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Conservation of coding potential and terminal sequences in
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We determined the complete nucleotide sequences of two poorly characterized strains of Borna
disease virus (BDV) and compared them to reference strains V and He/80. Strain H1766 was
almost 98 % and 95 % identical to strains V and He/80, respectively, whereas strain No/98 was
only about 81% identical to both reference strains. In contrast to earlier reports, we found an
additional A residue at the extreme 3’-end of the single-stranded RNA genome in all four BDV
strains. The exact numbers of nucleotides in the four BDV genomes could not be determined due
to a micro-heterogeneity at the 5’-end. If our longest sequence is a correct copy of the viral RNA,
the two ends of the BDV genome would show almost perfect complementarity. All three
transcription start sites, all four termination sites, both splice donor sites and both major splice
acceptor sites are highly conserved, whereas a minor alternative splice acceptor site is not. The L
protein of No/98 differs at 7 % of its amino acid positions from the polymerase in the other strains,
with most differences mapping to the C-terminal moiety of the molecule. Re-evaluation of L protein
sequences of strains V and He/80 revealed differences at several positions compared to published
information, indicating that variant forms of the viral polymerase have previously been
characterized. These results are important because correct structures of genome ends and of the
polymerase gene are the most critical parameters for the future development of techniques that
will permit the genetic manipulation of BDV.

machinery to regulate the expression of viral proteins (Briese ef
al., 1992; Cubitt ef al., 1994 b; Jehle ef al., 2000; Schneider ef al.,
1994 b). Mainly because of these features, BDV has recently
been classified as the prototype of a new virus family,
Bornaviridae, within the order Mononegavirales. At least six
viral proteins are expressed in BDV-infected cells, namely

Introduction

Borna disease virus (BDV) is a non-segmented negative-
strand RNA virus that persistently infects the central nervous
system of a broad variety of animals and, possibly, humans
(Staeheli ef al., 2000). Natural and experimental BDV infections
can result in severe immune-mediated neurological disease

(Richt & Rott, 2001; Rott & Becht, 1995; Stitz ef al., 1993).
Unlike the related animal rhabdo- and paramyxoviruses, BDV
transcribes and replicates its approximately 8900 nt long
genome in the nucleus of infected cells and uses the splicing
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nucleoprotein (N), X-protein (X or p10), phosphoprotein (P),
putative matrix protein (M), glycoprotein (G) and polymerase
(L). Synthesis of a shorter form of P, designated P, is initiated
at the second in-frame AUG of the P ORF (Kobayashi ef al,
2000). Splicing of two introns regulates the balanced ex-
pression of M, G and L (Cubitt ef al, 1994b; Jehle et al,
2000; Schneider ef al., 1994b, 1997). Whereas intron 1 is
located within the M ORF, intron 2 is found in the ORFs of G
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and L (Cubitt ef al., 1994 b; Schneider et al., 1994 b). Within the
coding region of the L protein, the presence of an alternative
intron 2 splice acceptor site was recently described (Cubitt ef
al., 2001; Tomonaga et al., 2000). Alternative splicing of intron
2 gives rise to two new ORFs with coding capacities for
89 kDa and 165 kDa proteins, respectively. Whether these
two proteins are indeed produced in BDV-infected cells and
whether they serve vital functions remain to be determined. To
date, it is not known whether the genomes of all BDV strains
have the capacity to encode these additional proteins.

Little is known about the conservation of genome size,
coding potential and terminal sequences in different isolates of
BDV. Until now, the complete genetic information of only two
closely related BDV strains, named He/80 and V, has been
available (Briese et al., 1994; Cubitt et al., 19944). The two
genomes show 95 % sequence identity, and they have identical
organization of transcription units and ORFs. However, the L
protein of He/80 was reported to lack 24 amino acids at the C
terminus, and the last 3 nt at the 5’-ends differ completely.
Since genome ends are of critical importance for efficient
replication and transcription of non-segmented negative-
strand RNA viruses (Conzelmann, 1998), it remained possible
that the unique end sequences may point to strain-specific
differences in the 5’-promoter region.

To better differentiate between conserved and strain-
specific features, we determined the complete genome
sequences of two additional BDV strains. No/98 originates
from a horse that acquired Borna disease outside the well-
known endemic region of BDV in central Europe (Nowotny ef
al., 2000). Partial nucleotide sequence analysis indicated that
No/98 differs from reference strains He/80 and V by about
15 %. Strain H1766 (also known as MDCK-BDV) is frequently
used for experiments in Japanese laboratories (Nakamura ef al.,
1999; Shoya ef al., 1997). We show here that the two reference
strains and the newly characterized strains harbour a 3’-
terminal A residue and most likely a 5’-terminal G residue. We
further show that the alternative intron 2 splice acceptor site is
not conserved in strain No/98. Re-analysis of the L ORF
revealed that the polymerase of strain He/80 has the same
length as its counterparts in strains H1766, V and No/98.

