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We have previously demonstrated that Borna disease virus (BDV) has a negative nonsegmented single-
stranded (NNS) RNA genome that replicates in the nucleus of infected cells. Here we report for the first time
the cloning and complete sequence of the BDV genome. Our results revealed that BDV has a genomic
organization similar to that of other members of the Mononegavirales order. We have identified five main open
reading frames (ORFs). The largest ORF, V, is located closest to the 5’ end in the BDV genome and, on the
basis of strong homology with other NNS-RNA virus polymerases, is a member of the L-protein family. The
intercistronic regions vary in length and nucleotide composition and contain putative transcriptional start and
stop signals. BDV untranslated 3’ and 5’ RNA sequences resemble those of other NNS-RNA viruses. Using a
set of overlapping probes across the BDV genome, we identified nine in vivo synthesized species of
polyadenylated subgenomic RNAs complementary to the negative-strand RNA genome, including monocis-
tronic transcripts corresponding to ORFs I, II, and IV, as well as six polycistronic polyadenylated BDV RNAs.
Interestingly, although ORFs III and V were detected within polycistronic transcripts, their corresponding
monocistronic transcripts were not detected. Our data indicate that BDV is a member of the Mononegavirales,
specially related to the family Rhabdoviridae. However, in contrast to the rest of the NNS-RNA animal viruses,
BDV replication and transcription occur in the nucleus of infected cells. These findings suggest a possible
relationship between BDV and the plant rhabdoviruses, which also replicate and transcribe in the nucleus.

Borna disease (BD) is an infectious disease of the central
nervous system characterized by profound behavioral abnor-
malities, inflammatory cell infiltrates, and the accumulation of
disease-specific antigens in limbic system neurons (for recent
reviews, see references 45, 47, and 59). Naturally occurring
infections with Borna disease virus (BDV), the etiological
agent of BD, have been confirmed only in horses and sheep.
However, the disease can be experimentally transmitted to a
wide range of animal species including rodents and nonhuman
primates, with variable clinical and pathological manifestations
(reviewed in references 47 and 59). In addition, recent epide-
miological data suggest that BD may be more widespread in a
subclinical form with very long incubation periods (40). More-
over, serological data indicate a possible involvement of BDV,
or a related virus, in human mental disorders (1, 6, 7, 31, 62,
70), providing further impetus for the study of this virus, so far
unclassified and little understood. Early studies indicated that
the infectious agent is a highly neurotropic enveloped virus
characterized by noncytolytic replication (23, 27, 28, 37, 47).
Using BDV-specific cDNA probes (46, 70), we have demon-
strated that BDV has an RNA genome which is associated with
the nuclear fraction of the BDV-infected cells (26). Sub-
genomic poly(A)* RNAs, complementary to the BDV ge-
nome, are also found in the nucleus of the infected cells, from
where they are transported to the cytoplasmic compartment
(8), suggesting a nuclear localization for the transcription of
the BDV genome. Recently, we obtained conclusive evidence
that BDV has a nonsegmented, negative, single-stranded
(NNS) RNA genome, whose replication and transcription take
place in the nucleus, associated with infectious BDV-ribonu-
cleoprotein complexes (BDV-RNPs) (21).
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The lack of cell-free virus associated with BDV infection has
hampered the cloning and molecular characterization of the
BDV genome. However, our finding that relatively high levels
of infectious BDV-RNPs are present in the nucleus of infected
cells provided us with an alternative source of BDV genomic
RNA. Here, we report for the first time the cloning and
complete sequence of a full-length BDV genome, as well as a
preliminary analysis of the transcriptional capability of the
BDV genome. Five major open reading frames (ORFs),
designated 1, II, III, IV, and V, are predicted in the 8,903-
nucleotide BDV genome sequence. ORFs I and II correspond
to the previously identified 24- and 40-kDa BDV proteins,
respectively (49, 58, 66). ORF III probably encodes the
14.5-kDa protein associated with BDV infection (64). The
polypeptides predicted from both ORFs IV and V have not yet
been identified in protein samples from BDV-infected mate-
rial. ORF IV is capable of encoding a predicted polypeptide of
approximately 40 kDa, possibly a viral glycoprotein on the
basis of sequence features. The largest ORF identified, V, is
capable of encoding a predicted protein of approximately 170
kDa, whose deduced amino acid sequence displays strong
homology to other NNS-RNA virus polymerases (L-protein
family).

We have identified nine species of polyadenylated sub-
genomic RNAs complementary to the negative-sense RNA
genome, including six polycistronic poly(A)* RNAs and
monocistronic mMRNAs corresponding to ORFs I, 11, and IV,
whereas monocistronic poly(A)* for ORFs III and V were not
detected.

Our data indicate that BDV has a genomic organization
characteristic of members of the Mononegavirales order. More-
over, on the basis of the homology of the BDV L protein to the
other NNS-RNA virus polymerases, BDV seems especially
closely related to the Rhabdoviridae family. However, we have
documented that BDV replicates and transcribes in the nu-
cleus of infected cells, suggesting that BDV appears to have an
unique molecular biology among NNS-RNA animal viruses.
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MATERIALS AND METHODS

Cells and virus. The C6 cells persistently infected with BDV
(C6BYV cells) were generated and grown as described previ-
ously (12, 21). Procedures for the preparation of BDV stocks
were as described previously (21).

Animal samples. BD rat brain samples were obtained 3
weeks after inoculation of 4- to 6-week-old Lewis rats intra-
cerebrally with 30 pl of BD brain homogenate (3 X 10* 50%
tissue culture infective doses). (ii) PTI-NB rat brain samples
were obtained from BDV-infected newborn rats, which de-
velop a persistent tolerant infection (11).

Detection of viral antigens and quantitation of BDV infec-
tivity. Viral infectivity was determined by using the immuno-
focus assay (21, 26, 37), and viral antigens were detected by
indirect immunofluorescence (21, 26).

Northern blot analysis. RNA from BD and PTI-NB rat
brain, as well as from C6 and C6BV cells, was purified by the
guanidinium isothiocyanate-acid phenol method (17).
Poly(A)* RNA was purified by two cycles of oligo(dT)-
cellulose chromatography as described previously (3). RNA
samples were analyzed by Northern (RNA) blot hybridization
as described previously (21). cDNA probes were generated by
random primer labeling of the DNA (29), and specific-strand
riboprobes were prepared as described previously (50). Hy-
bridizations were routinely conducted with probes of specific
activity 5 X 10 to 10 X 10® cpm/pg at a concentration of 2 to
5 ng/ml. Washes were done first at low stringency (2X SSC
[1x SSCis 0.15 M NaCl plus 0.015 M sodium citrate] at 60°C)
followed by high stringency (0.2 SSC at 65°C). The probes
were stripped from the blot by boiling three times (15 min
each) in 10 mM Tris HCI (pH 8.5)-5 mM EDTA-0.2% sodium
dodecyl sulfate. When indicated, RNA hybridization signals
were quantitated by densitometric analysis of the Northern
blot autoradiograms with an LKB Ultrascan XL laser densit-
ometer.

Isolation of a BDV genome-enriched RNA population.
BDV-RNPs were prepared from nuclear fractions of C6BV
cells as described previously (15, 21, 55). RNA was extracted
from BDV-RNPs and fractionated by oligo(dT)-cellulose chro-
matography (3, 21), and the poly(A) = was recovered by
ethanol precipitation. Northern blot analysis with BDV-spe-
cific probes for the 24- and 40-kDa ORFs (49, 66) revealed a
single RNA species of ~9 kb.

Construction of BDV genomic ¢cDNA libraries. First-strand
cDNA synthesis was done with 2.5 ug of RNA enriched for
BDV genomic RNA as described above and primed with
BDV-specific oligonucleotides of antigenomic polarity. Super-
script reverse transcriptase (RT) was used to improve the
average size of the cDNA synthesis. The final composition of
the first-strand reaction mixture was 50 mM Tris-HCI (pH 8.3),
75 mM KCl, 3 mM MgCl,, 10 mM dithiothreitol, 500 uM each
dATP, dCTP, dGTP, and dTTP, 4 uM specific primer, 2.5 pg
of RNA, and 5 X 10* U of superscript RT per ml, and the
reaction took place at 42°C for 1 h. To generate directional
libraries, the BDV-specific oligonucleotides used for first-
strand synthesis reactions contained a Notl adapter on the 5’
end.

Second-strand synthesis was performed as described by
Gubler and Hoffman (34). The products of the second-strand
reactions were purified by phenol-chloroform extraction and
ethanol precipitation. The ligation reaction mixture for addi-
tion of Sa/l adapters to the cDNA contained 50 mM Tris HCI
(pH 7.6), 10 mM MgCl,, 1 mM ATP, 50% (vol/vol) polyeth-
ylene glycol 8000, 1 mM dithiothreitol, 200 pg of Sa/l adapters
per ml, and 100 U of T4 DNA ligase per ml. The reaction was
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incubated at 16°C for 16 h. After digestion with Norl, the
cDNA was size fractionated by chromatography through a
Sephacryl S-500 HR column. The cDNA was ligated into
plasmid pSPORT-1 (GIBCO BRL) previously digested with
Notl and Sall. The ligated cDNA was used to transform
Escherichia coli DH10B.

We generated three independent BDV genomic ¢cDNA
libraries. The first library was generated by priming the first-
strand synthesis with an oligonucleotide corresponding to
nucleotides (nt) 489 to 506 of the BDV 24-kDa ORF (66).
BDV-specific clones were identified by hybridization with a
BDV-specific oligonucleotide sequence located 3’ from the
oligonucleotide used to prime the first-strand reaction. Se-
quence information obtained from the 3’ end of the largest
BDV-specific genomic cDNA isolated from the first library was
used to design a BDV-specific oligonucleotide with anti-
genomic polarity that was used to generate the second library
and proceed with the BDV genomic walking. A similar strategy
was used for the generation of the third library. The sequences
of the three different oligonucleotides used to generate the
three independent libraries were as follows: first library, 5’
GCATCAACCGCCGTTGGG 3'; second library, 5' CTC
CCTACTCCCAAGGGC 3'; third library, 5" GGAGCAGCG
GACATG 3'. These sequences do not include the Norl
adapter. BDV-specific clones were identified as described for
the first library. Procedures for radiolabeling of oligonucleo-
tides with [**P]JATP and polynucleotide kinase and hybridiza-
tion conditions were as described previously (21, 63).

