GNUL @ GMTASFTADUHPI KMTIIKZQY PV P DA S HAS I K

2801 AGGAAACTGTGGAAGCATTATTGGAACAAGGTGTTCTTAGAAAGT GTAATAGCACAGTTAACAGTGCTATATGGCCAGTAGGCAAGCCGGATGGATCATG
E T V EA L L E GV L R XK CNSTV NS AT WZ?PV G K?PDG S W

2901 GAGGCTAACCATTGATTATAGGCCACTCAACTCGGCTGTCTCGTGTCCATATCCCACAGTAGCCTCAACCCCAGAGTTGTTTGCTAAACTAGAGAAGARA
R L T I DY R P L N S AV S Cc P Y P TV A S TPELF A KL E K K

FIG. 2. Complete nucleotide sequence and deduced amino acid sequences of the SnRV genome. The nucleotide sequence is shown from the cap site (position 1)
to the polyadenylation site (position 10688). Features of the sequence are indicated by arrows or are underlined. The inverse repeats of the LTR are underlined twice.
Vertical arrows denote splice junction sites and potential Env cleavage sites. Predicted methionine start residues are underlined, and termination codons are marked
by an asterisk. The predicted positions of the coding domains are based on sequence homology. CA, capsid; CC, coiled-coil; LP, leader peptide; MA, matrix; MHR,
major homology region; NC, nucleocapsid; PBS, primer binding site; PPT, polypurine tract; polyA, polyadenylation signal; PR, protease; RT/RNH, reverse tran-
scriptase/RNase H; SA, splice acceptor; SD, splice donor; TMA, transmembrane anchor; ?, unknown coding domain.
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TACCAGGTGTATAGCTCACTGGACATTAGCAACGGCTTCTGGTCCAT CAGACTGGAGGAAGAATGTCAATACTTGTTTGCATTTACTTTCGATACGCAAC
Y ¢ vY s s L DI §$ N G F W S TITRULEEETCQY L F AFTVFDTQ Q

AGTATACATGGACCAGGCTACCACAGGGATTTCATGCTTCACCAGGCATATTCCACCAAGCCCTGTACAATGGACTGGCCTCCTGTAARACAGCGATTGA
Y T W T R L P ¢ G F HA S P G I FH QAILJYNGTILASTCCIKTAIE

AAGTCAGGGTTGTAARACTATTGCAATATGTAGATGATATCCTGTTGATGAGT GAAGATAGGGACCAT CATTTAAGGTCGCTGGCAATATTACTGCAAGGC
$ ¢ 6 ¢ K L L ¢ Y Vv DdpD I LLMS EDIRUDUHHTLR RS L ATIILL QG

CTCAAGGATCTAGGAGTARAAATCAATCCTAAGAAGTCCCACTTTTGCAAAGATCAGGT GCAGTACCT GGGAGT CAATGTAGGAGCCGACACCAGATCAC
L K b L GV K I NUPIKIK S H F C KDV QY L GV NV GAUDTR s L

TGATCGATGCCAGAAGCCAACTGATAAGAACGTTAGACATCCCATTGACGGTGCAAGGCTTAAGATCAGCGCTGGGGTTGTTTAATTTCTGCAGAGCATG
I D A RS LI RTULODTI PLTV Q@ GL R S AULGIULFNUTFICRAW

GATACCTGAGTTCAGTCGGAAAACACAGAGTTTGTATGATATGCTTAAAGGAGACT GTAAATCTACTGATAAGCTAAAGT GGACTGAGGATAAT CTGAAT
I P E F S R XK T ¢S LY DMTULIKGGDCIK S TD KU LKWTE DN L N

AAATTTAAACTCTTAAAGGACGAAGTAGCCAGCGCATGTGTGTTGGGCCTACCTGATCCCACCTTACCTTTCAGACATCTGATAGGAATCAGACAGGGAC
K P K L L K D E V A S A C VL GL P DUPTUL P FURHUL I G I R Q G H

ATTTTCTCTGCAGCCTTGTCCAGAAAGATGATAATGGCATGTGGCACGTGCTAGGGTTCTATTCCAGGAAAATGACACCT GTAGAARAGTAACCTAGGAAT
F L ¢Cs L VvV 9 K DDNGMWH YV L GFY S RKMTPV E SNTILGI

ATGTGAACAATATGCTGAATGTGCTGCCTGGGCCATCAGTGCCTGCAATCTGGT CAGTGGGTTCGGCAGAARAGATCATAGTAACATCTCACTCACCTGTA
cC E Q Y A ECAAWAI S ACNULV S G F GRIK I I VT S H S PV

AAGTTTATCCTCCAGACGACGCCTAATGT GAGTAATCAACGTTTAGCCAGGTGGCATAGAATATTGACCCAAGAAGACATCACTATAGAAACTGATGCTA
K F I L @ T T PNV S N QR L ARWHW RIULTQEUDTITIETDA S

GTATCCAAGGATGGTTTGTCCCGGAGCCTTATGAGGGGGAACAGCACCAGT GCCGACCTCATGATGACACAATAACAT GGAGAGT CAGCACTAGAGCTAT
I 9 G W F V P E P Y E G E Q H @ C R P HDDTI T WIRV S TRAM

GCCCACGGGTGAGAAGT GGTGGATAGACGGAAGTAGATATTGGGAT CATGATAAGGGAGGCTACGTTACAGGAT GGGCAGCATTGAGAGAGGATAAGAAA
P T G E K WW I D G S R Y WD HUD K GG Y V T GWAATILIRE D K K

AATCAGCTGGGGGGTGCCTTAGAGGGACATGTGAGT GCACAAGTGGCAGAGTTAGTGGCGCTAAGGGAAGCCCTAAGGCTACAAAGACCT CTGACCCTAT
N 0 L G G AL EGH V S A QV AE L VAL REATLRILGQQERU©PILTL Y

ATACTGACAGTACTTACGTGCTCGGCATTTGTACCAAATACCTTGCTGTTTGGAARAGGAGGGGTAT GGTCAATGCAGATGGATCACAGAT CAGCAACCA
T D S$§ T Y VvV L 61 ¢ T K Y L AV W KU RIRGMUVNA ADSGS QI S N Q