Methods

B BDV strains and cells. Vero and OL cells were cultured in
Dulbecco’s modified Eagle’s medium containing 10% foetal calf serum
(FCS). OL cells were kindly provided by Georg Pauli (Robert Koch
Institute, Berlin, Germany). Persistent BDV infections were established
by infecting 10° cells with 10* focus-forming units of appropriate virus
stock followed by continued passage for at least 5 weeks. Complete
infection of the cultures was confirmed by indirect immunofluorescence
as described (Formella et al., 2000).

l Virus stock preparation and titration. Virus stocks were
prepared from OL cells persistently infected with either BDV strain
He/80 (Cubitt ef al., 1994 a), strain H1766 (Shoya ef al., 1997) or strain V
(Briese ef al., 1994), and from Vero cells persistently infected with strain
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No/98 (Nowotny et al., 2000) essentially as described (Briese ef al., 1992).
Briefly, 25 confluent 90 mm dishes were washed with 20 mM HEPES (pH
7-4) and incubated with 10 ml of 20 mM HEPES (pH 7-4) containing
250 mM MgCl, and 1% FCS for 1:5h at 37 °C. Subsequently,
supernatants were harvested and centrifuged twice at 2500 g for 5 min to
remove cell debris. Virus particles were concentrated by ultra-centri-
fugation for 1h at 20 °C at 80000 g onto a 20% sucrose cushion
containing 20 mM HEPES (pH 7-4) and 1% FCS. Virus-containing pellets
were either re-suspended in PBS to approximately 107 focus-forming
units/ml or were directly used to prepare RNA.

H Preparation of viral RNA. Viral RNA was isolated with TRIzol
(Gibco/BRL) according to the manufacturer’s instructions. Briefly, virus
particles in T ml of a concentrated BDV stock (about 107 focus-forming
units) were precipitated for 30 min at 4 °C in a TL120 centrifuge
(Beckman) at 70000 r.p.m. The virus pellet was lysed by dissolving in
1 ml of TRIzol solution and incubating for 5 min at room temperature.
The RNA was then extracted with chloroform, and precipitated from the
aqueous phase with isopropanol and glycogen (Boehringer Mannheim/
Roche). Finally, the RNA was washed with ethanol, dried and re-
suspended in water.

Il Determination of 3’- and 5’-terminal sequences of BDV
genomic RNA by RNA ligation. RNA recovered from partially
purified virus particles (1 pg) was self-ligated in a volume of 20 pul of
ligation buffer (75 mM Tris—HCl, pH 7:5; 0:1 mM ATP; 10 mM MgCl,;
5 mM dithiothreitol; 10%, v/v, dimethyl sulfoxide; 50 U RNasin) with
50 U of T4 RNA ligase (NEB). After incubation at 25 °C for 90 min, the
volume was adjusted to 200 pl with TE buffer (10 mM Tris—HCl, pH &-0
and 1 mM EDTA). The RNA was then extracted once with phenol and
chloroform, precipitated with isopropanol/glycogen and centrifuged for
15 min at 4 °C. Finally, the RNA was washed with ethanol, dried and re-
suspended in 13 pl of water. The material was subjected to reverse
transcription using Superscript 11 (GIBCO/BRL) as recommended by the
manufacturer using 25 pmol of primer GSP1 (5" ATTATAGTTTTG-
TCATGGACCTC 3'). Primer GSP1/No098 (5" ATGGCTTCTTGATG-
GACTTGGTC 3’) rather than GSP1 was used for RNA from BDV strain
No/98. The reaction was stopped by incubation at 70 °C for 10 min.
Then RNase H (GIBCO/BRL) was added and the sample was incubated
at 37 °C for another 60 min. Samples (5 pl) were amplified using Taq
polymerase (Boehringer Mannheim/Roche) and 0-4 pmol of primer
GSP1 (for H1766, V and He/80) or GSP1/N098 (for No/98) and primer
GSP3 (5 CGTGACTGGTCTAACAATGC 3’; for H1766, V, No/98
and He/80). Nested PCR was performed with 2 pl samples of PCR
products using primer GSP2 (5" GCTTGTGGTAGGACAGCACATC
3’; for H1766, V and He/80) or GSP2/No098 (5" GTTGGTGGTAG-
GGCAGTACATC 3’; for No/98) and primer GSP4 (5 GAGCTTA-
GGGAGGCTCGCTG 3'; for H1766, V and He/80) or GSP4/No098 (5’
GAAAGCTTGGGAAGGCTTGCTG 3’; for No/98). The final PCR
products were cloned into vector pCR4 TOPO (Invitrogen) and
sequenced using a MegaBASE 1000 sequencer (Amersham Pharmacia
Biotech) and the PHRED base-calling algorithm (STATEN Software
package). Sequences were analysed using the DNASTAR (Lasergene)
software package.