Cloning of the 3’ and 5’ ends of the BDV genome. To
determine the 3’ end of the BDV genome, purified RNA
enriched for BDV genomic RNA was tailed with A residues by
using poly(A) polymerase as described previously (33, 65). The
3" end of the BDV genome was cloned essentially by the
procedures described in the 3’ RACE system for rapid ampli-
fication of cDNA ends (no. 8373SA; GIBCO BRL). PCR
amplification of the BDV 3’ end was performed by using the
Notl-(T), adapter primer and a BDV-specific oligonucleotide
with genomic polarity (5" CGATCCCTCCGTGAACAAACG
CAG) complementary to nucleotides 222 to 243 of the BDV
40-kDa ORF (49). The sequence CGAT was incorporated in
the 5" end of the BDV oligonucleotide to facilitate the cloning
of the amplified product by generating an Accl and Notl
cohesive terminus by treatment with T4 DNA polymerase in
the presence of dATP and dTTP only. The cDNA was ligated
into plasmid pSPORT-1 previously digested with Accl and
Notl. BDV-specific clones were identified by hybridization with
a probe specific for the BDV 40-kDa ORF (49). The 5" end of
the BDV genome was cloned by RNA ligase-mediated self-
ligation of the BDV genomic RNA under experimental con-
ditions that promoted intramolecular rather than intermolec-
ular self-ligation, followed by RT-PCR procedures with
specific primers designed to amplify the region across the joint
of the 5’ and 3’ ends of the BDV genome. Bricfly, purified
RNA (1 pg) enriched for BDV genomic RNA was self-ligated
in a final volume of 10 pl of ligation buffer (75 mM Tris HCI
[pH 7.5], 0. mM ATP, 10 mM MgCl,, 5 mM dithiothreitol,
10% [vol/vol] dimethyl sulfoxide. 50 U of RNasin) with 50 U of
RNase-free RNA ligase (Pharmacia LKB Biotechnology, Pis-
cataway, N.J.). The reaction was incubated at 25°C for 6 h, and
the product was purified by phenol-chloroform extraction and
ethanol precipitation. First-strand cDNA synthesis was primed
with a BDV-specific oligonucleotide, 5 CGATCGGTCAGC
CCGTCCTAGTGAG 3', which was designed on the basis of
sequence information obtained from the 3’ end of clone A
isolated from the third BDV genomic library. PCR amplifica-
tion was performed by using as a second BDV-specific primer
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the same one described for the 3' RACE procedure, comple-
mentary to nt 222 to 243 of the BDV 40-kDa ORF (49). As
described above, the sequence CGAT on the 5’ end of the
oligonucleotides was added to facilitate cloning of the ampli-
fied cDNA. Procedures for cDNA synthesis, RT-PCR ampli-
fication, and cloning were as described in Materials and
Methods.

c¢DNA sequencing. DNA sequence determination was per-
formed by using the Sequenase version 2.0 cDNA sequencing
kit (United States Biochemicals, Cleveland, Ohio), as well as
the PRISM Ready Reaction Dyedeoxy Terminator Cycle
sequencing kit with the Applied Biosystems model 373A DNA
sequencing system. The entire genome was sequenced in both
directions, and each nucleotide position was sequenced at least
twice in each strand.

Analysis of nucleotide and amino acid sequences. Screening
of the Swiss-Prot 26, GenBank, and EMBL protein data bases
for similaritics with the predicted amino acid sequences from
BDV ORFs was conducted by using the FASTDB (fast
pairwise comparison of sequences) program (10) (IntelliGe-
netics, Inc.). Search of motifs present in the BDV ORFs was
conducted by using the QUEST (quick user-directed expres-
sion search tool) program (IntelliGenetics, Inc.).

Alignment of the L proteins was generated by the program
MULTALIN (19) by using the cluster principle described
previously (56).

Nucleotide sequence accession number. The sequence of the
BDYV genome has been deposited with GenBank under acces-
sion number L27077.

RESULTS

Cloning and sequencing of the BDV genome. Thc strategy
followed to clone the BDV genome is illustrated in Fig. 1.
RNA enriched for BDV genomic RNA was obtained from
infectious BDV-RNPs present in the nucleus of C6BV cells
(21) and used to generate BDV c¢DNA genomic libraries,
which allowed us to conduct a BDV genomic walking. The first
library was generated by using an oligonucleotide whose
sequence corresponded to nt 489 to 506 of the previously
described BDV 24-kDa ORF (66). BDV-specific clones were
identified as described in Materials and Methods, and those
bearing cDNA inserts of 2.5 kb or more were further analyzed
by standard procedures, including sequencing of their 5’ and 3’
ends. In addition to isolating clones in which the 5’ end
corresponded to the expected nt 489 to 506 of the BDV
24-kDa ORF (66), we recovered BDV-specific clones that
initiated at nt 69 of the BDV 40-kDa ORF (49). Representa-
tive examples of each type of clone, C90 and C38, respectively,
are shown in Fig. 1. The similarity between the sequences 5’
CGCCGTTGGG 3' and 5" CACCGTTGGG 3', present in
BDV 24- and 40-kDa OREFs, respectively, facilitated the ability
of the oligonucleotide 5' GCATCAACCGCCGTTGGG 3/,
used to prime first-strand cDNA synthesis, to cross-hybridize

J. VIrOL.
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CA 7553 8874
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RT-PCRSY/3  (8622)-314 8622 (314)

FIG. 1. Strategy for cloning the BDV genome. The BDV genome,
8,903 nt long, is presented on top (negative sense). Representative
clones from the three BDV genomic libraries generated (see Materials
and Methods) are indicated: clones C38 and C90 are representatives
from the first library; clone C8 is from the second; and clone CA is
from the third. 3' RACE is a representative clone of those obtained by
3’ RACE procedures with poly(A) tailed BDV genomic RNA to
determine the 3’ end of the BDV genome (see Materials and
Methods). Clone RT-PCR 5'/3’ contains the last 298 nt and the first
335 nt of the 5’ and 3’ ends, respectively, of the BDV genome, being
a representative clone of those obtained by RT-PCR procedures with
self-ligated BDV genomic RNA (see Materials and Methods). Num-
bers indicate the nucleotide positions in the BDV genome (Fig. 2),
delimiting the area covered by each clone.

with both sequences, accounting for the isolation of both types
of BDV genomic clones. A second BDV c¢cDNA genomic
library was generated by priming first-strand cDNA synthesis
with a BDV-specific oligonucleotide designed on the basis of
the sequence information obtained from the 3’ end of clone
C90. BDV-specific clones bearing cDNA inserts of 2.5 kb or
more were identified and analyzed as described above. Clone
C8 (Fig. 1) is a representative clone of this library. A similar
approach was followed to generate a third library. In this third
library, we did not detect BDV-specific clones bearing inserts
bigger than 1.5 kb, which suggested that we had reached the 5’
end of the BDV genome. Clone CA (Fig. 1) is a representative
clone of the third library.

The 3’ end of the BDV genome was cloned by 3" RACE
procedures (sec Materials and Methods). Six independent
clones were sequenced to determine the sequence between nt
222 of the BDV 40-kDa ORF (49) and the 3’ end of the BDV
genome. Finally, the 5’ end of the BDV genome and its precise
3’-end sequence (without the ambiguity of extra adenosine
residues at the 3’ end introduced during the 3’ RACE proce-
dures) were determined by sequencing across the 5'-3' junc-
tion of the BDV genome created by RNA ligase-mediated
self-ligation of the 5’ and 3’ ends of the BDV genomic RNA.
The use of experimental conditions that promoted intramolec-
ular rather than intermolecular self-ligation was followed by
RT-PCR procedures to amplify the region in the circularized
BDV genomic RNA flanked by sequences corresponding to
BDV 40-kDa ORF and clone CA. PCR amplification did not
require treatment of the RNA with tobacco acid pyrophos-
phatase prior to RNA-ligase-mediated RNA circularization.

FIG. 2. Sequence of the BDV genome. The complete sequence of the BDV genome is presented in the antigenomic polarity (positive sense).
Numbers at left represent nucleotide positions in the BDV genome starting at the 5’ end of the anti-genomic BDV RNA. Roman numerals at the
right (I, II, I1L, IV, and V), as well as the symbols x1 and x2, refer to the BDV ORFs. Arabic numerals at the right indicate amino acid positions
in the corresponding predicted protein sequence for each BDV ORF. ATGs that are most likely candidates to be utilized as the start codon for
the different BDV ORFs are typed in boldface and underlined. The potential transcription start and termination-polyadenylation signals flanking
each ORF have been underlined: single line for the start signals, and double line for the stop signals. Additional putative termination-
polyadenylation signals located within ORF V are also indicated. The amino acids in BDV ORF V participating in the four conserved motifs within
the proposed catalytic domain of the L-polymerases are typed in boldface. Amino acids 326 to 338 in ORF V (underlined) correspond to the
putative template-binding site described in the L-polymerases (56). The carboxy half of ORF V contains three RGD motifs (underlined) clustered
in a region 320 amino acids long, whose biological significance is presently unknown.
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GTTGCGTTAACAACCAACCAATCATTATCCTTCTAATAAAATCAACACACGCAATGCCACCCAAGAGACGCCTGGTTGATGACGCCGATG
M P P K RRUL VDD ATD
CCATGGAGGACCAAGATTTATATGAACCCCCAGCGAGCCTCCCCAAGCTCCCCGGAAAATTCCTACAATACACCGTTGGGGGGTCTGACC
A MEDIOQUDULYEUPUZPASTILUZPI KT LUPSGI KT FULO QYTV VGG S D
CGCATCCGGGTATAGGGCATGAGAAGGATATCAGGCAGAACGCAGTGGCATTGTTAGACCAGTCACGGCGCGATATGTTTCATACAGTAA
P HP GI GHEI KUDTIW R QNAVYVALILDOQ S RI RIDMUFUHTUV
CGCCCAGCCTTGTGTTTCTATGTTTGCTAATCCCAGGACTGCACGCTGCGTTTGTTCACGGAGGGGTGCCTCGTGAATCTTACCTGTCGA
T P S L V F L ¢ L L I PGLHAATFVHS GGV PIRE S YL s
CGCCTGTTACGCGTGGGGAACAGACTGTCGTTAAGACTGCAAAGTTTTACGGGGAAAAGACAACACAGCGTGATCTCACCGAGCTGGAGA
T PV T RGEQTV YV KTAI KU PFYGEI KTT QW RDILTETLE
TCTCCTCTATATTCAGCCATTGTTGCTCATTACTAATTGGGGTTGTGATAGGATCGTCATCTAAGATTAAAGCAGGAGCCGAGCAGATCA
I 8 s I F S HCOCSULUVLI GV YV I G S S S K I KA GA AEDOQTI1I
AGAAAAGGTTTAAAACTATGATGGCAGCCTTAAACCGGCCATCCCATGGTGAGACTGCTACACTACTTCAGATGTTTAATCCACATGAGG
K K R F K TMMAALNURUZPSHGETATIULTLI QMMT FNUPHE
CTATAGATTGGATTAACGGCCAGCCCTGGGTAGGCTCCTTTGTGTTGTCTCTACTAACTACAGACTTTGAGTCCCCAGGTAAAGAATTCA
A I D W I NGO QUZPWV GS F VL SLLTTUDTFE S P G K E F
TGGATCAGATTAAACTTGTCGCAAGTTATGCGCAGATGACTACGTACACTACTATAAAGGAGTACCTCGCAGAATGTATGGATGCTACCC
M D Q I KL V. A SYAQMTTYTTTII K ET YT LA AET CMMDA AT
TTACAATCCCTGTAGTTGCATATGAGATTCGTGACTTTTTAGAAGTTTCAGCAAAGCTTAAAGAGGAACATGCTGACCTGTTTCCGTTCC
L T I PV V A Y EIRUDVFULEV S A KULIKETEUHA ATUDIULTFPTF
TGGGGGCTATTCGGCACCCCGACGCTATCAAGCTTGCGCCACGGAGCTTTCCCAATCTGGCTTCTGCAGCGTTTTACTGGAGTAAGAAGG
L G A I RHUPDA ATII KU LA AUPU RSV FUPNILA A S AATF Y W S K K
AGAATCCCACAATGGCGGGCTACCGGGCCTCCACCATCCAGCCGGGCGCGAGTGTCAAGGAGACCCAGCTTGCCCGGTATAGGCGCCGCG
E NP TMAGTYU RASTTIOQZPGA AT SVYVE KTET QLA AR RTYTZ RTZ RTR R
AGATATCTCGCGGGGAAGACGGGGCAGAGCTCTCAGGTGAGATCTCTGCCATAATGAGAATGATAGGTGTGACTGGTCTAAACTAGAAAA
E I S R G E D G A EVL S G E I s A I MRMTIGV TGTULN *
CAATGAACAAACCAATAAAAAACCAAATGCGGCAAACCCCCCGCGACCTGTGATGAGTTCCGACCTCCGGCTGACATTGCTTGAATTAGT