GAATATCCTACAAGAAATTTGGCAATTGATTGAACATGATTCTACACAAACGCTTGGTATAGTCAAGGTAAAAGCACATACCCAGCGTAAATGTAGCACG
N I L Q E I W ¢ L I E H D s T T L G I V KV KAHTQ R K C s T
RT/RNH <~ ?
CATGAACAACAACTGAATAATGATGTAGAT CAGCCGGCAAAACAATATGCTAAGGAAGAACCTAACATGTCAGTCATAGCACCTCTGCAAGTCTATCCAT
H E @ Q L NN DV D QP A K QY A KUEEUPNMSV I APILQV Y P L

TATGGATAGGTTTGGTACCATGTAAAGAACCAAAATTGTGGGAAAATATACAACATCACATCACAAAGGTTGACCTGCCCGACTTCCAGAAACAACTTGC
W I 6L Vv P C K E P KL WENI @Q HUH I T KV DUL PDF Q K Q L A

AGAAATAATGCCACAACAGGATATTTCACACTGCACACTAGCATATTTTGATAAACCATCCCCAGAAGCAACCARATAT CATGATAARAATAAARACCCTAC
E I M P Q ¢ DI 5§ HCTTIL AY F DI KPS P EA AT K Y HDK I K P Y

CTGGGAAAAGGACAGCAGCTCACACTGTGTGACACCTACATAGGCAAAGAAGGAGCTGCGATACT GGGACAATT GAGACCAGACATGCAAGCTCTTCATC
L 6 K G ¢ L T L CDTYI G KUEGAAIILGS QUL RU®PDMOGQATLH Q

AGGCAGAAGGGGAAGTGCACGTTAGCCTAGGTACTCGTGCTGGGCACTGTCCACAGGAATTAGGTACAAT GTTAACTAACCTGTTGAAAAGCACCCAAGA
A E G B V HV S L GGTRAGHC P QE L GTMILTNTILTULIEK ST Q E

ACGAATATGGCAGGATCCACCTGTTTTTAAACTGCATGATGAGACAGGAAAAGT ACAAGGCTACGTCATTAAGACAACCTTAGGCATGARAAACATGGATA
R I w Q D P P V F KL HDETG K V Q G Y V I K TTULGMI KT W I
? -~ |IN
ATGAATGATCACCTGGTGACTCAGAGTGAACAGACTGAGGGTAGGGCTAAGCTAAGCAGCACGGAAGGCTACGCCTTAGCCCAACAARTACCATCATCTGT
M N DHUL VT s E Q TEGRAIKIUL S S TEGY ATULA AUGQQ Y HUHL Y

ACGGTCACCCCTCAGAGGAAAGCCTTAGAAAGGTGTTGACCAAACGATTTGT GTGGGAAGATATGGGACAACATTGTAAGGAAATAACTAACACCTGTCT
G H P $ E E $ L R K V L T KR F V WEIDMTGIGQHC K E I TNTC L
VSA ORF1 exonl ~ ORF2 exonl >
AACCTGTGCAAAATATAAAGTTCTCAGAGCAGGACCACCAATGGGCGTAGGACGATCGGCTGAAGGGCCCTGCCARAAACTACAGGTAGACCATGT GGGA
T ¢ A KY KV L RAGUPPMGV GRS AZETGU®PTCQKULQV DHV G
M W D
VSD
CCTTTGGGACCTGGTACCCATGGATACAGGTACCTCACAACCATGGTTGATGTGTACACAGGTTGGTTCTGGGCCARACCCTGTAGAGGTCCAACTACGG
P L G P GTH G Y R Y L T T MV DV Y TGWF WAI KUPTCI RGZ®PTT G
L WD L V P M D T E

GTGCCACTATAGCGGCCTTAGAGGAACACATCAGTATTTGGGGGGTACCCTATTCTATACAATCTGATAATGGCACCGCGTTCACTAGTAAAGCCATGCA
AT I A AL EEUH I § I WGV P Y S I ¢ S DNGTA AUFT S K AMQ

AGAATGGGCCAATACGTATGGCATAGAAT GGAAGGTGGGGGCTATATACCATCCTCAAT CACAGGGAAAGGTAGAAAGAAAACATCGACTGCTCAAAGAC
EWANT Y G I EWU KV GA I Y HP Q S Q G K V ERKHRTILTIL K D

AGACTTAAAAGGGCCACACATGAAGGAARGAACTGGGTTCAAGCACTACCCTCCATACTACTATTTATTAACTCTATGCATCCACGAGATCAGTTTTCTG
R L K RATHEGI KNWV QA LUP S I L L £ I NS MHU®PRDOQTF S5 A

CCTATGAACTAATGACAGGGAGAGTACCACACCTAGGT GGGTACCACCCACACCCCCTAGAGACAGCCAAAGAAGAAGAAGTACGGATATTCTTAAGAGC
Y E L M T GR V P H L GG Y H P H P LETAIZ KETETEV R I F L R A

AACACATGATTGCATGCAAAATAAGAAGT GGGAAGAACAGT TAGAAAAGGT CACTAAAGCAGAAGCCCACTCACACT GGACT CAGAGGAGCCCTAATTTA
T H D C M Q N K K W E E QL E KV T KA EA AWH S HWT Q R S P N L