Bl 3’-RACE analysis. To determine the 3"-end of the BDV genome,
1 ug of RNA from partially purified BDV particles was tailed with A or
C residues using poly(A) polymerase (Pharmacia) as recommended by the
manufacturer. The A-tailing reaction was stopped after 15 min, whereas
the C-tailing reaction was stopped after 1 h. RNA was purified by phenol
and chloroform extraction, precipitated with isopropanol/glycogen,
washed, dried and re-suspended in 11 pl of water. A-tailed RNA was
reverse-transcribed with Superscript 1I (GIBCO/BRL) and oligo(dT)



adapter primer from the 3"-RACE kit (GIBCO/BRL). C-tailed RNA was
reverse-transcribed using the inosine /guanosine adapter primer provided
with the 5-RACE kit (GIBCO/BRL). PCR was performed with 5 pl of
cDNA samples, adapter primer [oligo(dT) adapter primer from the 3'-
RACE system for A-tailed RNA and inosine/guanosine adapter primer
from the 5"-RACE system for C-tailed RNA] and primer GSP3 (for strain
H1766, No/98, V and He/80). For semi-nested PCR, 2 pl samples of the
first PCR were amplified a second time with the respective adapter
primers described above and primer GSP4 (for strain H1766, V and
He/80) or GSP4/No098 (for No/98). PCR products were cloned into
vector pCR4 TOPO before sequencing.

Il Determination of the 5’-terminal sequences of BDV
genomic RNA by 5-RACE. A standard 5'-RACE system (GIBCO/
BRL) was used according to the manufacturer’s instructions. Briefly,
reverse transcription was done with primer GSP1 (for strain H1766, V
and He/80) or GSP1/No098 (for No/98) and Superscript II. RNA was
then digested with RNase H, and the cDNA was purified with a Glass
MAX kit (GIBCO/BRL). C-tails were added to the 3’-terminal end of the
cDNAs with terminal deoxynucleotidyl transferase. The tailed cDNA
was amplified by PCR using appropriate adapter primers and GSP2 (for
H1766, V and He/80) or GSP2/No098 (for No/98). PCR products were
cloned into vector pCR4 TOPO before sequencing. Determination of the
5’-terminal sequences of BDV genomic RNA of He/80 by ligation of
RNA oligos and subsequent RT-PCR was carried out with GeneRacer
(Invitrogen) and primer GSP2 according to the manufacturer's
instructions. Tobacco acid pyrophosphatase (TAP) treatment was carried
out as recommended by the manufacturer (Invitrogen). Amplification
products were either cloned into vector pCR4 TOPO before sequencing
or sequenced directly.

H Cloning and sequencing of near-full-length cDNA of strain
H1766. PCR-amplified, near-full-length ¢cDNA derived from BDV
strain H1766 that had been grown in persistently infected MDCK cells
(Shoya ef al., 1997) was kindly provided by K. Tomonaga. The material
was cloned into vector pCR-XL-TOPO (Invitrogen) according to the
manufacturer’s instructions. Three independent plasmids were sequenced
which (according to restriction analysis) seemed to contain the complete
viral genome. Sequencing primers were designed from published BDV
sequences (GenBank accession nos U04608 and L27077). Regions were
chosen that showed no or only little variation. In order to identify and
eliminate PCR-generated mutations, overlapping sequences of each
plasmid were assembled, resulting in three complete contiguous
sequences which were then used to generate a single consensus sequence.
Sequences at the extreme ends of the viral RNA were determined by
RNA ligation, 3-RACE and 5’-RACE using RNA isolated from partially
purified particles.

B Sequencing of strain No/98. The complete cDNA sequence of
No/98 was determined by direct sequencing of overlapping RT-PCR
amplification products using a large number of different oligonucleotides
as described previously (Nowotny et al., 2000). Briefly, RT-PCR reactions
were carried out in a single-step reaction using the Titan One Tube
RT-PCR kit, the Expand Reverse Transcriptase kit and the Expand Long
Template PCR system (all Boehringer Mannheim/Roche). As template
we used RNA from hippocampus and rhinencephalon of the diseased
horse from which No/98 was originally isolated. PCR products were
sequenced in both directions without subcloning using an automated
sequencer (ABI Prisma 310 Genetic Analyser, Perkin Elmer). Sequences
near the 3’- and 5’-ends were determined as described above using RNA
from virus particles released from an infected Vero cell culture.

H Cloning of a cDNA containing the L ORF of strain He/80.
Fragments of the L ORF were generated by RT-PCR using RNA from C6
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cells persistently infected with the Freiburg variant of strain He/80
(He/80y). Reverse transcription was carried out with Superscript II
(GIBCO/BRL) and strain-specific primers were derived from the
published He/80 sequence (GenBank accession no. L27077). PCR was
performed with Taq polymerase (Boehringer Mannheim/Roche) as
described by the manufacturer. An RT-PCR fragment corresponding to
nt 2393-4229 of He/80,, (GenBank accession no. AJ311522) was
cloned into the EcoRI and Psfl sites of vector pBlue (Stratagene) followed
by insertion of a second RT-PCR fragment (nt 4229-4869) into the
unique PstI and BamHI sites. Subsequently, a third RT-PCR fragment
corresponding to nt 4869—7870 was inserted between the BamHI and the
Xhol sites. In a final step, a fourth RT-PCR fragment containing nt
7870-8823 was cloned into the unique Xbal site, resulting in plasmid
pBlue-L encoding the complete L ORF of He/80.

B Sequencing of the L ORF of strain V. The L ORF of the
Freiburg variant of strain V (V) was determined by sequencing
overlapping RT-PCR fragments generated from RNA of strain V-
infected Vero cells. Briefly, first-strand synthesis was carried out with
Superscript II (GIBCO/BRL) as recommended by the supplier using
different oligonucleotides derived from the published BDV strain V
sequence (GenBank accession no. U04608). PCR was performed with Taq
polymerase (Boehringer Mannheim/Roche) using a panel of suitable
primers. Amplification products were gel-purified and sequenced without
subcloning.