M s §s DL RL TULLEL V
CAGGAGGCTCAATGGCAACGGGACCATCGAGTCTGGTCGACTCCCTGGAGGACGAAGAAGATCCCCAGACACTACGACGGGAACGATCGG
R RLNGNGTTIUES S GRTLUPG GG GRI®RIRSUPDTTTSGTTIG
M A TGP S S L VD SLEUDETETUDUZPIQTTULIRIRE R S
GGTCACCAAGACCACGGAAGATCCCAAGGAATGCATTGACCCAACCGGTAGACCAGCTCCTGAAGGACCTCAGGAAGAACCCCTCCATGA
v T K TTEUDUPIKECTIUDUZPTGRUPAPESGUPOQETEUPTLHTD
G s PR PRIEKTIUPIRNALTOQUPVDQLULIKUDTILIU RIEKNUP S M
TCTCAGACCCAGACCAGCGAACCGGAAGGGAGCAGCTATCGAATGATGAGCTTATCAAGAAGCTAGTGACGGAGCTGGCCGAGAATAGCA
L R PR P A NIZRIKGA AWM ATIE *
I s D P DQRTGREZ QUL SNDETLTII KI KT LV TETLATEN S
TGATCGAGGCTGAGGAGGTGCGGGGCACTCTTGGGGACATCTCGGCTCGCATCGAGGCAGGGTTTGAGTCCCTGTCCGCCCTCCAAGTGG
M I E A EEV RGTULGDTI S ARTIEASGTFESTLSALQV
AAACCATCCAGACAGCTCAGCGGTGCGACCACTCCGATAGCATCAGAATCCTTGGCGAGAACATCAAGATACTGGATCGCTCCATGAAGA
E T I Q T A Q R C D H S D s 1I R I L G E NI K I L DR S MK
CAATGATGGAGACAATGAAGCTCATGATGGAGAAGGTGGACCTCCTCTACGCATCAACCGCCGTTGGGACCTCTGCACCCATGTTGCCCT
T M M ETMI KILMMEIT KV VDU LI LY ASTA AVGT S A PMTILP
CCCATCCTGCACCTCCGCGCATTTATCCCCAGCTCCCAAGTGCCCCGACAGCGGATGAGTGGGACATCATACCATAAAAAAATCGAATCA

S HPAPPRTIYUPOQLUPSAUPTATDEUWDTITIUP *
CCATGAATTCAAAGCATTCCTATGTGGAGCTCAAGGACAAGGTAATCGTCCCTGGATGGCCCACACTGATGCTTGAGATAGACTTTGTAG
M N S K HS YV ELI KD KV VI VZPGWUPTULMULETITDTFV
GAGGGACTTCACGGAACCAGTTCCTTAACATCCCATTTCTTTCAGTGAAAGAGCCTCTGCAGCTTCCACGCGAGAAGAAGTTGACCGACT

G G T s R NOQ F L NI PVF L SV KEUPIULUOQTLUPREIZ KI KTLTD
ACTTCACCATTGACGTAGAGCCAGCAGGTCATTCCCTGGTCAACATATACTTCCAGATTGACGACTTCTTGCTCCTAACACTCAACTCAC
Y F T I DV EUZPAGHSULVNIYT FOQIDUDTFULULULTTL N S
TGTCCGTATACAAGGACCCGATTAGGAAATACATGTTCCTACGCCTCAACAAGGAACAGAGCAAGCACGCAATTARTGCAGCTTTCAATG
L s vyY KDU?PTIWZRIKYMTFIULIRTILNIKEIT GQSI KHATINA AATFN

M Q0 L § M
TCTTCTCTTATCGGCTTCGGAACATTGGTGTTGGCCCTCTCGGCCCAGACATTCGATCTTCAGGGCCTTAGTTGCAATACTGACTCCACT
V F S YRLIRUNTIGV GPULGUZPUDTIU RS S G P *

s s L I GF GTULV L AL SAQTTV FDULWOQGULSTCNTUDS T
CCTGGATTAATCGATCTGGAGATAAGCGACTTTGCCACACCCCAACGGAAAATGTCATTTCATGCGAGGTTAGTTATCTTAACCACACGA
P G LI DULETISUDTFA ATUZPA QR RIKMST FHARTILUYVIULTTR
CTATTAGCCTCCCGGCAGTCCACACGTCATGCCTCAAGTACCACTGCAAAACCTATTGGGGATTCTTTGGTAGCTACAGCGCTGACCGAA
L L ASRQ ST RHASSTTA AIZ KU ®PTIGDSTU LV AT ATLTE
TCATCAATCGGTACACTGGTACTGTTAAGGGTTGTTTAAACAACTCAGCGCCAGAGGATCCCTTCGAGTGCAACTGGTTCTACTGCTGCT

s s I 66 T L VL LRV V *
CGGCGATTACAACAGAGATCTGCCGATGCTCTATTACAAATGTCACGGTGGCTGTACAGACATTCCCACCGTTCATGTACTGCAGTTTCG
M Y C s F
CGGACTGTAGTACTGTGAGTCAGCAGGAGCTAGAGAGTGGCAAGGCAATGCTGAGCGATGGCAGTACCTTAACTTATACCCCGTATATCT
A D C s TV S Q Q ELESGI KA AMVLSDSGSTULTYTUPYTI
TACAATCAGAAGTCGTGAACAAAACCCTTAATGGGACTATACTCTGCAACTCATCCTCCAAGATAGTTTCCTTCGATGAATTTAGGCGTT
L Q S EV VNI KTIULNUGTTITULTCNS S s K I Vs F DEF R R
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2881 CATACTCCCTAGCGAATGGTAGTTACCAGAGCTCATCAATCAATGTGACGTGTGTAAACTACACGTCGTCCTGCCGGTCCAAGTTGAGAA
S Y S L A NG S Y Q S s SsSINUVTOCVNYTSSCUR S KL R
GGCGGCGTAGGGATACTCAACAGATTGAGTACCTAGTTCACAAGCTTAGGCCTACACTGAAAGATGCGTGGGAGGACTGTGAGATCCTCC
R R RRDTOQ QI E YLV HIKTILZRZPTILI KD AWETDTCETITL
3061 AGTCTCTGCTCCTAGGGATGTTTGGTACTGGGATTGCAAGTGCTTCGCAATTCTTGAGGGGCTGGCTCAACCACCCTGATATCATCGGGT
Q S L L L GMFGT GTIASA ASI GQTFULRGWIULNHUPUDTITISG
3151 ATATAGTTAATGGAGTTGGGGTAGTCTGGCAATGCCATCGTGTTAATGTCACGTTCATGGCGTGGAATGAGTCCACATATTACCCTCCAG
Y I VNGV GV V WOQCHU RVYVNVYVTU FMAMWNESTYYP P
3241 TAGATTACAATGGACGGAAGTACTTTCTGAATGATGAGGGGAGGCTACAAACAAACACCCCCGAGGCAAGGCCAGGGCTTAAGCGGGTCA
V DYNGRIKYV FULNDEGRILUOQTNTUPEARUPGTILI KRV
3331 TGTGGTTCGGCAGGTACTTCCTAGGGACAGTAGGGTCTGGGGTGAAACCGAGGAGGATTCGGTACAATAAGACCTCACATGATTACCATC
M WF GR YV FLGTVG S GV KPRIRTIIRYNIKTSHDYH
3421 TAGAGGAGTTTGAGGCAAGTCTCAACATGACCCCCCAGACCAGTATCGCCTCGGGTCATGAGACAGACCCCATAAATCATGCCTACGGAA
L EEF E A S L NMTUPOGQTSIASGHETUDUZPTINUHAYG
3511 CGCAGGCTGACCTCCTTCCATACACCAGGTCTAGTAATATAACGTCTACAGATACAGGCTCAGGCTGGGTGCACATCGGCCTACCCTCAT
T Q A DLULPYTRSSNITSTUDTS GSGWV HTIGTULP S
3601 TTGCTTTCCTCAATCCTCTCGGGTGGCTTAGGGACCTACTTGCGTGGGCGGCCTGGTTGGGTGGGGTTCTATACTTAATAAGTCTTTGTG
F A F L NPULGWIULIRUDILILAWAAWILGSGUV VL YULTI S L C
3691 TTTCCTTACCAGCCTCCTTCGCGAGGAGGAGACGCCTCGGCCGGTGGCAGGAATAAACCGTACCGACCAAACTCTTAAAAACCCTCTTCT

V S L PA S FARU RRRLGRWOQE *
3781 CGGGACAGAGGTCTCTTTCTGCCTTAAATCGAGTTCACTCCCCCATCACGTACGAGCATTGGGCCAGATTAAAGCAAAGAACCTGGCATC
3871 CTGTGACTATTACTTGCTATTCCGCCAAGTTGTATTGCCCCCTGAAGTATATCCCATTGGTGTCTTAATAAGAGCTGCGGAGGCCATACT
3961 AACAGTTATAGTATCAGCTTGGAAGCTGGATCACATGACAAAGACCCTATACTCCTCTGTGAGATATGCACTCACCAATCCCCGGGTCCG
4051 GGCCCAACTTGAGCTCCACATTGCCTACCAGCGCATAGTGGTCAGTCTCGTATAGCCGGGAAGCAGATATAGGGCCAAAAAGGCTTGGGA
4141 ATATGTCATTGCAATTCATCCAATCCCTCGTTATTGCCACCATAGACACAACGAGCTGCCTAATGACCTACAACCACTTTCTTGCTGCAG
M s L Q FI 9 sL VI ATTIUDTTS ST CLMTYNUHT FTULAA
4231 CAGACACAGCCAAGAGCAGATGCCACCTCCTAATCGCCTCAGTGGTCCAAGGAGCCCTTTGGGAGCAAGGGTCATTTCTTGATCATATAA
A DTA X SR CHTULILTIA ASVVQGALWEZ OQSGSU FULUDUHI
4321 TCAACATGATCGACACAATTGACTCAATCAACCTCCCCCATGATGATTACTTCACAATTATTAAGTCTATCTCTCCCTACTCCCAAGGGC
I NM I DTTID S I NUILUPHDDYFTTITIIK S I s P Y S QG
4411 TTGTTATGGGGAGGCACAATGTGTCAGTCTCCTCTGATTTTGCGTCCGTATTTACTATTCCTGAATCATGCCCACAACTAGACAGCTTAC