FIG. 2—Continued.
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6001 GAACCTGGCTGCATTGTGTTAGTAAGAAAGTTCACCGGGGATGCCTTCTCACCTARATGGGAAGGACCATATGTGATAACAGAARCTACCAARATATGCTG
E P G C I VL V RK F T GGD AU F § P K WE G P Y Vv I T ET T K Y A A
VSA
6101 CTAAAGTACAGGCCATGTCTGACAAAGTAACACAACATTUTGGSTGGATACATAGGACTCACCTTGTGTTGTTTCCTTCACAGAACAAGCGTTGGGCGGA
K v ¢ A M S D K V T ¢ H S G W I H EK T H L V L F P S ¢ N K R W A D
Env,ORF1exon2 T s V G R I
ORF2 exon2=2 Q¢ A L G G
+vSb
6201 TCCTGGAAATCCCGGAAACCAARCCAGACGAGGACTGTACAGGTARGAARGGGACAGTTAGTACAGCTGACATGT CCCCAACTACCTCCACCACAAGGGAC
P G N P G N QP D EDCT G K K GT V $TAIDMS P T T S TT R D
L B I P E TN QT R T V Q V R K G QL V Q L T C P Q@ L P P P Q G T
s W K 8§ R K P T R R G L Y R
6301 CGGGGTATTAATATGGGGACGGAACARACGCACAGGAGGAGGAGCCCTAGATTTCAACGGGGTTCTGACAGT CCCAGTGGGGGACAAT GAGARCACCTAT
R G I N M G T E G T H KR R S P R F Q R G S D S P S G G Q *
G v L I W GG R N K R T G G G A L D F NGV L TV P V G D NENT Y
6401 CAGTGCATGTGGTGCCAAAACACTACCAGCAAAAACGCACCAAGGCAAAAACGTAGCCTAAGGAACCAACCCACAGAATGGCATCTCCATATGTGTGGAC
Q ¢ M W C ¢ N T T S K N A P R QQ K R 5 L R N @ P T E W H L H M C G P
6501 CACCAGGTGATTACATATGCATGTGGACCAATAAGAAACCAGTGTGTACTACCTATCATGAAGGACAGGATACATACTCCTTAGGGACGCATAGGAAGGT
p G DY I ¢ MW TN K K PV CTT Y HEG QDT Y S L G T H R K V
6601 GCTCCCCAAAGTAACTGAAGCCTGTGCGGTTGGACAACCTCCTCAGATACCCGGAACCTATGTAGCCAGTAGTAAAGGATGGACTATGTTTAATAAATTT
L P K VT EATCA AUV G QP PF QI P GT Y V A S S K GWT MU F N K F
6701 GAAGTCCATTCCTACCCCGCTAATGTCACCCAGATTAAAACAAACAGAACACTGCATGACGTAACATTATGGTGGTGTCATGACAACTCCATATGGAGAT
E VvV H $ Y P A N V T ¢ I K T N R T L HD V T L W W CH DN S I W R C
6801 GTACACAGATGGGGTTTATACACCCGCATCRAGIEGAGAAGAATACAGCTAGGCGATGGGACCAGATTTAGGGAT GGGTTGTATGTCATAGTATCCAATCA
T Q M G F I H P H ¢ G R R I ¢ L G B G TR F RDGIL Y V I V S N H
€901 TGGGGACCATCACACAGTACAGCATTATATGTTAGGCTCAGGATACACTGTGCCAGTCTCCACCGCCACCCGTGTCCAAATGCAGAAARATAGGACCAGGG
G D H HT V Q H Y M L G S G Y TV PV §S§TATI RV QM QK I G P G
7001 GAATGGAAAATAGCAACTAGCATGGTAGGGCTATGCCTGGACGAATGGGAAATAGAGT GCACCGGCTTCTGTAGTGGTCCTCCTCCTTGCAGTTTAAGCA
E WK I AT S MV G L ¢ L D EWUE I ECTGF C S G PP P C S L 5 1
7101 TAACTCAACAGCAGGATACAGTGGGAGGATCTTATGACTCATGGAACGGGTGTTTTGTCAAATCAAT ACACACACCAGTTATGGCTCTGAACCTTTGGTG
T ¢ ¢ ¢ DT V G G S Y D S WN G C F V K S I HT P VMAILNILWW
7201 GAGAAGGAGCTGTAAAGGGCTACCTGAAGCGACTGGCATGGTAAAAATATACTAT CCTGACCAATTTGAAATAGCACCAT GGATGAGACCT CAGCCCAGA
R R $ ¢C K G L P EATGMV K I Y Y P D Q F E I A P WMIZ RP Q P R
¥
7301 CAACCTAAACTGATATTACCTTTTACTGTAGCACCAAAATATAGACGACAACGAAGGGGACTTAACCCCTCAACCACACCTGATTATTACACTAATGAAG
Q P K L 1T L P F T V A P K ¥ R R QR R G L N P S T TP DY Y T N E D
7401 ATTATAGTGGATCAGGGGGGTGGGAAATAAATGACGAGTGGGAATATATACCACCAACAGT GAAACCAACCACGCCTAGTGTTGAATTCATACAGAAAGT
Y $s G $ G G W E I N D E W E Y I P P T V K P T T P S$ V E F I Q K V
¥
7501 GACTACACCTCGCCAGGATAAATTGACCACTGTCCTGAGCCGGAATAAARAGGGGAGT GAACATTGCCTCTAGTGGCARCAGCTGGAAGGCAGAAATAGAT
T T P R QD K L T T V L S RN KR GV N I A S S G N S W K A E I D
7601 AAGATAAGGRAACAAAAATGGCAGAAATGCTATTTCTCAGGAAAACTAAGAATAAAAGGAACAGACT ATGAGGAAATAGATACATGCCCAAAACCATTAA
K I R K Q K W ¢ K ¢ Y F $ G KL R I K G T DY EE I DT C P K P L I
7701 TAGGACCACTGTCAGGGTTCATACCCACAGGAGT GACCAAAACCCTAAAAACAGGGGTAACATGGACCACCGCTGTTGTAAAAATAGATCTGCAGCAGTG
G p L §$ G F I PTGV T K TUL KT GV T ®WTTAUV V K I DUL Q Q W
7801 GGTGGATATCCTTAATAGCACCTGTAAAGATACACTTATAGGGAARACACTGGATTAAGGTAATTCAGCGGCTTTTACGGGAATAT CAGAAGACAGGGGTT
v b I L NS T C K D T L I G K H W I K V I @ R L L RE Y ¢ K T G V
¥
7901 ACCTTTAATCTCCCACAGGTTCAATCATTACCCAATTGGGAARCCAAAAACAAAGATAATCCTGGACAT CACATTCCCARAAGCCGGCGGAAGAGAATTA
T F N L P Q V Q $ L P N W E T KN K DN P G H H I P K S R R K R I R
¥
8001 GGCGAGGATTAGGTGARGCTTTAGGATTAGGTAACTTTGCTGATAACAGATGGAAGGATTTACAGATAGCAGGATT AGGGGTAGAACAGCAGAAATTAAT
R G L G E AL G L GNF ADNI RWIKDUL QI A G L GV E Q0 ¢ K L M
8101 GGGATTAACTAGAGAAGCCACGTTTGAGGCATGGAATGCCCTGAAGGGTATTTCTAACGAATTAATTAAATGGGAAGAAGATATGGTAGCCACTCTCAGA
G L T R E AT F E A W N AL K G I SN EL I K WEUEUDMV AT L R
8201 CAGCTTCTATTACAAATTAAAGGCACTAATACTACCCTCTGTAGT GCGATGGGACCGTTAATGGCTACCAATATACAACAAATAATGTTCGCATTACAAC
¢ L L L ¢ I K G TN T T L CS AMGUPILMATNTI QQ QI M F A L Q H
8301 ATGGTAATCTACCTGAAATGTCTTACTCTAACCCTGTGTTGAAGGAAATAGCTAAACAATATAATGGACAAATGTTAGGTGTACCAGTAGARACTACAGG
G N L P EM S Y SN P VL K E T AZ K QY NG QML GV P V ETT G
8401 AAATAACTTGGGAATAATGTTATCATTACCTACCGGGGGAGAGAACATAGGAAGAGCAGTAGCTGTATACGATATGGGAGTAAGACATAACCGTACGCTA
N NL G I ML $ L P TG G ENTI GRA AV AUV Y DMGV R HNZ RT L
8501 TACCTCGATCCCAACGCTAGATGGATCCACAACCACACGGAAAAGAGTAAT CCTAAAGGCTGGGT AACTATAGTAGACTTATCTAAGTGTGTCGAAACCA
Y L b P NA R W I HNH T E K S NP K G WV T I V DL S K CV E T T
8601 CAGGAACTATTTATTGTAATGAACACGGATTTAGAGACAGGARATTCACTAAAGGACCTTCAGAATTAGTACGGCATTTAGCTGGTAATACATGGTGTTT
G T I Y ¢ N E H G F R DR K F T K G P S E L V R HELAGNTWC L
8701 AAATTCAGGAACATGGTCATCACTGAAAAATGAGACACTGTATGTAAGTGGACGAAATTGCTCCTTCTCTCTCACCAGTAGGCGGCGACCTGTGTGTTTT
N § G T W $ 5 L K N E T L Y V § G R N C S FF 8§ L T S R PRI R P V C F
8801 CACCTAAATAGCACCGCCCAATGGCGAGGACACGTTTTGCCTTTTGTAGGTAACTCCCAGGAAGCACCCAACACTGAGATATGGGAGGGACT CATAGAAG