Results and Discussion

Conserved coding strategy in four independent BDV
isolates

We sequenced the complete genomes of BDV isolates
H1766 and No/98. Strain H1766 originates from a diseased
horse in Germany. It is frequently used for experiments by
Japanese laboratories. Strain No/98 represents the most distant
BDV subtype known to date (Nowotny ef al., 2000). When
compared to published sequences of standard strains V and
He/80 as well as to the Freiburg variants of these strains,
designated Vyr and He/805y (which differ from the parental
strains at several nucleotide positions), it became clear that all
four BDV strains have identical genome lengths, except for
strain No/98, which lacks a single residue in the U-rich region
(nt 1168—1171) that follows the N gene. Due to a micro-
heterogeneity of the 5”-end (see below), the exact number of
nucleotides in the BDV genome was difficult to determine. If
our longest sequence represents a correct copy of the viral
RNA, the genomes of BDV strains V, H1766 and He/80
would consist of 8912 nt and that of strain No/98 of 8911 nt.
Since neither of these numbers corresponds to genome lengths
that are a multiple of six, the ‘rule of six” (Calain & Roux, 1993)
does not seem to apply to members of the family Bornaviridae.
Nevertheless, it is interesting to note that a 3 nt deletion in the
N gene of strain No/98 is compensated for by a 3 nt insertion
in the first intergenic region (Nowotny ef al., 2000), suggesting
that unknown mechanisms are operating that maintain a
constant number of nucleotides in the BDV genome.

An overall comparison of the four BDV genomes allowed
us to establish the exact phylogenetic relationship of these
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Fig. 1. Conserved coding strategy of four different BDV isolates. (A) The phylogenetic tree represents a rooted consensus tree
generated by the neighbour-joining method on the genome sequences of strain No/98 (GenBank accession no. AJ311524),
strain H1766 (GenBank accession no. AJ311523), strain Vgz (GenBank accession no. AJ311521) and strain He/80g
(GenBank accession no. AJ311522). Bootstrap analysis was applied using 100 values. (B) Consensus transcription map.
Positions of transcription start (51-S3) and stop (T1-T4) sites are indicated. Locations and nucleotide sequences flanking
splice donor (SD1, SD2) and acceptor sites (SA1-SA3) are given. ORFs are individually marked on the various viral transcripts.
Letters N, X, P, P', M, G and L indicate translation products that have been identified in infected cells by immunohistochemical
methods. The putative product of ORF6 remains to be visualized. Due to the absence of a functional SA3 site in strain No/98,
our consensus transcription map does not include SD2-SA3 spliced viral mRNAs and their predicted translation products.

viruses. As shown in Fig. 1(A), strain H1766 is closely related
but distinct from reference strain V. These two strains differ by
only 1:8% (155 nt). Interestingly, strain V was isolated from a
diseased horse in southern Germany more than 70 years ago
(Schneider et al., 1994 a), whereas strain H1766 was isolated in
1994 (S. Herzog, personal communication). Our results thus
confirm earlier observations that the genomes of European
BDV field isolates show remarkably few changes over long
periods of time. As expected from earlier comparisons of
incomplete viral genomes (Nowotny ef al., 2000), strain No /98
occupies a unique position in the phylogenetic tree (Fig. 1A).
This may reflect the fact that it was isolated from a diseased
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horse that lived outside the classical endemic region in Europe
(Nowotny et al., 2000).

The coding strategy of BDV strains No/98 and H1766 is
virtually identical to that of the two reference strains (Fig. 1B).
All sequences previously found to define the transcription start
sites S1, S2 and S3 (Schneemann ef al.,, 1994) are completely
conserved. Similarly, the four transcription stop sites (Briese ef
al., 1994 ; Cubitt & de la Torre, 1994 ; Schneemann ef al., 1994)
are also present at corresponding positions in the genomes of
strains No/98 and H1766. Similarly, the sequences flanking
intron 1 and intron 2 are highly conserved (Cubitt ef al., 1994 b;
Schneider ef al., 1994 b). The only notable difference between



the various strains maps to a site, designated SA3, that was
recently reported to define an alternative intron 2 splice
acceptor site (Cubitt ef al., 2001; Tomonaga ef al., 2000). The
consensus motif CAG, which is present in strains V, He /80 and
H1766, is not present in strain No/98, indicating that the latter
virus cannot generate the corresponding alternatively spliced
mRNA. This suggests that the predicted products of this new
mRNA may not serve essential functions in the BDV
replication cycle. However, we cannot exclude the remote
possibility that atypical splice donor sites are used.