L VMG RUHNV VSV S SDF A SV F TIUPES ST CZPUGQULDS L
4501 TAAAAAAACTGCTTCAACTTGACCCTGTTCTCCTCCTCATGGTCTCTTCGGTGCAGAAGTCATGGTACTTCCCTGAGATCCGAATGGTTG

L K XK L L QL DPV L LL MV S SV Q K SsS WYV F P ETII RMMUV
4591 ACGGGTCACGGGAGCAGCTCCACAAGATGCGTGTCGAGCTGGAGACGCCCCAAGCCCTGCTGTCATACGGCCATACCCTCCTGTCAATAT
D G S REQLHIKMUPBRVYVETLET?PAOQATLIULSYGHTTULTUL S I
4681 TTCGAGCAGAGTTTATCAAAGGCTATGTCTCAAAGAATGCGAAGTGGCCGCCTGTACACCTGCTCCCAGGCTGTGACAAATCCATAAAGA
F R A EVF I KGY VS KNAIKWUPUPUVHTILILUPSGT CDIKS I K
4771 ATGCGAGAGAGCTGGGCCGCTGGAGCCCGGTGTTTGACCGACGATGGCAGCTCTTCGCGAAGGTTGTCATTCTAAGAATTGCTGACCTAG
N AR EULGRWS PV FDIRRWOQLFAI KU YV VYV IULIRTIATUDIL
4861 ATATGGATCCCGACTTCAACGATATTGTTAGCGACAAGGCGATAATCAGCTCAAGAAGGGACTGGGTATTTGAGTACAATGCAGCAGCCT
DMDPDF NDI VS DI KA ATITIS S RIRUDWUVFEYNAAA
4951 TTTGGAAGAAATACAGTGAGCGGTTGGAGAGGCCCCCTGCCAGATCGGGACCATCACGGCTTGTGAATGCTCTGATCGATGGACGCTTAG
F WK K Y s ERLEURUPUVPARSGZP SR RULVNAILTIDSGT RIL
5041 ATAATATCCCAGCCCTGCTAGAGCCATTTTACAGGGGAGCGGTTGAGTTTGAGGATCGGCTGACTGTGCTCGTGCCTAAGGAGAAGGAGT
D NI PALULEUZPTFYRGAV ETVFEUDI RILTUVL VP KE KE
5131 TGAAGGTAAAGGGAAGGTTCTTCTCGAAGCAAACATTGGCAATCAGGATATATCAGGTTGTTGCTGAAGCTGCACTTAAGAACGAGGTTA
L KV KGRVFVF S KQTULATII RTIYLQVV A EAATULIKNEUV
5221 TGCCATACTTAAAAACACATTCAATGACCATGAGCTCAACGGCCCTAACCCATCTTCTTAACCGGCTATCACATACTATCACTAAGGGTG

M P YLKTUHSMTMSSTA ATLTHTLTLNZ RTILTSIHTTITZKG
5311 ACTCCTTTGTTATTAACTTAGATTATAGCTCCTGGTGCAACGGTTTCCGACCAGAACTACAAGCCCCACTCTGTCGTCAGTTGGATCAGA
D s E Y I N L D Y 8 8 W C NG F R PEILUGQAZPTLTUGCRUOQTULDQ
5401 TGTTCAATTGCGGGTACTTCTTCAGGACTGGGTGCACACTGCCATGCTTTACCACGTTTATTATTCAGGACAGATTCAACCCGCCCTATT
M F NCGYTFTFRTG G CTTLTPGCFTTTFTITIOQDT RTFNTPTPY
5491 CCTTCCGTGGTGAGCCCGTTGAAGACGGTGTCACATGCGCGGTTGGGACTAAGACAATGGGAGAGGGTATGAGGCAGAAACTATGGACAA
S FRGEUZPVETDTG GV T ¢ A YV ¢ T KT MG EG M R OQOK L W T

5581 TTCTTACGAGCTGCTGGGAGATAATTGCTCTTCGGGAAATTAACGTGACGTTTAATATACTAGGCCAGGGTGATAATCAGACAATCATTG

J. VIroL.
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5671 TACATAAATCTGCAAGCCAAAATAATCAGCTATTAGCGGAGCGAGCATTGGGAGCTTTGTACAAGCATGCTAGATTAGCTGGCCATAACC
Y H K S A s Q NN QULULAEURAILUGA ATLYIZ KUHA AR RILAGHN

5761 TTAAGGTAGAAGAATGTTGGGTGTCAGATTGTCTGTATGAGTATGGAAAGAAGCTCTTCTTCCGTGGTGTACCTGTCCCAGGCTGTTTGA
L K V EECW VS DO CULYEYGI K KL F F R G Y P V P G C L

5851 AGCAGCTCTCGCGGGTGACGGACTCCACTGGGGAGTTATTCCCAAACCTATACTCAAAGTTAGCCTGCTTAACATCATCATGCTTAAGCG
KO L S RV TDSTGETLTFZPNILY S KULACLTS S CL S

5941 CAGCGATGGCAGACACATCCCCATGGGTGGCACTCGCGACAGGTGTCTGTCTGTATCTTATCGAGTTGTATGTTGAGCTGCCTCCGGCAA
A AMADTS P WV ALATSGVCLYULTIETULYVETLUPUPA

6031 TCATGCAGGACGAGTCGCTGTTAACGACCCTCTGTCTCGTAGGTCCATCCATTGGTGGGCTTCCAACTCCTGCAACCCTGCCCAGTGTCT
I M Q DESULLTTTULTZ CLVGZ?PSIGGULUPTU®PA ATTULUZP S V

FIG. 2—Continued.
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TTTTCAGAGGAATGTCCGACCCATTGCCCTTTCAGCTAGCACTCTTGCAGACCCTCATTAAAACGACAGGGGTGACTTGTAGCTTGGTGA
F FRGMSDUPLUZPVFOQLALULO QT TTLTII KTT TGV VTT CSTLUV
ATCGTGTGGTTAAGTTACGGATAGCACCCTATCCAGACTGGCTCTCCCTAGTGACTGACCCGACTTCACTCAACATTGCTCAGGTGTACC
N RV V KL RIAUPYUPUDWULSULVTDUPTSULNTIATQUVY
GGCCAGAACGTCAAATCAGGAGGTGGATTGAGGAGGCAATAGCAACAAGCTCACACTCGTCACGCATAGCAACTTTTTTCCAGCAGGCCC
R P ER QI RRWTIEEA ATIA ATS S HS S RTIATTFVFOQ QA
TCACGGAGATGGCCCAGCTGCTTGCGAGGGACCTCTCAACAATGATGCCTCTTCGGCCCCGGGATATGTCGGCCTTATTCGCATTATCAA
L T EMAOQLULARUDILSTMMUPILIRUZPRIDMMSATLTFATL S
ATGTCGCATATGGTCTAAGCATTATAGATCTATTTCAAAAGTCCTCTACCGTTGTCTCTGCAAGTCAAGCTGTCCATATCGAAGATGTTG
N v a Y GL S I I DU LVFQK S ST TVV S A S QAV HTIUETDUV
CCCTAGAGAGTGTAAGGTATAAGGAATCTATCATTCAGGGTCTGTTAGACACTACTGAGGGGTACAACATGCAACCTTATTTGGAAGGTT
A L E SV RYIKESTITIOQGLULDTTETGYNMMOQUPYTULEG
GCACTTACCTTGCAGCCAAGCAGCTACGGAGGTTGACGTGGGGTCGAGACCTAGTTGGAGTTACAATGCCGTTTGTTGCCGAGCAATTCC
C T YL AAKOQULRIRILTWGIRDILVYV GV TMUPTFV A EQF
ATCCCCATAGTTCTGTCGGTGCAAAAGCAGAACTCTACCTCGATGCTATCATATACTGCCCACAAGAGACGTTGCGGTCACACCATCTGA
H P H S S V G A KAUEULYULDA ATITIY YO CUPOGQETIULUZRSHUHIL
CTACCAGGGGGGACCAGCCGCTTTACCTTGGATCTAATACGGCTGTCACGGTTCAGCGAGGTGAGATCACAGGCCTAACAAAGTCAAGGG
T T R G D OQ PL Y L G S NTA AV TVQRGETITSGTLTIK S R
CTGCAAATCTAGTCAAGGACACTCTCGTTCTCCACCAGTGGTACAAGGTCCGTAAGGTTACCGATCCACACTTGAACACTCTCATGGCGC
A A NUL V KDTULUVILHA QWY YIKUVRI KUYV TDUPHTULNTTILMA
GCTTCTTGCTTGAGAAGGGATACACATCTGACGCTCGGCCTAGCATTCAGGGTGGGACCCTCACACATCGTCTCCCATCCCGTGGAGACT
R F L L EKGYTSUDARUPJSTIOQGGTULTHURIULUP S R_G D
CACGCCAAGGGCTCACTGGGTATGTGAATATACTCAGCACGTGGCTCCGGTTCTCAAGTGATTATCTTCACTCTTTCTCGAAATCATCAG
S R Q GL TG YV NTIULSTWILRVFS S DYTLMH SV F S K § s
ATGACTACACAATCCACTTCCAGCATGTATTCACATACGGTTGCCTCTATGCTGATTCGGTGATTAGATCGGGCGGTGTTATTTCCACTC
D DY TTIHV FOQHVF FTYGOCLYA ADS SV VIURSGG GV I ST
CTTACCTTTTGAGTGCAAGTTGTAAAACATGCTTTGAGAAGATAGACTCAGAGGAGGTCGTCCTGGCATGCGAACCTCAATATAGGGGTG