H L N § T A @ W R G H V L P F V G N 3 Q EA P NTE I WZEGTUL I E E

FIG. 2—Continued.
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SEQUENCING AND ANALYSIS OF SNAKEHEAD FISH RETROVIRUS

8901 AAGCAATTCGAGAACATAATAAGGTACAAGATATTCTGACCAAATTGGAACAGCAACACCAAAATTGGARACAAAACACAGACAACGCCCTACARAATAT
A I R E H N KV Q9 D I L T K L E ©@ Q H Q@ N WK QN T DN AL OQONM
9001 GAAGGATGCAATTGACTCCATGGATAATAACATGTTAACATTTAGATACGAGTACACCCAGTACGGGTTGTTTATTGTATGTCTGCTTGCTTTTCTGTTT
K DA I DSMDNNMMTLTFRYEY T QY G L F I V CL L A F L F
9101 GCTGTAATCTTCGGATGGTTATGTGGGGTTACCGTGAGACTAAGGGAGGTCTTTACAATCTTATCTGTAARAATACATGCTTTAAAGTCACARGCACATC
A vV I F G W L C GV TV R L REV F TTI L S V K TI HAULIK S Q¢ A H Q
9201 AGTTGGCTATGTTGCGAGGTCTACGTGACCCAGAGACAGGGGAACRAGATCGACAGGCACCCGCCTACAGGGAGCCACCCACATGTCAGGAATGGGCGAG
L AML RGULIRUDU®PETGE QDR QAP AY RE P P T CQE W A R
ORF2 exon3 VSA
9301 ACGCAGGGGGGGAAGACCACCTATTGTCACTTTTCTGATTGACAGAGAGACTGGTGAACGACACGACGGACAGATCTTCCAACCTATAAGAARACAGATCT
R R G G6G R P P I VTF UL I DI RE T G EIRHUDGUEQTI F Q P I R N R 8
ORF1 exon3 =» R D W ~*
3 ORF ~>
9401 AACCAGGTACATCGACCACAACCGCCCAGACCTACGGCCCCTAACCCAGATAACCAACGACCTATTAGGGAACCACGTCCCGGGGAGCCAGAACATGGCG
N Q V H R P Q P P R P T A PNUPDNWQ R®PTIIREU®PIRPGEPZEHG D
M A
9501 ACTTCCTTCAAGGAGCCTCCTGGATGTGGCAGTGATGAAGATAAGGACAATGACACACCTTCACGAGTACCCAAACCAGARGAAGTGATAAGTTTATATA
F L Q G A S W M W Q0 *
T $S F K E P P G C G S D EDKDNDT P S R V P K PEEV I § L Y N
9601 ATCCTGAATTATTTGCTTGGGGGGGAACACTGGGAGATTATGTATGGTGTAAAACTACTACTATTCGATGGGGACCTATTGTAATGAAGTATCGTGTGTG
P E L FA WSGG T L G DY VW CK T TTTIIRMWGU?PTI VMK YRV C
9701 TGGGCACCTCGAATCAGATTATACCACGAGTCAGTATTACAGAGAATCCGT TAATCAAACGTGGATAGTAGGTCATAGTGGAAGAGAAGTGACACATACC
G H L E S DY TT S @ Y Y RE S VN QT W I V G H S$ G R E V T HT
9801 TGTGATCATTACTGTCGGTGTTTGAATCCACCCAGGTTCTGCTGGTGTAGAARACACARAAGGTGGCATCCCTTCATATCGCCCCTAGGTCTAGTTCACT
C D HY CR CUL NP PR FCWICIRIEKHI K RMWUHU®PUPF®F I S P L GL V HW
9901 GGAGTTGGATGGAGAAGTTCGTGCAACCGGTGATAAGGCTCGAGGGT TGGAAAGAACTGAAGGAGGAATTGCTGACACACCCTGACAAAATAAAAATCTG
S W M E K F V Q P V I R L E G W K E L K EE L L T H P DK I K I W
10001 GGTGGGACGTGTACACGGCCGGATCAGTCCGGATCTGTCTGAGCATGAGTTAATGGTTAACATGTGTGCTCAGGGTACACTTAAACCGACACTGTTACCA
V G R VH G R I S P DL S EHEILMVNMTCTCAUOQGTL K P TIL L P
10101 GCCCTCTGGTGAAACTGAAAATGTGTCATTTCTGGTGAAACGARACCTATGACTAATTCACAAATAGARAATCCAGCACCGCCTTTGTCTAGGTGTGTATTC
A L W *
PPT = u3 E BOX OCT-1/2 ISGF-1/2
10201 TAGGGGGGCTIGTGACACCACTATACTTCAACTCTGGTCTCCATCTCATATGCAARAGCATTATATGAAACTGAAACTAAGCATGACTTGCTATTCTCTAA
CORE AP-1  LVblc TEF-1
10301 TGTAACGAGAGATGCCTGTTTGTGCACCATTGTAAAGGTACAAACTGTGGTCATAAACATGATGACTCATATCCTGCTTAGTAGACTATTGTTAGCATGC
Lva E BOX Myogenin/E BOX
10401 ACATACGCTAGTCCCTGGGAACAGGACTTATTCCTATGATACATATGCTCTTAATGTACTTGTTTACTGTTTATACGCACCCAAGTAACAACTGTATTTA
AP-1 CCAAT GC
10501 ATTATAACCTATGTGAATCATAAGGCCAATCACGCTAGGAGGCGGCCTCTAGTACTTTTCCATTGTATGAACTATTGTTATTAGCCCCTCCCTGAAGGAG
E BOX TATA €«> R polyA €«
10601 GAGCCACTTGCCTATATATTGTAGAGCACGGCTGTGCTCATTGTCTTTTGCTGCACCCAACTTGAAGAATARAGATTATTGCATCTGA