A consensus transcription map of the BDV genome (Fig.
1B) shows that all four viruses are able to direct the synthesis
of proteins designated N, X, P, P’, M, G and L (Kobayashi ef al.,
2000; Schwemmle ef al., 1999; Walker ef al., 2000; Wehner ef
al., 1997). Interestingly, the coding regions for N and P in
strain H1766 are completely identical to those of virus isolate
BDVHuP2br, believed to have originated from a Japanese
psychiatric patient (Nakamura et al, 2000). This unusual
congruence and the fact that strain H1766 (also named MDCK-
BDV) is being used by the Japanese laboratory for experiments
(Nakamura ef al., 1999; Shoya et al., 1997) support our previous
notion that BDVHuP2br might represent a laboratory con-
tamination (Staeheli ef al.,, 2000). Intriguingly, all four viruses
have one additional ORF generated by splicing of intron 2 that
we designate ORF6. The putative product of ORF6 consists of
the N-terminal 58 amino acids of viral protein G fused to a
unique 21 residue polypeptide encoded by sequences im-
mediately downstream of splice acceptor site 2. Since this
putative protein carries the G-derived signal peptide but lacks
a transmembrane anchor, it is expected to be secreted by BDV-
infected cells. It thus seems to resemble sGP of Ebola virus
(Sanchez ef al., 1996), which was suggested to influence the
host defence (Yang ef al., 1998). It remains to be investigated
whether the ORF6 product is indeed synthesized during BDV
infection and whether it can modulate the antiviral response.

Primary structure of the BDV polymerase

The most striking difference between the published ORFs
of the L proteins of He/80 and V is a sequence heterogeneity
at the 3’-ends that would seem to result in an L protein of
He /80 that lacks 24 amino acids at the C terminus (Fig. 2). Our
analysis showed that the L protein of strain H1766 consists of
1711 amino acids as does the L protein of strain V (Fig. 2).
Furthermore, we found that the L gene of strain No/98
encodes a protein of exactly the same length (Fig. 2),
suggesting that the truncated version of L in He/80 does not
reflect a true strain difference but rather errors in previous
¢DNA cloning and sequencing experiments. To investigate
this point in more detail, we re-cloned and sequenced the
complete L ORF of the Freiburg variant of strain He/80
(He/80y) by RT-PCR as described in Methods. As shown in
Fig. 2, the predicted L ORF of He/805y encodes a protein of
1711 residues, like all other BDV strains. Original He/80
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differs from the He/80py sequence by a deletion of 2 nt
(positions 8717—8718), which results in a premature stop
codon. Insertion of the two missing nucleotides into the
published sequence of He/80 restores the L ORF. This new C
terminus of He/80 L perfectly matches the C terminus of the
He/80zr L protein, indicating that the deletion in the
published L ORF of He/80 most likely represents a cloning or
sequencing artefact. In fact, these errors in the He /80 sequence
have recently been corrected (March 2001, accession no.
L27077). Thus, the various strains of BDV appear to have L
proteins of identical lengths.

A more complete comparison of the published L protein
sequence of strain He/80 with sequence information from
variant strain He /80y revealed nine additional differences in
the amino acid sequence (Fig. 2). In all of these cases, one of the
two strains possesses a residue that matches the consensus
sequence of all four viruses, while the other strain has a unique
residue at the corresponding position. The most simple
explanation for these findings is that ¢cDNA cloning or
sequencing errors occurred. It remains possible, however, that
at least some of these amino acid exchanges reflect true
differences between viruses with different passage history. We
further observed seven amino acid differences in the L protein
of strain V and the Freiburg variant (strain V) of this virus.
As discussed above for strain He/80, these differences could
represent cloning or sequencing errors or else might indicate
true differences between viruses with different passage history.

Most differences between the L protein of strain No/98
and the reference strains map to the last third of the protein
(Fig. 2). Within this region, three blocks of amino acids of
N0/98 (G, LHRRA 15, Lyg4slQF, 445 and G,q5RGPVVS-
RSSRWVG,,,) are particularly poorly conserved. Whether
these amino acid differences have an impact on the polymerase
activity remains to be shown.

The 5’- and 3’-termini of the BDV genome

To determine the 5’-end of the viral RNA, 5-RACE
experiments were performed with RNA extracted from
partially purified virus particles obtained from persistently
infected cells. In this procedure, viral cDNA is synthesized and
3’-ends are elongated artificially with C residues which later
serve as annealing sites for oligo(dG/dI) primers that are used
to amplify the adjacent region of the viral genome by PCR.
The sequence of the viral RNA at the extreme 5’ terminus is
then deduced by combining the sequence information from the
various cloned PCR products. Irrespective of strain origin
(He/80, V, H1766 and No/98) all cDNA clones analysed were
virtually identical except that they differed significantly at the
fusion site that links the virus sequence to the C tail (Fig. 3 A,
left panel), indicating that the viral RNA used for reverse
transcription was heterogeneous at the 5-end. A consensus
derived from the majority of PCR fragments suggested that 5’
GCGCUA ... 3’ is the most likely sequence at the extreme 5'-
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No/98 1 MSFHASLLREEETPRPVAGI NRTDQ SLKNPL LGTEV SFCLKS SSL PHHIRALGQI KPRNLASCDY YLLFRQVVLPPEVY PIGVL IRAAET ILTVIV SAWKLEHMTKT
H1766 MSFHA SLLREEETPRPVAGINRTDO SLKNPL LGTEV SFC LKS SSL PHHVRALG QIKARNLAS CDY YLLFROVV LPPEVY PTIGVL IRAAEA TLTVIV SAWKL DHMTKT
v MSFHA SLLREEETPRPVAGI NR TDQ SLKNPL LGTEV SFC LKS SSL PHHVRA LG QIK ARNLASCDY YLL FRQVV LPPEVY PIGVL IRAAEA ILTVIV SAWKL DEMTKT