P YL L S A S CI KTT GCU FEI I KTIUDSEEUV VL A CEUPIGQY R G
CTGAGTGGCTGATATCAAAGCCAGTTACTGTCCCTGAGCAGATAATTGACGCTGAAGTCGAGTTTGACCCCTGTGTGAGTGCGAGTTATT
A E WL I S K PV TV PEQITIDAEVEVFUDUPT CV S A S Y
GTCTCGGGATTCTCATTGGCAAGTCATTCTTGGTTGACATAAGGGCAAGTGGGCATGATATTATGGAGCAGCGGACATGGGCTAACTTGG
¢c L G I L I G K S F L VDTIUZRASGHDTIMMEIZ QI RTWANIL
AGAGGTTTTCTGTGTCGGACATGCAGAAACTTCCATGGAGTATTGTAATTCGGTCTCTCTGGAGATTCCTTATTGGCGCACGACTCCTCC
E R F S Vs DM Q KL PW S I VIR SULWIZRU FILTIGA ARIULTL
AGTTTGAGAAGGCTGGCCTTATTAGGATGCTGTATGCTGCAACAGGTCCAACCTTTAGCTTCCTAATGAAAGTCTTTCAAGACTCAGCCC
Q F E K A GL I RML Y AATGUPTV F S F L MKV F QD s A
TACTTATGGACTGCGCACCTCTTGATCGGCTGTACCCTAGGATCAACTTTCATAGTCGGGGAGACCTCGTCGCCAAGCTCGTTTTATTAC
L LM DCAUZPULUDU RTLYU P RINTFMHSU RG DLV A KIULVLL
CCTTCATCAACCCGGGTATAGTGGAGATTGAAGTGTCTAGAATTAATAGCAAGTATCATGCAGTATCGGAGGCTAATATGGATCTGTACA
P F I NP G I V ETIEV S RINSIKYHAUV S EANMMDIULY
TCGCTGCTGCAAAATCTGTGGGCGTAAAGCCCACACAGTTTGTTGAGGAAACAAACGACTTTACGGCCCGCGGCCACCACCATGGTTGTT
I1 A A A K SV GV KUPTOQU FV EETNUDT FTAIRUGUHMHUHGC
ATTCCCTTTCTTGGTCTAAGTCACGCAATCAATCACAGGTCCTAAAGATGGTAGTGCGGAAGCTGAAGCTATGTGTCCTGTATATATACC
Y S L S WS K SR NOQ S Q VL KMV VRIKTLI KTLTCVL Y IY
CCACAGTCGATCCCGCCGTTGCTCTCGACCTGTGCCACCTGCCAGCACTAACTATAATCCTAGTGCTCGGCGGTGACCCAGCGTACTACG
P TV D P AV AL DL CHTULUPALTTITIULVILGSGDUPAYY
AGCGATTACTTGAGATGGACCTATGCGGGGCTGTGTCAAGTCGCGTTGATATCCCCCATTCCCTAGCTGCCAGAACGCACAGGGGGTTCA
E R L L EMDULCGA AV S S RV DIPHSULAAURTHRG F
CAATAGGCCCAGACGCTGGTCCAGGTGTGATTAGACTTGACAAGTTAGAGTCGGTTTGTTACGCCCACCCCTGTTTGGAGGAGCTAGAGT
T I G P DA G PGV I RULUDI KT LES SV CY A HUPOCULETELE
TTAATGCGTACCTAGACTCTGAGTTAGTTGATATTAGTGATATGTGCTGCCTCCCCCTAGCGACACCCTGTAAGGCCCTATTCAGGCCAG
F NAYULDSE ELUVDTISDMTCTCLUPTLA ATUZPTC CI KA ATLTFRP
TGTATCGGAGCTTACAGTCGTTCAGGTTAGCCTTAATGGACAACTATAGTTTTGTAATGGACCTCATTACGATCCGGGGGGTGGACATCA
V Y R S L QS FRLALMUDNUNYSPF VMDULTITTIW RGU VDI
GGCCTCACCTTGAGGAGTTTGATGAACTGCTTGTGGTGGGGCAGCATATCCTCGGTCAGCCCGTCCTAGTGGAGGTTGTTTACTACGTTG
R P HL EEVFDETILILV YV GQ HIULGOQU®PVL V EUV VY YV
GAGTTGTTGGGAAGCGTCCTGTGTTAGCGAGGCATCCCTGGTCAGCAGATCTTAAGCGAATCACTGTAGGGGCGAGCGCCCTGCCCTTCT
G VV G KR PV L ARHUPWSADTILI KU RTITUVGASAULPF
GCTGCTGGACTGCGTGATGAGGATTGTCGGGGGTCTCTGCTGGTTGGGCTTCCCGCTGGATTGACGCAGTTGTTGGTGGTTGATTGAGGT
C C W T A *
TGAGCCATCTACTGCCCTATTCTTAAAAAACCATACGTCAGTGGTGCAGTGCTTGGGTTTGGTGATTGGTTGGTTGTAGCGCT

FIG. 2—Continued.
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FIG. 3. Coding capability of the BDV genome. All possible ORFs
larger than 25 amino acids in the BDV genome are indicated. Lanes 1,
2, and 3 correspond to ORFs found in the mRNA polarity, and lanes
4,5, and 6 correspond to those found in the genomic RNA. The
location of ORFs described in Fig. 2 are indicated as I, 11, IIL, IV, V,
x1, and x2. ORFs I and II correspond to the 40- and 24-kDa BDV
proteins, respectively (49, 66). ORF IIT probably encodes the 14.5-kDa
protein associated with BDV infection (64). We have identified ORF
V as the BDV L polymerasc.

Six independent clones were sequenced to determine the exact
5" and 3’ ends of the BDV genome. A representative of these
clones, RT-PCR 5'/3', is presented in Fig. 1.

The sequence of the BDV genome, 5'-3" positive sense
(antigenic polarity), is presented in Fig. 2. Five major ORFs
that we have designated as ORFs I, 11, 111, 1V, and V are
predicted in the BDV genome sequence (Fig. 3). ORFs I (nt 54
to 1163) and Il (nt 1272 to 1874) corresponded to the
previously described 40- and 24-kDa BDV proteins, respec-
tively (49, 58, 66). ORF III (nt 1893 to 2318) is capable of
encoding a predicted protein of approximately 16 kDa, which
could account for the 14.5-kDa protein found associated with
BDYV infection (64). However, it has been proposed that the
BD-specific 14.5-kDa protcin may be cncoded by a different
OREF (58, 70), corresponding to ORF x1 (nt 1223 to 1483) in
our scquence, that overlaps in a different frame with the ORF
II (sec Discussion). We also identified ORF x2 (nt 2236 to
2556), which overlaps in a different frame with the -COOH
terminal of ORF III and is capable of encoding a predicted
protein of approximately 12 kDa. Both ORFs x1 and 111 have
good translational start (TS) signals, RNNATG, whereas ORF
x2 has a very poor TS signal, YNNATGY (14).

ORFs IV (nt 2685 to 3743) and V (nt 4143 to 8744) arc
capable of encoding predicted proteins of approximately 40
and 170 kDa, respectively, which have not yet been identified
in protein samples from BDV-infected cells or animals. The
first ATG of ORF 1V is flanked by a poor TS signal (YN
NATGY) (14), wherecas 21 amino acids downstream in the
same frame there is a second ATG flanked by a good TS signal
(RNNATG). In ORF V, the first ATG is flanked by a favorable
TS signal (RNNATG) (14).

As shown in Fig. 3, the genomic polarity has a very limited
coding capability. Three ORFs, cORF I (nt 6082 to 5699),
cORF II (nt 1627 to 1259), and cORF III (nt 1386 to 1048),
capable of encoding predicted proteins of approximately 14,
13.5, and 12.5 kDa, respectively, are found in the genomic
polarity. However, none of the cORFs has a favorable TS
signal (RNNATG) (14), and they are not flanked by polyade-
nylation or transcription start signals. It is not yet possible to
rule out the possibility that these cORFs direct the synthesis of
polypeptides during BDV infection; however, it seems very
unlikely that BDV has an ambisense coding strategy.

Similar to other NNS-RNA viruses (2, 30, 32, 42, 67), BDV
OREFs are flanked by nontranslated boundary sequences where
regulatory signals involved in transcription initiation and stop
arc located. Examination of the BDV boundary sequences

J. VIROL.

A)

Transcription Start ranscription Stop/Polyadenylation
I (@4l) 3 UACUUGUGUG 5'(50) (1181) 3' UGGUUAUUUUUU 5'(1192)
I (1173) 3' UACUUGUUG 5'(1181) (1871) 3' UGGUAUUUUUUU 5'(1882)
|
IV (2385) 3' UGCCUUUUAC 5'(2394) (3761) 3' UGAGAAUUUUU 5'(3771)
Vi) (3995)  3' UACUGUUUCU 5'(4004) (8839) 3' UAAGAAUUUUU 5'(8850)
iiy(4121)  3' UCCCGGUUUU 5'(4130)
Consensus ~ 3' UNCU/CU/GU/GUUNN 5 3* uG/AG/AU/GU/AUUULU 5
B)
PF3  3' --UCCUNNUUUC- §' 3' UUNAUNNUNNNN-- §'
NDV  3' --UNNNCNNNNNC 5' 3' --ANUCUUUUUU- §'
sV 3' ---UCCCANUUUN- §' 3' --AUUCUUUUU-- §'
MV 3' -—-UCCNNNNUNCN 5' 3' —-NNNNUUUU--- 5'
RSV 3" e CCNGUUUN- 5* 3' UCAAUAANUUUU-- 5'
VSV 3' --UUGUCNNUAG- 5' 3' --AUACUUUUUUU 5'
RV 3' —UUGUNNNGA-- §' 3' ---NACUUUUUUU §'
MBG 3' NNCUNCNUNUAAUU 5' 3' -UAAUUCUUUUU- 5'
BDV  3' --UNCU/CU/GU/GUUNN- §' 3' -UG/AG/AG/uY/AU/AUUUUU-- 5

FIG. 4. Regulatory sequences of the BDV genome. (A) Putative
transcriptional start and termination-polyadenylation signals located at
the boundarics of BDV ORFs. The transcriptional signals are pre-
sented in the genomic polarity (negative sense). The different BDV
ORFs arc indicated on the left by Roman numerals. Numbers in
parentheses indicate the nucleotide positions in the BDV genome
delimiting the corresponding transcriptional signals. Potential tran-
scription start and stop signals were not found flanking ORF 111. Two
putative transcription start signals were identified 3’ from the first
ATG of ORF V. BDV consensus sequences of transcription start and
termination-polyadenylation signals are indicated. (B) Comparison of
consensus transcription start and termination-polyadenylation signals
(negative sense) between BDV and other NNS-RNA viruses of the
three families Paramyxoviridae, Rhabdoviridae, and Filoviridae. Con-
sensus sequences were derived as described previously (30). Symbols:
PF3, human parainfluenza 3 virus; NDV, Newcastle disease virus; SV,
sendai virus; MV, measles virus; RSV, respiratory syncytial virus; VSV,
vesicular stomatitis virus; RV, rabies virus; MBG, Marburg virus.

revealed the potential transcription start (S) and termination-
polyadenylation (E) signals presented in Fig. 4A. We could not
identify these signals for ORF I1I. Both the putative start and
termination-polyadenylation signals showed minor variations
among the different BDV ORFs. The deduced putative BDV
start consensus sequence (UNCNNNUUNN) is identical to
the one obtained when NNS-RNA viruses of the three Mono-
negavirales families, Filoviridae, Paramyxoviridae, and Rhab-
doviridae, are compared (Fig. 4B) (30). In addition, the
deduced putative BDV termination-polyadenylation consensus
sequence (3’ U G/A G/A U/G AUUUUU 5') also showed
strong similarities with those found in other NNS-RNA viruses
(Fig. 4B). The conserved six-mer AUUUUU located at the 5
end of cach termination-polyadenylation signal (genomic po-
larity) was always followed by the dinucleotide GG, except in
OREF 11, where CG was found. Determination of the exact 3’
ends of the mRNAs corresponding to ORFs I and Il showed
that the GG or CG is not present at the 3" end of these
mRNAs (49, 66; data not shown).