FIG. 2—Continued.
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composition of high A content (32.7%) and low C content
(20.8%). Analyses of the codon usage in the gag, pol, and env
coding regions revealed a bias towards A or T in the codon
third position, with only 41.2% of codons ending in G or C.

LTR. The LTR has a size of 518 bp and comprises U3, R,
and U5 regions with sizes of 434, 46, and 38 bp, respectively.
The U3 region of retroviruses is preceded in the genome by a
polypurine tract which serves as the priming site for plus-
strand DNA synthesis during replication. The presence of sev-
eral polypurine stretches upstream of the putative SnRV U3
region made the prediction of the start of U3 difficult by
sequence analysis alone. The location of this site was therefore
determined by amplification of the U3 flanking cellular region
by inverse PCR, which defined the proviral start of U3 at
position 10211. The polypurine tract is therefore located at
positions 10202 to 10208 (AGGGGGG). Within U3, a putative
basal promoter region comprises CCAAT, GC, and TATA
boxes located at positions 10521 to 10532, 10593 to 10606, and
10612 to 10626, respectively (7). In addition, several possible
sites for transcription factors were identified upstream of this
region (Fig. 2).

The cap site, corresponding to the U3/R junction, and the
polyadenylation site, corresponding to the R/US junction, were
determined by 5" and 3’ rapid amplification of cDNA ends
(RACE) methods, respectively. The U3/R junction is located
at position 10643, and a consensus polyadenylation signal
(AATAAA) is located within R at positions 26 to 31 (repeated
at positions 10668 to 10673), 15 nucleotides upstream of the
R/US junction at position 46. Comparable to other retrovi-
ruses, the 3" end of US is defined by the presence of a tRNA
primer binding site at positions 85 to 102. The primer binding
site of SnRV is a perfect complement to the 3’-terminal 18
nucleotides of murine Arg'? tRNA (23). The LTR is delin-
eated by the short inverse repeats 5'-TGT and ACA-3’ at
positions 10211 to 10213 and 81 to 83, respectively. The inverse
repeats, in common with all retroviruses, contain the conserved
5'-TG and CA-3’ dinucleotides found at the termini of the
provirus. The spacing of the 5’ TG 2 nucleotides from the
polypurine tract and the 3" CA 1 nucleotide from the primer
binding site is an organization similar to that found in the
human immunodeficiency virus type 1 genome. SnRV replica-
tion may therefore also be similar to that of human immuno-
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FIG. 3. SnRV genome organization and splicing pattern. (A) Predicted coding regions are shown as open or shaded boxes, with potential start codons indicated
by arrowheads. Numbered boxes represent the positions of coding regions for the proteins ORF 1 and ORF 2. (B) Location of primers used for RT-PCR amplification

of subgenomic transcripts. (C) Structure of spliced transcripts.

deficiency virus type 1, where the RNase H specifically cleaves
1 nucleotide from the tRNA primer end, leaving the uninte-
grated linear DNA with a 5'-terminal ribonucleotide (19, 48).

Leader and gag. In all retroviruses there is a leader region
between the 5’ LTR and the start of the gag open reading
frame (ORF) within which reside signals important for the
replication, processing, and packaging of the viral RNA. For
most retroviruses the gag initiation codon is the first codon
downstream from the cap site in suitable context for the initi-
ation of translation (31). In the case of SnRV, the first such
start codon is located at position 180, potentially encoding a
hydrophobic leader peptide (LP) of 14 amino acids (MKLV
LLFSLSVLLG). The next start codon is located 105 nucleo-
tides downstream of the LP at position 337. This initiation
codon is in a strong sequence context for translation initiation
(29) and is the putative start codon of gag, potentially coding
for a 618-amino-acid (69-kDa) polyprotein.