/80
/80
0422 108 LYSSVRYA LTNPRVRAQLELHIAYQRVVG QVSYSREAD IGPKRLGNMSLYFI QSLVIATI DTT SCLMTYNHF LAAADTAK SRCHLL IASWQGALW'EQGSFLDHVIN

N
H1 LYSSVRYALTNPRVRAQLELHI AYORIVGOV SYSREADI GPK RLGNMS LOFVOSLVIATI DTT SCLMTYNHF LAAADTAK SRCHLL IASVVOGA LWEQGS FLDHIIN
v LY SVRYALTN PR RAG LELHI AYORIVGOV SYS READL GPK RLGNMS LOF 105LV IAT IDT TSC LT YNHF L ARADTA KSRCHLLT ASVVOGALNEQG ST LDH T IN
5 80 LYSSVRYALTN PRVRAQLELHI AYQRTVGQV SYSREADI GPKRLGNMS LQF IQSLV TAT IDTTSC LMT YNHFLAAADTAKSRCHLLI ASVVOGALWEQGSFLDHTIN
He/80,, ---- === Smm-mooLoLooLoToIoooToTo
No/98 215 LIDI IDSINLPHDEYFTIIKSISPYSQGLVMGRYNVSVS SNFASVFTIPETCPQLD SLLKKL LNLD PVL LLMI SSVQKSWYF PE TRMVDG SREQLHKMR VDSEKPQA
H1766 MIDIIDSINLPHDDYFTIIKSI SPYSGGLVMGRHNV SVS SDF ASV FTI PELCPOLDSLLKKL LOL DBV LL LMV SSVOKSWYF PE IRMVDG SREOLEKMR VE LET POA
¥ MIDIIDSINLPHDDYFTIIKSIFPYSOGLVMGRHNY SVS SDFASVFAIPELCPQLDSLLKKL LOLDPVLL LMV SSVOKSWYF PE TRMVDG SREQLHKMRVELET POA
gg?gg MIDTIDS INL PHDDYFTI IKS ISPYSQGLVMGRHNVSYV SSDFASVF TIPESCPQLDSLLKKL LOLDPVLL LMV SSVQOKSWYF PE IRMVDG SREQLEKMR VE LET PQA
2525
No/98 322 LLSYGHTLLSMFRAEFIKGYVSKNAKWP PVHLLPGCDKS IKNARELGRWSPAF DRRWQL FAKVVILKIADLDMDPDFNDIVSDKAI ISSRRDWVFEYNAAAFWKKYG
H1766 LLSYGHTLLSI FRAEFIKGYVSKNAKWP PVH LLPGCDKS IKNARE LGRWSPAF DRRWOL FEKVVILRIADLDMDPDFNDI VSDKAT ISSRGDWVFEYNAAAFWKKYG
v LLSYGHTLLST FRAEFIKGYVSKNAKWP PVHLLPGC DKS TKNARELGRWSP AF DRRWOL FEKVVILRIADLDMDP DFNDI VSDKAT ISSRRDWY FEYNAAAFWKKY G
|2
He/ 80 LLSYGHTLLSIFRAEFIKGYVSKNAKWPPVHLLPGCDKSIKNARELGRWSPVFDRRWQLFAKVVILRIADLDMDPDFNDIVSDKAIISSRRDWVFEYNAAAFWKKYS
2= -1 T St i I b .
No/98 429 ERLERPVSRSGPSRLVNALIDGRLDNIPALLEPF YRGADEFEDRL TVLVEK EK ELKVKGRFF SKQTLA TR IYQVVAEAA LKNEVMPY LKTHSMTMS STA LTHLLNRL
H1766 ERLER PPARSG PSRLVNALI DGRLDNIPALL EPF YRGAV EFEDRLTVL VEPK EK ELKVKG RFF SKOTLA IR IYQVVAEAA LKNEVMPY LKTHSMTMS STA LTHLLNRL
v ERLER PPARSG PSR LVNAL I DGRLDNIPALL EPF YR GAVEFEDRL TVL VPK EK ELK VKGRFF SKQTLA IR IYQUVA EAA LKNEVMPY LKTHSMTMS STA LTHLLNRL
YRR R R A L R A R T e
HEY 80 ERLER PPARSG PSR LVNAL I DGRLDNIPALL EPF YRGAV EFEDRLTVLVPK EKELK VKGRFF SKQTLA IR IYQVVAEAALKNEVMPY LKTHSMTMS STALTHLLNRL
He/80,,  -----—————- o g T T
No/98 536 SHT ITKGDSFV INLDYS SWCNGFRPELQAPLCRQLDQMFNCG YFFRTGCTL PCFTTFII QDR FNP PYSDRGEPVEDGVTCAIGTKTMGEGMRQKLWTILTSCWE ITA
H1766 SHT ITKGD SFV INL DYS SWCNG FRPELOAPT CRQ LDOMFNCG YFF RTGCTL PC FTTF I I ODR FNP PYS LS GEPVEDGVT CAV GTKTMGEGMROKLWTIL TS CWE IVA
v SHT ITKGD SFV INLDYS SWCNG FRPELQAPT CRQLDOMFNCG YFF RTGCTL PC FTTF I I QDR FNP PYS LS GEPVEDGVT CAV GTKTMGEGMRQKLWTIL TS CWE IVA