On the basis of the putative BDV transcription start and
stop signals proposed (Fig. 4), the termination-polyadenylation
signal of BDV ORF 1 is located immediately 3’ (antigenomic
polarity, positive sense) from the transcription start signal of
OREF II, whereas two termination-polyadenylation signals, 3’
GAAUGAUUUUUUU 5, and 3 UAUGAAUUUUU 5, are
found within ORF V at nt 4496 and 5225, respectively, in the
BDV genome. Moreover, two potential transcription start
signals are located 5’ upstream from the first ATG of ORF V,
at 223 and 349 nt, respectively, from the termination-polyade-
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FIG. 5. Analysis by Northern blot hybridization of BDV poly(A)* RNAs synthesized in vivo. (A) BDV poly(A)* RNAs detected in RNA
obtained from BD rat brain and C6BV cells. Lanes: 1, total RNA (10 pg) from normal rat brain; 2, total RNA (10 pg) from BD rat brain; 3, total
poly(A)~ RNA (10 pg) from BD rat brain; 4, cytoplasmic poly(A)* RNA (1 pg) from C6BV cells; 5, total poly(A)* RNA (1 ug) from BD rat
brain. The same membrane was hybridized to the corresponding probes indicated at the bottom of each blot. Experimental procedures were as
described in Materials and Methods. All the probes used had similar specific activities, of about 5 X 10® cpm/ug. The sizes of the BDV poly(A)*
RNAs were estimated by plotting their actual electrophoretic mobilities along the standard curve constructed by plotting the electrophoretic
mobilities of RNA species of known size contained in the ladder RNA (panel j). The line drawn through the standard points was obtained from
a least-squares regression analysis. Panel e shows the ethidium bromide staining of the gel. L indicates ladder RNA. (B) (i) Location in the BDV
genome (antigenomic polarity) of the BDV probes used for Northern blot hybridization experiments. (ii) Location of the BDV ORFs in the BDV
genome (positive sense). ORFs are indicated by I, II, III, IV, and V. In addition, we have indicated the locations of ORF x1 (X1) and ORF x2
(X2). Arrows ( 1) indicate the initiation of the ORFs (ATG), whereas black dots indicate the corresponding stop codons. (iii) BDV transcriptional
map. A preliminary BDV transcriptional map is proposed on the basis of results presented in this figure and Table 1. Numbers on the left indicate
the estimated sizes (in kilobases) of the BDV poly(A)* RNAs detected by Northern blot hybridization (panel A). The sizes of the arrows
representing the BDV poly(A)* transcripts (5'-3’, positive sense) do not include the tracks of poly(A) at the 3’ end of each transcript, which are
probably variable in size.

nylation signal of ORF IV, whereas ORF V is not followed by extracted from both BDV-infected cells and BD rat brains (26,
an S signal. 46, 58, 60, 70). However, on the basis of results presented in

BDV subgenomic poly(A)* RNAs. Using BDV-specific Fig. 2, the previously described BDV probes (46, 66, 70)
probes corresponding to the 24- and 40-kDa BDV OREFs, we represented only the 2-kb-most 3’ end of the BDV genome
and others have described BDV subgenomic poly(A)* RNAs (Fig. 2 and 5) and very probably did not recognize all BDV
of approximately 0.85, 1.2, 2.1, and 3.5 kb present in RNA poly(A)* transcripts expressed during BDV infection. To
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TABLE 1. Hybridization pattern and quantitation of the BDV poly(A)* RNAs synthesized in vivo

Relative hybridization signal for’:

RNA size BDV-ORF(s) % Total ~ Molar % Molar
(kby’ C38/5'  40-kD ORF  C383'  C90/5' €903  C8 CA RST,;;CCR covered amount’  ratio®  ratio
0.85 4+ ++ 1l 19.10 1 38.40
1.35 e+ e+ +++ 1 250 071 2730
1.60 ++ o+ v 180 005 1.90
2.10 ++ I-II 2360 048 1850
2.80 FH+ A+ e -1V 1720 026 100
3.50 + + + + ILII-IV-(V) 150 002 0.70
470 + + + + LILHL-IV-(V) 120 001 0.30
6.10 + + ++ St A+ V-V 450 003 1.10
7.25 4+ 4+ ++ S+ A+ + HI-IV-V 730 0.04 1.50

“ The different BDV poly(A)* transcripts are indicated by their corresponding estimated sizes.
b The hybridization patterns of BDV poly(A)* RNAs with the set of overlapping probes covering the entire BDV genome (Fig. 5) are indicated by the symbols +++,
++, and +, which correspond to strong, intermediate, and weak hybridization signals, respectively. The area of the BDV genome covered by each probe is indicated

in Fig. 5C (i).

¢ The 3.5- and 4.5-kb BDV transcripts very probably use the transcription termination-polyadenylation signal located at position 4496 in the BDV genome (Fig. 2),

covering only the first 117 amino acids of ORF V, indicated by parentheses.

4 The amount of RNA present in each RNA species was quantitated from their corresponding densitometer units obtained from scanning of autoradiogram exposure
within the linear range of the film response. For each transcript the quantitation was based on the highest hybridization signal obtained with the different probes that
recognized cach transcript (0.85- and 1.35-kb transcripts, probe C38/5'; 1.6-, 2.1-, 2.8, 3.5-, and 4.7-kb transcripts, probe C 90/5’; 6.1- and 7.25-kb transcripts, probe

C8).

¢ Molar ratios were determined by dividing the amount of each RNA species by its estimated molecular size and setting the value obtained for the 0.85-kb species

as 1.

investigate this question, we analyzed poly(A)* RNA obtained
from BDV-infected samples by Northern blot hybridization
with a set of overlapping probes spanning the entire BDV
genome. We detected nine species of poly(A)* subgenomic
RNAs in RNA extracted from C6BV cells or from BD rat
brain (Fig. 5), with polarity complementary to the negative-
strand BDV RNA genome as determined by hybridization
experiments with specific-strand riboprobes (data not shown).
The estimated sizes of the poly(A)™ subgenomic BDV RNAs,
based on their clectrophoretic mobility, and their correspond-
ing patterns of hybridization with the different probes across
the BDV genome are summarized in Table 1. The samec BDV
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FIG. 6. BDV 3’ leader RNA. (A) BDV 3’ leader RNA displays
significant similarities to rabies virus 3’ leader RNA. Both leader
RNAs are presented in genomic polarity. Homology between BDV
and rabies virus 3’ leader RNAs was analyzed as described previously
(30). Symbols: *, identical nucleotides in both leader RNAs; », uridine
residues repeated at every second or third position that have been
found to be conserved at the 3’ ends among 3’ leader RNAs of
members of the Mononegavirales (5, 30). A small conserved box of 5 nt
(3" UAUUU 5, positive sensc), which is found in the middle of the 3’
leader RNAs of NNS-RNA viruses (30), is found at the 5' end of the
BDV 3’ leader RNA and is underlined (single solid line). A putative
sequence which might operate as a BDV leader-termination signal (3’
AUUAUUUU 5') is also indicated (single dashed line), as well as a
potential transcription start signal for ORF I (3’ UACUUGUGUG 5")
(double dashed line). (B) Complementarity between 3’ and 5’ ends of
the BDV genome. Vertical lines indicate complementary nucleotides
between both extremities.

3' CAACGCA

transcriptional pattern was found in RNA extracted from
PTI-NB rat brain (data not shown). We detected monocis-
tronic transcripts corresponding to ORFs I, II, and IV with
approximated sizes of 0.85, 1.35, and 1.6 kb, respectively, but
we did not detect the monocistronic transcripts corresponding
to ORFs III and V. In addition, we detected polycistronic
transcripts, both dicistronic, I-1I and 1V-V, of approximately
2.1 and 6.1 kb, respectively, and tricistronic, II-III-1V, III-
IV-V, and II-1II-IV-(V), of approximately 2.8, 7.2, and 3.5 kb,
respectively, as well as the tetracistronic transcript, I-1I-IIT-IV-
(V), of approximately 4.7 kb. The tricistronic, H-11I-1V-(V),
and tetracistronic, I-1I-11I-1V-(V), transcripts apparently use
the same transcription termination-polyadenylation signal lo-
cated at nt 4496 in the BDV genome (positive sense), 117
amino acids within the NH, terminal of ORF V. On the basis
of results presented in Fig. 5 and Table 1, we propose a
preliminary BDV transcriptional map, presented in Fig. 5B
(iii).

Leader sequences at the 3’ and 5’ ends of the BDV genome.
Untranslated regions known as (+) and (—) leader RNAs
[ranging from 46 to 58 nt for the (+) leader RNAs and from 41
to 155 nt for (—) leader RNAs] (2, 30, 32, 42) are found at the
3" and 5’ ends of the genomes of NNS-RNA viruses. Putative
(+) and (—) leader RNAs, both of 53 nt, were found in the 3’
and 5’ ends, respectively, of the BDV genome (Fig. 2 and 6).
Similar to other NNS-RNA viruses, the putative 3’ leader
RNA of BDV had a high content of adenine and uridine
residues (64%), of which uridine residues represented 64%
and adenine residues represented 36%. Computer-assisted
comparisons revealed a high degree of homology between the
3’-most ends of rabics virus (nt 5 to 19) and BDV (nt 7 to 24)
genomes (Fig. 6A). Comparison of the 3’ lcaders among the
families Rhabdoviridae, Paramyxoviridae, and Filoviridae re-
vealed a conserved motif at the 3’ ends which is characterized
by the presence of uridine residues at every second or third
position (5, 30). These uridine residues were also found in the
3’ leader of BDV (Fig. 6A). Moreover, the small conserved
sequence 3 UAUUU 5’ found in the middle of the 3'-end
leaders of NNS-RNA viruses (30) was also found in the
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FIG. 7. Alignment of the proposed catalytic domain of the L polymerases of NNS-RNA viruses including the BDV L polymerase. The
alignment of the L-protein sequences of the indicated viruses was produced as described in Materials and Methods. Abbreviations of virus names
are the same as in Fig. 4, with the following additions: CDV, canine distemper virus; PIV2, parainfluenza virus 2; SVS5, simian virus 5; HRSV,
human respiratory syncytial virus. The four conserved motifs (A, B, C, and D) within the catalytic domain of the L-proteins are indicated. Strictly
invariant residues are shown in boldface type. Plus signs represent identical or chemically similar amino acids conserved in more than 70% of the
sequences. Asterisks refer to amino acids conserved in all RNA-dependent polymerases. Amino acid residues characteristic of the partition
between nonsegmented and segmented negative-strand RNA viruses are underlined.

putative BDV 3’-end leader (Fig. 6A). However, in contrast to
other NNS-RNA viruses, this sequence was found in the 5’ end
of the BDV 3’ leader RNA overlapping with a putative
transcription termination-polyadenylation signal, which might
operate as a leader termination signal (Fig. 6A).

Complementarity at the genome extremities involving 10 to
20 nt is a common feature among NNS-RNA virus genomes (2,
30, 32, 41, 42). Nucleotides 10 to 24 at the 3’ end and 8883 to
8987 at the 5' end of the BDV genome (negative sense)
displayed perfect complementarity (Fig. 6B). Twenty nucleo-
tides removed from this region with 100% complementarity is
an additional stretch of 8 nt displaying 75% complementarity,
corresponding to nt 44 to 53 at the 3’ end and 8854 to 8862 at
the 5’ end (negative sense).