The N terminus of the Gag protein is not predicted to be
myristylated, but a polybasic region is located from amino acids
15 to 35 that may form a region of interaction between the Gag
matrix (MA) protein and the plasma membrane (33, 69). In-
terestingly, the polybasic region contains a consensus bipartite
nuclear localization sequence (11, 49), consisting of two basic
residues spaced 10 amino acids from a further cluster of four
basic residues (KRDKSKEKDETKKKKIK). Database searches

with the N-terminal 300 amino acids of Gag did not reveal any
similarities to the matrix (MA) proteins of other retroviruses
but predominantly indicated similarities to the rod-like domain
of myosins, tropomyosins, lamins, and other intermediate fil-
ament-type proteins. Analysis of the amino acid sequence
within this region revealed a high content (58%) of predicted
a-helical secondary structures. Sequence analysis also located
a hydrophobic heptad repeat pattern from residues 154 to 238,
predicted to form a two-stranded coiled-coil structure typical
of the rod domain of myosin-like proteins (32, 43).

A low level of similarity (15 to 20% amino acid identity) to
the capsid (CA) region of the mammalian type C retroviruses
was found approximately from amino acids 300 to 500, and this
region contains the major homology region (amino acids 426 to
445) found in all retroviruses except the spumaviruses (44, 64).

The C-terminal region of Gag contains a single Cys-His box
(amino acids 537 to 550) characteristic of the mammalian type
C retrovirus nucleocapsid (NC) domains. Database searches
revealed this region of Gag to have sequence similarity to that
of the lentiviruses, however, producing the highest amino acid
identity scores to simian immunodeficiency virus (34.7%) and
human immunodeficiency virus type 2 (27.8%). The region of
similarity extended from the second Cys-His box of the lenti-
virus NC domain into the C-terminal protein region. This
included an ASAPP sequence (amino acids 576 to 580) that is
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a close approximation of the conserved PS/TAPP motif found
in the lentiviral C-terminal proteins (39).

pol. The pol ORF is predicted to start at position 2194,
encoding a large polyprotein of 1,398 amino acids (157 kDa),
and to be expressed by translational suppression of the gag
TGA termination codon. A common feature of retroviruses
expressing pol this way, and for other retroviruses that express
pol via ribosomal frameshifting of the gag ORF, is the presence
of a potential RNA secondary structure motif downstream of
the site of suppression or frameshifting (5, 16, 65, 66). The
SnRYV sequence shows a high G and C content in this region,
suggesting that a potential secondary structure is likely. How-
ever, analysis of this region did not reveal any significant sim-
ilarities of sequence or potential secondary structure typical of
the models proposed for other retroviruses.

Comparisons of the deduced Pol protein sequence to those
of other retroviruses identified conserved regions typical of
retroviral protease, RT, RNase H, and integrase (IN) enzyme
domains (28, 61). The protease domain is located approxi-
mately from amino acids 1 to 110, analogous to the location in
the mammalian type C viruses, the lentiviruses, and simian
foamy virus. The protease sequence is most similar to those of
the primate lentiviruses, with simian immunodeficiency virus
and human immunodeficiency virus sequences giving the high-
est amino acid identity scores of 32.3 and 28.1%, respectively.
The RT/RNase H domain is located approximately from
amino acids 110 to 800 and shows closest identity to the mam-
malian type C viruses (34.4%), WDSV (33.5%), and the spu-
maviruses (28.2%).

The IN domain is located approximately from residues 980
to 1330 and, as with the RT/RNase H domain, is closest in
identity to that of the mammalian type C retroviruses (30.1%),
WDSV (29.4%), and the spumaviruses (25.9%). Thus, there
exists in Pol a region of approximately 180 amino acids sepa-
rating the RT/RNase H and IN domains. The nonprimate
lentiviruses exhibit a similarly located domain which studies
have shown to encode a dUTPase (14, 35). The SnRV protein
sequence did not, however, show any significant sequence sim-
ilarity to a dUTPase or to any other viral or nonviral protein in
the database.

env. Unique to SnRYV, env is predicted to be expressed by
fusion of the LP to the downstream env region (Fig. 3). All
retroviruses express env as a singly spliced transcript with the
splice donor site typically located upstream of gag and the env
initiation codon located downstream of the splice acceptor site.
An exception to this is found in the avian leukosis and sarcoma
retroviruses, where the splice donor site is located six codons
into gag and expression of env fuses these residues to the
downstream region (54). Analysis of SnRV transcripts was
performed by RT-PCR on SSN-1 mRNA with primers based
on R/US5 (primer NRP2) and U3 (primers F4P01, NRP3) se-
quences (Fig. 3B). Sequence analysis of the cDNA clones re-
vealed a common splice donor site at position 221, 1 nucleotide
upstream of the LP stop codon. A potential env splice acceptor
site was located at position 6184, and RT-PCR with an env-
specific downstream primer (TENV1) produced a single prod-
uct which contained this splice junction site. The first ATG
codon in suitable context for translation initiation 3" of the
acceptor site is located more than 500 nucleotides downstream,
however, and the protein sequence in this region does not
contain a potential N-terminal signal peptide, necessary for
transfer of the Env precursor into the endoplasmic reticulum
(ER). The initiation codon for env is therefore predicted to be
the LP initiation codon, the singly spliced env mRNA fusing
the LP into frame with the downstream reading frame and
encoding a protein of 1,130 amino acids (128 kDa). Moreover,
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FIG. 4. Northern blot analysis of poly(A) RNA isolated from SSN-1 (lane a)
and SSN-2 (lane b) cell cultures (2.5 pg each) with an SnRV LTR probe. SSN-2
is a striped snakehead cell line which shows no evidence of a retrovirus infection
(reference 18 and unpublished results). Analysis of SSN-1 mRNA shows putative
retroviral genomic and env transcripts with sizes of 10.7 and 4.7 kb, respectively,
plus two smaller bands in the 1.5- to 1.7-kb range.

the LP provides the hydrophobic core of the signal peptide for
Env, with the peptidase cleavage site predicted to be located
four amino acids downstream of the fusion site (60). The size
of the predicted env transcript is in accordance with the 4.7-kb
band observed in Northern blots (Fig. 4).