=5 -
He/ 80 SHT ITKGD SFV INLDYS SWCNG FRPELQAPLCRQLDOMF NCG YFFRTGCTL PC FTTF I I QDRFNP PYSFRGEPVEDGVTCAVGTKTMGEGMROKLWTIL TS CWE IVA
Hes80,,  ------—-——o o T e
No/98 643 LREVNVTFNILGQGDNQT ITIHRSVSONNOQLAERA LGALYKHAR LAGHNLKVEECWVSDCL YEY GKK LF FRGVPV PGC LKQLSRVT DSTGELFPNLYSKLACLTSS
H1766 LRE INVTFNILGQGDNQTI I THKSA SONNQL LAERA LGA LYKHAR LAGHNL KVEECWVS DCL YEY GKK LF FRGVPV PGC LKQ LSRVTDSTGEL FENLYSKLACLTSS
v LRE INVTFNILGOGDNQTI I IHKSA SONNQL LAERA LGA LYK HAR LAGHNL KV EECWVS DCL YEY GKK LF FRGVPV PGC LKQLS RVT DSTGEL FPNLYSKLACLTSS
FR T T T T T T T T T T T e T T T
He/ 80 LRE INVTFNILGQGDNQTIVIHKSA SONNOL LAERA LGA LYKHAR LAGHNL KVEECWVS DCL YEY GKK LF FRGVPV PGC LKQ LSRVTDSTGEL FPNLYSKLACLTSS
He/80,,  -—---—-——————o e LT
No/98 750 CLSAAMADTSPWVALATGVCLYLIELYVELPPAVMQDES LLTTLC LVG PSIGGLPTPAT LPSVFFRGMSD PLEFQLALLQTL IKTTGVTC SLVNRVVKLRI APY PDW
H1766 CLS AAMADTSPWVALATGVC LY LIELYVELP PAT MODES LLTTLC LVG PSI GG LPT PATLPSVFFRGMSD PLPFOLALLOTL IKTTGVTC SLVNRVVKLRI APY PDW
v CLSAAMADTSPWVALATGVC LY LIELYVELP PATMODES LLTTLC LVG PSI GGLPT PATLPS VFF RGM SD PLPFQLALLQTL IKTTGVTC SLVNRY VKLRI APY DI
. LSAA W GGLE VFFRGMSDPLPFOLALLQTL IKTTGVTC SLVNRVVKLRIAPY PDW
né;so CLSAAMADTSPWVALATGVCLYLIELYVELPPAIMQDESLLTTLCLVGPSIGGLPTPATLPSVFFRGMSDPLPFQLALLQTLIKTTGVTCSLVNRVVKLRIAPYPDW
2 G L e
No/98 857 LSLVTDPTSLNIAQVYRPERQI RKWIEEA IATSTHS SRVATF FOQ PLTEMAQL LARDLS TMM PLLPRDMS ALF ALSNVA YGL ST IDLFQK SSTVVSASQAVHIEDVA
H1766 LSLVTDPTSLN TAQVYR PEROL RRWIEEATATSSHS SRI ATF FOO PLTEMA OL LAR DLS TMM PLR PRDMS ALF ALSNVA YGL ST IDL FOK SSTVVS ASOAVHIEDVA
v LSLVTDPT SLN IAQVYR PER QI RRWIEEATATSSHS SRI ATF FOQ PLTEMA OL LARDLS TMM PLR PRDMS ALF ALSNVA YGL ST IDL FQK SSTVVS ASOAVHIEDVA
. LSLVTDPT SLNIAQVYR PERQI RRWIEEATATSSHS SRTATF FQQPLTEMAQL LARDLSTMM PLR PROMSALF ALSNVAYGL ST IDLE AVHIEDVA
ge?gg LSLVTDPTSLNIAQVYRPERQIRRWIEEAIATSSHSSRIATFFQQ%LTEMAQLLARDLSTMMPLRPRDMSALFALSNVAYGLSIIDLFQKSSTVVSASQAVHIEDVA
e/80;, e T T T e AR St
No/98 964 LESVRYKESIIQRLLDTTEGYNMQPYLEGCTY LAAKQLRRLTWGRDLVGVTMPFVAEQFH PHS SVGANAE LYLDAI I'YC POEPLRSHHLTTRGDQPL YLG SNTAVKY
H1766 LESVRYKE SIIQGL LDTTEGYNMOPYLEGCTYLAAK OLRRLTWGR DLV GVTMP FVA EQF HPH SSAGAKAE LYL DAT TYC POE TLRSHHLTTRG DQP LYLGSNTAVKV
v LESVRYKESTIOGLLDTTEG YNMOPYLEGCT YLAAK QLRRLTWGR DLV GVTMP FVA EQF HPH SSVGAK AELYLDAT I YC PQE TLRSHHLTTRGDQP LYLGSNTAVKV
v ___________________________________________________________________________________________________________
HoY 80 LESVRYKESIIQGLLDTTEG YNMOPYLEGCT YLAAK QLRRLTWGR DLV GVTMP FVA EQF HPH SSVGAKAE LYLDAI IYC POETL RSHHLTTRG DQP LYLGSNTAVTV