Analysis of the predicted proteins of the BDV genome. The
deduced amino acid sequences from the BDV ORFs were used
to screen the GenBank protein data base for similarities by
using the IntelliGenetics FASTDB program and for functional
and structural motifs by using the QUEST program. In agree-
ment with previous reports (58, 66), we did not find significant
regions of homology or identity for ORFs I and II, with the
exception of the previously mentioned very distant homology
of ORF I to the L-gene polymerases (49). BDV OREFs III and
IV are capable of encoding polypeptides 142 and 353 amino
acids long, respectively, with corresponding calculated molec-
ular masses of 16.2 and 39.9 kDa. ORF III very probably
encodes the BD-specific 14.5-kDa protein on the basis of
partial amino acid sequence obtained from purified 14.5-kDa
protein (9, 64), whereas the predicted polypeptide encoded by
ORF 1V has not yet been identified in BDV-infected samples.
Possible functions associated with these BDV proteins are
presently unknown. Both ORFs IIl and IV have a basic
character with pls of 9.069 and 9.412, respectively, and they
both also have a high leucine content, 10.48 and 12.68% for
ORFs IV and II1, respectively. ORF III showed a very weak

homology to the matrix protein of Newcastle disease virus and
has six potential phosphorylation sites: a cyclic AMP- and
GMP-dependent protein kinase phosphorylation site (RE
KKLTD), two casein kinase II phosphorylation sites (KH
SYVEL and FLSVKEP), and three protein kinase C phos-
phorylation sites (GGTSRN, FLSVKE, and VFSTRL) (Fig. 2).
In addition, an N-myristoylation site (VGGTSRNQFL) is
found in ORF III (Fig. 2), which may facilitate the interaction
of this protein with membranes. BDV ORF 1V displayed a very
distant homology to the rat MHC-linked transporter protein
and has 10 potential N-glycosylation sites, 6 of which are
located between amino acids 41 and 88 in the NH, terminal.
The presence of seven potential N-myristoylation sites in ORF
IV suggested that this polypeptide, similarly to ORF III, may
interact with membranes. The interaction with membranes
might be further facilitated by the hydrophobic domain local-
ized in the COOH terminal of ORF IV. In addition, ORF IV
has eight potential phosphorylation sites: four protein kinase C
phosphorylation sites (LESGKAM, NSSSKIV, TSSCRSK, and
RPTLKDA), and four casein kinase II phosphorylation sites
(YCSFADC, TVSQQEL, IVSFDE, and RPTLKDA) (Fig. 2).

BDV ORF V (nt 4143 to 8744) is the largest ORF predicted
in the BDV genome sequence (Fig. 2 and 3). It is capable of
encoding a polypeptide 1,534 amino acids long of approxi-
mately 170 kDa, which has not yet been identified in BDV-
infected animal samples or BDV-infected cultured cells. The
polypeptide encoded by ORF V has 152 acidic and 191 basic
amino acids and a high content (18.32%) of the hydrophobic
amino acids leucine and isoleucine, about 1.5 times higher than
that of an average protein (24). The predicted protein has a net
charge of +19.5, calculated on the basis of the units of charges
(4). The location of ORF V in the 5’ end of the BDV genome
together with its high molecular mass (170 kDa), as well as a
large net positive charge and fewer acidic than basic amino
acids, which are characteristic features of the NNS-RNA virus
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polymerases, suggested that ORF V could encode the BDV L
protein. When we compared BDV ORF V with the GenBank
protein data base, we found a very high degree of homology to
RNA-dependent RNA polymerases, especially to the L pro-
teins of NNS-RNA viruses. The predicted amino acid sequence
of BDV ORF V was then compared with the L proteins of
NNS-RNA viruses by multiple alignment (data not shown).
Significant homology between BDV ORF V and other L
proteins was found throughout the amino-terminal half,
whereas the carboxy termini displayed a high degree of vari-
ability, with BDV containing the less highly conserved se-
quence among the carboxy termini of the L proteins. The
homology of BDV ORF V to L proteins was particularly high
for the ORF V region contained between amino acids 360 and
560. This segment corresponded to a conserved domain among
the RNA-dependent RNA polymerases, which is most proba-
bly responsible for performing the catalytic process (25, 53, 56,
57, 67). This domain consists of 5 invariant and 22 conserva-
tively maintained residues, clustered in four highly conserved
motifs, A, B, C, and D (reviewed in reference 67). The
alignment along the proposed catalytic domain for the L
proteins of NNS-RNA viruses, including the BDV putative
polymerase, BDV ORF V, is presented in Fig. 7. The 4 amino
acids conserved in all RNA-dependent polymerases were also
conserved in the BDV ORF V, as were the 22 conservatively
maintained residues (Fig. 7). However, the strictly invariant
lysine residuc located in motif A of NNS-RNA virus poly-
merases is replaced by serine in BDV. In addition, the putative
template-binding site consisting of positively charged and
hydrophobic residues regularly spaced every four amino acids
previously identified in the L proteins of NNS-RNA viruses
(56), was found in the BDV ORF V (amino acids 326 to 338;
Fig. 2).

DISCUSSION

We report here for the first time the cloning and complete
genome sequence of BDV. This sequence revealed a BDV
genomic organization that is characteristic of the order
Mononegavirales. We have identified a BDV candidate poly-
merase gene that belongs to the L-protein family. The genomic
organization, together with the L-protein sequence, suggests
that BDV is most closely related to the family Rhabdoviridae in
the order Mononegavirales. However, our results indicate that
BDV transcriptional mode seems unique for an animal rhab-
dovirus.

The conclusion that the sequence presented in Fig. 2 indeed
constitutes a full-length BDV genome is supported by several
experimental findings. First, the determined BDV genome
sequence is 8,903 nt long, in excellent agreement with our
previously estimated size for the only RNA species found in
infectious BDV-RNPs, determined by electrophoretic mobility
(21). Second, a high degree of homology was found at the
3’-end untranslated regions between BDV and other NNS-
RNA virus genomes (Fig. 6A), whereas the 3’ and 5’ ends of
the BDV genome displayed complementarity (Fig. 6B), a
common feature among NNS-RNA viruses (2, 30, 32, 41, 42,
67). Moreover, the 5'-most BDV ORF, ORF V, is not followed
by an identifiable transcription start signal. Together, these
findings indicate that the BDV genome sequence which we
determined contains the 5’ and 3’ ends, where important
regulatory signals involved in polymerase recognition and
encapsidation have been previously described for several NNS-
RNA viruses (2, 5, 22, 30, 32, 41, 42, 52, 54). Furthermore,
when RT-PCR of the self-ligated BDV genomic RNA (see
Materials and Methods; Fig. 1) was performed with the primer
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complementary to nt 222 to 243 of the 40-kDa BDV ORF (49)
to prime first-strand cDNA synthesis, a product of identical
size and sequence but reverse orientation to the one described
in Fig. 1 was obtained. In addition, about a 20-fold-lower level
of amplified product was obtained when priming of the first-
strand cDNA synthesis was conducted with the primer of
genomic polarity. These results indicated that BDV genomic
cRNA is also present in BDV-RNPs, although at a much lower
level than the BDV genomic RNA, and that both genomic and
antigenomic BDV RNAs have equivalent 5’ and 3’ ends of
complementary sequence, which further supports the conclu-
sion that the BDV genome sequence presented here contains
the 3’ and 5’ ends of the BDV genome. The biological
significance of the complementarity at the ends of NNS-RNA
viruses is currently unknown, but it may simply reflect the use
of similar sequences at the 3’ ends of genomic and antigenomic
RNAs for transcription and replication control or the nucle-
ation site for the binding of viral polypeptides involved in the
encapsidation process, or both (2, 32, 41, 67). In contrast to
many other NNS-RNA viruses, the complementarity between
the 3’ and 5’ ends of the BDV RNA genome does not include
the 10 most 3’-end nucleotides (Fig. 6), a characteristic also
displayed by the Newcastle disecase virus RNA genome (32).
Moreover, very limited similarity has been documented be-
tween the (—) 3’ and (+) 3’ ends of the respiratory syncytial
virus RNA genome. Third, the determined BDV genome
sequence has the coding capability to direct the synthesis of at
least five independent polypeptides, which could conceivably
provide all the required functions for recognition of the target
cell, multiplication within the infected cell, and generation of
new viral particles.

BDV poly(A)* transcripts synthesized in vivo were analyzed
by Northern blot hybridization with a set of overlapping probes
across the entire BDV genome. Our results revealed a rela-
tively complex transcriptional pattern (Fig. 5; Table 1). BDV
polycistronic poly(A)* RNAs accounted for about 55% of the
total synthesis of BDV poly(A)™ transcripts, representing
approximately 32% of the total molar amount of BDV
poly(A)* RNA synthesis. Polycistronic poly(A)™ RNAs have
been described previously during infection with the rhabdovi-
rus vesicular stomatitis virus (48) and several paramyxoviruses
(reviewed in references 32 and 42); they accounted only for 1%
(vesicular stomatitis virus) and 25% (paramyxoviruses) of the
total poly(A)* RNA synthesis (36, 48, 71), considerably lower
than the 55% estimated for BDV. Paramyxoviruses and vesic-
ular stomatitis virus in vivo synthesized polycistronic poly(A)*
transcripts are thought to represent aberrant transcription
products generated by occasional termination failure and
continued transcription into the next gene (35, 72). Therefore,
the junctions between gene transcripts are devoid of internal
poly(A) sequences and represent accurate copies of the ge-
nome sequences at those locations (35, 48, 71, 72). Moreover,
it has been documented for paramyxoviruses and vesicular
stomatitis virus that changes in the sequences of the transcrip-
tional stop signals, as well as in the intergenic regions, can
modulate the incidence of aberrant transcription (35, 48, 51).
The mechanisms by which BDV polycistronic poly(A)* RNAs
are derived are presently unknown. Cloning of these BDV
polycistronic poly(A)* RNAs will allow us to determine
whether their intercistronic regions represent accurate copies
of the genomic sequences at those locations or whether the
cistrons within the polycistronic RNAs are connccted by
sequences containing stretches of poly(A). Similarly, the pos-
sible contribution of specific BDV genomic sequences to the
regulation of the synthesis of BDV polycistronic poly(A)*
RNAs also remains to be determined.
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Presently, with the exception of the 3’ ends of the monocis-
tronic transcripts corresponding to ORFs I and II that have
been exactly determined (data not shown), we do not have
information about the exact 5' and 3’ ends of the BDV
poly(A)™ transcripts described in Fig. 5 and Table 1. Similarly,
cDNAs derived from the BDV mRNAs have been analyzed
only for the monocistronic transcripts corresponding to ORFs
I and II (46, 49, 66, 70) and the dicistronic transcript ORF I-11
(58). Consequently, we cannot rule out the possibility that
splicing mechanisms such as those in orthomyxoviruses (41)
and addition of nontemplated nucleotides as in paramyxovi-
ruses (32, 42) contribute to the generation of some of the BDV
poly(A)* RNAs.