There are four potential sites for cleavage of the Env pre-
cursor into the surface (SU) and transmembrane (TM) pro-
teins at amino acid positions 405, 470, 618, and 621 (consensus
sequence R-X-R/K-R). The Env amino acid sequence did not
show any significant similarities to those of other retroviruses
in database searches, but the C-terminal half of this protein
could be compared with models of TM based on predicted and
known protein structures (20, 41). The hydrophobic fusion
peptide region, found in other retroviral TM proteins down-
stream of the SU/TM cleavage site, could not be easily iden-
tified in the SnRV protein. A region containing potential a-he-
lical secondary structures is located from amino acids 646 to
688, corresponding to the predicted fibrous core of retroviral
TM proteins. A second a-helical region with a high probability
of forming a coiled coil is located from amino acids 910 to 964.
The hydrophobic membrane-spanning region of the TM pro-
tein is likely to span amino acids 974 to 994, leaving a 136-
amino-acid cytoplasmic domain (CD) which is highly hydro-
philic and proline rich. Adjacent and internal to the putative
membrane anchor is a leucine zipper motif from amino acids
993 to 1024. As with all retroviral Env proteins there are
multiple predicted N-glycosylation sites, 11 external and 1 in-
ternal.

ORFs. Northern blot analyses of SSN-1 mRNA using an
SnRV LTR probe produced bands corresponding to genomic
RNA, singly spliced env plus two smaller bands in the 1.5- to
1.7-kb range (Fig. 4). Analysis of RT-PCR clones from SSN-1
mRNA subsequently identified three cDNA species which
were predicted to be formed by a complex splicing process
(Fig. 3C) (55). Transcript a contains four exons with two po-
tential initiator codons located in the second exon at positions
5341 and 5393. Translation from these positions would pro-
duce two proteins (ORF 1 and ORF 2) with sizes of 52 (5.7
kDa) and 94 (11 kDa) amino acids, respectively. Transcript b
contains three exons and is a potential mRNA for the 3’ ORF,
which has an ATG codon in a strong initiation context at
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position 9495, downstream of the splice acceptor site at posi-
tion 9346. Translation of the 3’ ORF would produce a protein
with a size of 205 amino acids (24 kDa). Transcript ¢ may
additionally encode the 3" ORF but also brings the LP coding
region into frame with the Env CD to potentially code for a
76-amino-acid (8.8-kDa) LP/CD fusion protein.

Database searches of the amino acid sequences of the ORFs
showed no significant homology to any viral or nonviral pro-
teins. The ORF 1 protein has a potential N-terminal myristy-
lation site, and ORF 2 contains a basic region from amino
acids 21 to 32. ORF 2 shares with Env the C-terminal 62
residues of the CD. Comparable to Env, fusion of the LP to the
CD creates a potential signal peptide, with peptidase cleavage
predicted at the fusion site (60). The 3" ORF protein contains
an N-terminal acidic region, and a cluster of cysteine residues
is located at amino acids 103 to 118, followed immediately by
a small basic region (RKHKR). An «-helix is predicted from
amino acids 148 to 162 and displays an acidic helical face,
comprising four glutamate residues occupying one side of the
structure.

Phylogenetic analysis. In order to attempt to determine the
relationship of SnRV to the known retrovirus groups and to
WDSYV, a phylogenetic tree was reconstructed on the basis of
multiple alignments of Pol amino acid sequences. The rela-
tively conserved RT/RNH domain of SnRV (amino acids 186
to 743) was aligned with that of WDSV plus representative
retroviruses from each genus. The neighbor-joining method of
Saitou and Nei (50) was used to construct a tree using protein
distances calculated from the PAM 250 matrix (10). Bootstrap
analysis was performed to test the variation around the tree,
with the initial data set resampled 2,000 times. The resulting
tree (Fig. 5) is in accordance with previously published analy-
ses (12, 34, 67) and illustrates the phylogenetic relationship of
the seven characterized retrovirus genera. The two fish retro-
viruses appear grouped with the mammalian type C clade but
are clearly divergent both from these viruses and from each
other. While the tree illustrates SnRV diverging from the
WDSYV branch, the low bootstrap value for this fork indicates
that the alignment cannot unambiguously resolve the branch-
ing order of SnRV, WDSV, and the mammalian type C retro-
viruses. The same alignment was also analyzed using the max-
imum likelihood and parsimony tree reconstruction methods.
Both of these methods produced topologies comparable to
that of the neighbor-joining tree (data not shown), and the
differences in branching order that were observed corre-
sponded to the low bootstrap values of the nodes concerned.

DISCUSSION

The genomic organization, tRNA primer, sequence homol-
ogy, and transcriptional profile restrict the placement of SnRV
in any of the known retrovirus groups. The size of the genome
is approximately between those of the lentiviruses and spuma-
viruses, and analyses of the base composition and codon usage
also reveal similarities to these groups (6, 38, 59). The codon
usage is distinct from that found in teleosts, where 65% of
codons in analyzed gene sequences end in G or C (17). The
organization of the gag, pol, and env coding regions of SnRV is
comparable to that of the mammalian type C retroviruses but
differs in the presence of a 3" ORF between env and the LTR.
The Arg tRNA primer binding site distinguishes SnRV from
all known retrovirus groups, which tend to share common types
of tRNA primer between related viruses (34).

A unique feature of SnRYV is the unusual location of the env
start codon and signal peptide in the leader region. The loca-
tion of the LP upstream of gag and the common splice donor
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FIG. 5. Unrooted phylogenetic tree of representative retroviruses based on
alignment of Pol RT/RNH amino acid sequences. The values given at the branch
forks are the bootstrap percentages (for 2,000 samplings) with missing values all
being 100%. The solid line below the diagram represents 10% divergence. The
tree was constructed from an alignment of 19 sequences, each 615 amino acids
in length, corresponding to amino acids 186 to 743 of SnRV Pol. SFV-1 and
SFV-3, simian foamy virus types 1 and 3, respectively; HSRV, human spuma-
retrovirus; HTLV-1, human T-cell leukemia virus type 1; BLV, bovine leukemia
virus; SRV-2, simian retrovirus type 2; OPAYV, ovine pulmonary adenocarcinoma
virus (Jaagsiekte sheep retrovirus); MMTV, mouse mammary tumor virus; RSV,
Rous sarcoma virus; LPDV, lymphoproliferative disease virus; HIV-1 and
HIV-2, human immunodeficiency virus types 1 and 2, respectively. VISNA, visna
sheep lentivirus; EIAV, equine infectious anemia virus; FeLV, feline leukemia
virus; MuLV, murine leukemia virus; GALV, gibbon ape leukemia virus.