If biochemically confirmed, the putative transcriptional S
signal of BDV ORF II would be located immediately 3’
(genomic polarity) from the transcriptional E signal of BDV
OREF I (Fig. 2 and 4), which could contribute to the attenuation
of ORF II expression at the level of transcription, similar to the
finding described for the L gene of respiratory syncytial virus
(18). The absence of consensus transcriptional S and E signals
at the 3’ and 5’ ends (genomic polarity), respectively, of ORF
III (Fig. 2 and 4) could explain our inability to detect the
corresponding monocistronic poly(A)™ transcript for ORF I1I.
However, we detected four polycistronic poly(A)* RNAs that
contained ORF 111 (Fig. 5; Table 1). The partial peptide amino
acid sequence NSKHSYV obtained from purified BDV-spe-
cific 14.5-kDa protein (9, 64) exactly corresponds to the
NH,-terminal sequence deduced from ORF IlII, whereas the
indicated peptide sequence is not found in ORF x1, which has
been previously proposed to encode the 14.5-kDa BDV pro-
tein (58, 70). The relatively high levels of the BDV 14.5-kDa
protein found in BDV-infected cells and BD rat brains sug-
gests that polycistronic poly(A)™ containing the ORF III are
incorporated into polysomes and are biologically functional as
templates for protein synthesis. Polycistronic poly(A)™ tran-
scripts associated with polysomes have been previously de-
scribed for Newcastle disease virus infection (71). In addition,
the matrix gene (M) of the paramyxovirus simian virus 41 is
exclusively transcribed as dicistronic transcript (68), whereas
studies with measles virus showed that the dicistronic P-M
RNA could direct the protein synthesis from the first, but not
the second, cistron (72). Similarly, the BD-specific 14.5-kDa
protein might be translated from the 7.25-kb BDV polycis-
tronic poly(A)* transcript containing ORF 11l at the 5’ end,
whereas translation of the 14.5-kDa polypeptide from the
other polycistronic poly(A)™ transcripts also containing ORF
IIT would require initiation of translation at an internal cistron
or the processing of a polyprotein product. Alternatively, it is
possible that a monocistronic mRNA for ORF III is tran-
scribed at levels below the sensitivity of our Northern blot
hybridization conditions and that the detection of the 14.5-kDa
polypeptide in samples from BDV-infected material reflects
the accumulation with time of a very stable protein being
synthesized at a very low rate. Whether the polypeptide
products from ORFs x1 and x2 are synthesized in BDV-
infected cells and whether they might contribute to the 14.5-
kDa BDV antigen remain to be dctermined.

We were also unable to detect the monocistronic mRNA
corresponding to ORF V. In contrast to ORF 111, for which we
could not identify the transcriptional S and E signals, ORF V
was flanked by sequences containing putative S and E signals
(Fig. 2 and 4). As discussed below, homology to the L-proteins
of other NNS-RNA viruses indicated that ORF V is likely to be
the BDV polymerase. Thus, translation of ORF V would be
required for BDV transcription and replication to take place.
Consequently, either the ORF V product is either translated
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from the second cistron of the BDV polycistronic mRNAs
containing ORF V (Fig. 5; Table 1) or, alternatively, there is a
monocistronic transcript for the BDV ORF V present at levels
below the sensitivity of our Northern blot hybridization assays.
Translation of this monocistronic mRNA has to provide the
amount of L-protein required to support the relatively high
levels of BDV transcription and replication found in BDV-
infected cells. The use of hybrid-selected BDV polycistronic
poly(A)* RNAs in in vitro translation assays will allow to
determine how the polypeptides predicted by BDV ORFs 111
and V are synthesized. On the basis of results presented in Fig.
5, the approximately 7.2-kb BDV polycistronic poly(A)* RNA
is initiated at a position 3’ (genomic polarity) from the first
ATG of ORF III. We do not yet have information regarding
the exact 5’ ends of the BDV polycistronic transcripts, and
consequently we cannot exclude the role of splicing mecha-
nisms in their generation. However, if transcription of the
BDV 7.25-kb RNA is confirmed to occur around the position
suggested in Fig. 5, it would raise the question of why we have
not detected the dicistronic RNA ORF III-1V. Moreover, our
observation that the monocistronic ORF IV mRNA and the
dicistronic ORF IV-V RNA are transcribed without termina-
tion of the ORF I transcript, together with a previous
observation made with simian virus 41 (68), raises the possi-
bility that in addition to the “start-and-stop” mechanism
proposed for transcription of NNS-RNA viruses (reviewed in
references 2, 32, and 42), NNS-RNA virus polymerases also
enter directly into an upstream noncoding region of a gene
without requiring the previous recognition of the genomic 3’
end. The identical pattern of transcription found in BDV-
infected cultured cells, BD rat brain, and PTI-NB rat brain
supports the conclusion that the results presented in Fig. 5 and
Table 1 accurately reflect the transcriptional mode of BDV.
However, we cannot rule out the possibility that defective
interfering DI particles or defective interfering RNAs can
serve as templates for the synthesis of BDV poly(A)™* polycis-
tronic RNAs.

Results presented in Fig. 5 and Table I, together with the
potential transcriptional start and stop signals indicated in Fig.
4, predict BDV intergenic regions of variable size and nucle-
otide composition. The predicted intergenic region between
BDV ORFs IV and V may be variable in size, 221 or 347 nt
long, because of the existence of two transcriptional start
signals for ORF V. A very large size for the intergenic region
located immediately 3’ from the L gene is also found in rabies
virus.

Free 3'-end leader RNA species are frequently (2, 32,
42-44) but not always (13, 20, 72) found during infection with
NNS-RNA viruses. Experimental evidence indicates that the
exact 3’ end of the genome is the entry site for the RNA
transcriptional machinery and that 3'-end leader RNA synthe-
sis is mandatory before progression of the transcriptase
through the rest of the genome (reviewed in references 2, 32,
and 42). However, there is also evidence suggesting alternative
patterns of antigenomic RNA synthesis (68, 72). We do not
have information regarding whether free 3'-end leader RNA
species are present in BDV-infected cells.

The catalytic subunit of the polymerase complex is the only
gene whose degree of conservation allows the establishment of
evolutionary relationships among negative-strand RNA viruses
(56). It has been previously proposed that the 40-kDa BDV
polypeptide (BDV p40), corresponding to ORF I in our BDV
genome sequence, is the BDV polymerase (49). However,
BDV p40 displays only a very distant homology to other
L-gene polymerases of NNS-RNA viruses, and it does not
contain the proposed catalytic domain conserved among NNS-
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RNA virus polymerases (16, 56, 57, 67). In contrast, the
predicted polypeptide encoded by ORF V clearly belongs to
the L-protein family, as indicated by its high degree of
homology to the polymerases of NNS-RNA viruses, especially
the Rhabdoviridae family (Fig. 7) (data not shown). Moreover,
all the conserved motifs previously identified in the proposed
catalytic domain of the L proteins (16, 56, 57, 67), as well as the
putative template-binding site (16, 56), are also conserved in
BDV ORF V (Fig. 2 and 7). Consequently, we propose that
ORF V is the BDV polymerase. The presence of the sequence
GDN in motif C of the BDV L protein is in agreement with the
previously described partition between segmented and nonseg-
mented viruses based on the L-protein sequences (67). How-
ever, the glycine at position 895 (Fig. 7) in motif B, which is
characteristic of NNS-RNA viruses, is replaced with methio-
nine in the BDV L protein, more commonly seen in negative-
strand RNA viruses with segmented genomes. Interestingly,
some additional significant differences are found between the
BDYV and other L-protein sequences. A multiple alignment of
the L proteins (data not shown) placed the NH, terminus of
BDV ORF V near the first highly conserved region found
among the L proteins, which is characterized by the conserved
motif DhhhR (where h means a hydrophobic residue, i.e., F, Y,
W, I, L, M, or V). This alignment would imply that the motif
LXSP (where X is N, S, or D) observed at the NH, terminus of
the L polymerases (56) is not present in the BDV polymerase,
similar to the L protein of the plant rhabdovirus sonchus
yellow net virus (SYNV) (16). In addition, several small motifs
characteristic of the L proteins of the NNS-RNA viruses are
not present in the BDV L protein. Thus, the motifs GHP,
CXNIS, PHP, HXH, and GXGXG, located around positions
430, 960, 1270, 1480, and 1950, respectively, in a previously
reported alignment (56), are not found in BDV ORF V. The
motif GHP is conserved in all L proteins known of the three
families of the Mononegavirales order: Rhabdoviridae,
Paramyxoviridae, and Filoviridae. The motif CXNIS is con-
served in paramyxoviruses and rhabdoviruses, with the excep-
tion of SYNV. The motif PHP is conserved in the rhabdovi-
ruses including SYNV, whereas in the paramyxoviruses there is
an equivalent motif, PDP. The motif HXH is conserved in
paramyxoviruses and rhabdoviruses, again with the exception
of SYNV. Finally, the motif GXGXG is conserved in filovi-
ruses, paramyxoviruses, and rhabdoviruses, with the exception
of SYNV.

We have previously documented that transcription and
replication of BDV take place in the nucleus of the infected
cells (21). The sequences VSKNAKWPPV and WYKVRKVT
at amino acids 189 to 197 and 943 to 950, respectively, in BDV
OREF V are putative nuclear localization signals (61) that can
mediate the transport of the BDV L protein from its place of
synthesis in the cytoplasm to the nucleus.

The complete sequence of the BDV genome presented here
has revealed a modular genomic organization similar to that
displayed by other members of the Mononegavirales order, with
three conserved gene blocks (67): block 1 codes for the
nucleoproteins and polymerase cofactors, which may corre-
spond to ORFs I and II in the BDV genome; block 2 codes for
the matrix and envelope proteins, whose possible counterparts
in the BDV genome are ORFs III and IV; and block 3 codes
for the viral polymerase, which we have identified as ORF V in
the BDV genome. In addition, on the basis of the homology
between BDV ORF V and the L proteins of the NNS-RNA
viruses, BDV seems to be especially closely related to the
rhabdoviruses.

A major difference between BDV and other animal NNS-
RNA viruses is that transcription and replication of BDV take
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place in the nucleus of the infected cells where infectious
BDV-RNPs are present (21). Orthomyxoviruses are the only
other group of animal negative-strand RNA viruses for which
transcription and replication have been established to occur in
the nucleus (reviewed in reference 41). Initiation of transcripts
by a “cap-snatching” mechanism and the use of host nuclear
splicing machinery to generate some of the viral mRNAs are
thought to contribute to the nuclear requirement for the
replication and transcription of the orthomyxoviruses (re-
viewed in reference 41). The reasons why BDV needs to
conduct replication and transcription in the nucleus, processes
that are performed in the cytoplasm by all the other animal
NNS-RNA viruses, are presently unknown. It should be men-
tioned that the subviral agent hepatitis delta virus also has a
nonsegmented negative-strand RNA genome that replicates in
the nucleus. Further studies will investigate the requirements
for BDV transcription and replication. Interestingly, replica-
tion and transcription, as well as the morphogenesis of the
plant rhabdovirus SYNV, also occur in the nucleus (38, 39, 69).
In addition, our results indicated that the L proteins of BDV
and SYNV are the most distantly related to the L proteins
from animal rhabdoviruses. These findings suggest a possible
relationship between BDV and the plant rhabdoviruses. Stud-
ies of the molecular biology of BDV may provide valuable
information regarding the evolution of rhabdoviruses, espe-
cially the relationships between animal and plant rhabdovi-
ruses.
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