site suggests that a level of translational control exists for the
expression of downstream ORFs. A similar situation is known
to occur in the equine infectious anemia virus genome, where
the first coding exon of tat is also located upstream of gag and
the donor site (13, 40, 56). In this case the expression of
downstream equine infectious anemia virus ORFs occurs by
leaky scanning of ribosomes past the inefficient CTG fat start
codon (8). The sequence context (AACATGA) of the SnRV
LP start codon suggests that it is likely to be used efficiently for
translation initiation (29), however, and we suspect that the
size and location of the LP ORF would be more consistent with
a translation reinitiation mechanism (30). An alternative pos-
sibility for the expression of downstream ORFs is a cap-inde-
pendent internal ribosome entry mechanism, which has re-
cently been found to occur in the expression of murine
leukemia virus gag (3). It is of interest to note that in addition
to Env, fusion of the LP to the CD also creates a potential
signal peptide for this protein. The existence and location of
the LP may therefore enable both Env and the CD to be
independently expressed and directed to the ER by the same
N-terminal signal peptide.

The Gag protein is distinguishable by the presence of a large
region that is similar in sequence to the coiled-coil structures
found in myosin-like proteins. Comparable to these proteins,
this region of Gag is likely to function as a multimerization
domain, allowing the formation of homodimeric or higher-
order complexes. The coiled-coil structure may play a role in
the transport and assembly of the Gag/Pol polyproteins during
virus release from cells. It is not known whether this region is
part of the MA or CA proteins or is an extra Gag protein
located between these domains.



VoL. 70, 1996

The significance of the similarities of the Gag NC and Pol
PR domains to those of the lentiviruses is not clear. The ob-
served similarities within the relatively small NC and PR do-
mains may be due to the comparable nucleotide compositions
of these viruses, resulting in similar amino acid compositions of
the viral proteins (2, 6). The lentivirus PS/TAPP motif region
to which SnRV shows similarity to is an assembly domain
required late in the virus particle budding process (22, 26, 42).
This domain appears to be located in other retroviruses be-
tween MA and CA and is characterized by a PPPY/W motif
(63), which SnRV lacks. SnRV may therefore have this domain
at a location similar to that in the lentiviruses.

The Pol polyprotein is distinctive from that of other retro-
viruses in containing a region of approximately 180 amino
acids between the RT/RNaseH and IN domains. This region,
which bears no significant similarity to the similarly located
dUTPases of the nonprimate lentiviruses, may represent a
unique domain of unknown function.

The Env protein is unusual in the multiplicity of potential
SU/TM cleavage sites, the lack of a distinct hydrophobic fusion
peptide sequence, and the existence of a long CD which has
previously been known to occur only in lentiviral genomes. The
CD is proline rich, suggesting an extended secondary structure
that is likely to be involved in protein binding (62). The role, if
any, of the CD of lentiviral TM proteins in the virus life cycle
is not fully understood (41). The identification of proteins
expressed by lentiviruses that contain the CD separate from
the TM protein has raised the possibility of an independent
function for this region (1, 21, 51). Interestingly, the SnRV CD
may also be potentially expressed independently of Env, both
as the C-terminal region of ORF 2 and as an LP/CD fusion
protein. In a remarkable comparison, in vivo studies of equine
infectious leukemia virus expression have identified a tran-
script consisting of the leader tat exon spliced to the env CD
(1). The resulting protein was found to be located within the
ER and Golgi complex of infected cells. As noted previously,
the SnRV CD may also be directed to the ER by the LP signal
peptide, suggesting that a common role for these regions is
possible.

The transcriptional profile of SnRV is complex and is similar
to the splicing patterns observed in the lentiviruses, bovine
leukemia virus—-human T-cell leukemia virus group, and spu-
maviruses. Comparable to expression in these viruses, the ex-
pression of additional subgenomic mRNAs potentially allows
production of accessory proteins. The expression of ORFs 1
and 2 and the 3’ ORF would depend on the translational
regulation of the LP, as this exon is present in all viral tran-
scripts. All complex retroviruses characterized to date encode
a transcriptional transactivator which plays an important role
in the regulation of virus expression. The N-terminal acidic
region, cysteine cluster, and basic region of the 3’ ORF are
features also found in the Tat proteins of lentiviruses (45). This
protein may likewise function as a transcriptional transactiva-
tor, although it lacks any significant sequence similarities to the
lentiviral Tat proteins.

Phylogenetic analyses using alignments of RT amino acid
sequences indicated a distant relationship of SnRV to the
mammalian type C retroviruses. However, the virus is clearly
divergent from this group, and the bootstrap results imply that
with the present data it is not possible to accurately place the
SnRYV branch in relationship to these viruses. SnRV also ap-
pears divergent from WDSYV, the only other fish retrovirus for
which sequence data are available. These viruses share a sim-
ilar genetic organization and contain additional potential
ORFs in accord with their classification as complex retrovi-
ruses. The viruses differ, however, in the class of tRNA primer
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and do not exhibit high levels of sequence similarity. Indeed,
the pol region of SnRV is no closer in similarity to that of
WDSYV than to that of the mammalian type C viruses, and
comparisons of the gag and env regions have revealed even less
similarity.

A growing number of retroviruses, many of which are asso-
ciated with neoplastic diseases, have been observed in fish
species (4, 46). Two of these retroviruses, WDSV and the
SnRYV reported here, have now been characterized at the mo-
lecular level. The divergent nature of these complex viruses,
not only from the known retrovirus groups but also from each
other, suggests that there exist groups of such viruses that have
yet to be identified among the lower vertebrates. The elucida-
tion of the replication strategies employed by these viruses is
likely to extend the knowledge of retrovirus-host interactions
and the basis of disease. Further characterization of fish ret-
roviruses will also determine if there exists a diversification of
viral types parallel to that found in the higher vertebrates and
may help in the understanding of the evolutionary history of
retroviruses as a whole.
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