He/80,, et S
No/98 10718RGEITGLTKSRAANLVRDTLVLHQWYKVRRVTDPHLNTLMCRFLLEKGYTSEARPSIQGGTLTHRLPSRGDSRQGLTGYVNILSTWLRFSSDYLHSFSKSSDDYTI
H1766 RGET TGLTKSRAANLVKDT LV LHOWYKVRKVTD PH LNT LMARFL LEK GYT SDARP STGGGT LTHRLP SRGDSROG LTG YVN IL STWLRF SSDYLH SFSKS SDDYTT
v QRGEI TGLTKS RAANLVRDTLVLH QWY KVRKVTDPHLN TLMARF LL EKG YTS DAR PST G GTL THR LPSRGD SRQGL TGY VNI LSTWLRFSS DY LHS FSK SSDDYT I
v ________________ - o —— - —— o ———— ——— — —— — —— — —— - - G = - S Am S S . e e S - e - e G e e e -
ng?gg QRGEI TGLTKS RAANLVKDT LV LHQWYK VRK VTD PH LNT LMARFL LEK GYT SDARP STQGGT LTHRLP SRGDSRQG LTG YVN I L STWLRF SSDYLH SFSKS SDDYTT
He/80,,  —-----—--—- o D T mn Tt
No/98 1178 HFQHVFTYGCLYADSVIRSGGV ISTPYL LSASCKTCFEK IDSEEFVLACEPQYKGAEWL ISK PVTI PEQ I IDAEVEFDPCVSAS YCLGIL IGK SFLVDI RASGHDIM
H1766 HFQHVFTYGCL YADSVI RSGGV I ST PYL LSA SCKTC FEK IDS EEFVLACEPOYRGA EWLVSKPVSVPEQI TDAEVE FDPCVSAS YCLGIL IGK SFLVDI RA SGHDIM
v HFQHVFTYGCL YAD SVI RSGGV I ST PYLLSA SCKTC FEK IDS EEFVLACEPQY RGA EWL I SK PVTVPEQI TDA EVEFDPCVS AGYCLGIL IGK SFLVDI RASGHDIM
V. | el gt T T LT
ggfgg HFQHVETYGCLYADSVIRSGGY ST PYLLSASCKTCFEK 1DS EEVVLACEPQYRGAEWL 1 SK PVTVPEQI IDAEVEFDPCVS AS YCLGIL IGK SFLVDIRASGHDIM
@/80;,  ——mmm—mmmmmmmmmmm e m oo oo o e g ————-
No/98 1285 EORTWANLERF SLSDMOK LBWSIV IRS LWRFLVGARLL QFERAGL TRLLYAAAGPTFSF LMRVFQDSA LLMDC APLDRL SPR INFQNRGDLVAKLILLPFINPG IVD
H1766 EORTWANL ERF SVS DMOKLPWS IVI RSLWRF LIGAR LLOFEKAGL TRMLYAATGPTFSF LMKVFODSA LLMDC APL DRL SPR INFHSRGD LVAKLYV LLPFINPG IVE
v EQRTWANL ERF SVS DMQKLPWS IVI RSLWRF LIGAR LLQFEK AGL IRMLYAATGPTPSF LMK VFQDSA LLMDCAPL DRL SPR INFHSRGDLVAKLY LLPFINPG IVE
HOY 80 EQRTWANL ERF SVS DMOKLPWS IVI RSLWRF LIGAR LLOQFEKAGL IRMLYAATGPTFSF LMKVFQDSA LLMDC APLDRLY PRI NFH SRGDLVAK LVL LPF INPGIVE
He/80,, ettty s
No/98 1392 TEVAGINSKYLAVSETNMDLY IAAAKSVGVKPIQF VEE TND FVARGQHHGRYS LSWSGLHRRAQALKMVVRKLKLCVLY IYPTVDPAIAL DLCHLPALT 11 LVLGGD
H17 TEV SG INSKYHAVS EANMDL Y ARAKSVGVK PTOFV EETNDF TAR GHHHGC YS LSW SKS RNQ SOV LKMVVRKLKLC VLY TYPTVDPAVAL DLCHLPALT I 1 LVLGGD
v TEVSG INSKYHAVS EANMDL Y I AAAKSVGVK PTO FV EETNDF TAR GHHHGC YS LSW SKS RNO SOV LKMVVRKLKLC VLY TYPTVDPAVALDLCHLPALT 11 LVLGGD
FR T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T s o m e m e m e e e
He/ 80 IEVSRINSKYHAVS EANMDL YI AAAKSYVGVK PTQFV EETNDF TAR GHHHGC YS LSWSKSRNQ SQV LKMVVRKLKLCVLY IYPTVDPAVAL DLCHLPALT IT LVLGGD
@/ 80, m o oo m oo oo e e oo
No/98 1499 PAYYVERLLELDLCGAVSSRVDVPHS LAAKTHRGFT IGPETGPGVI RLEKLESAS YAHPC LEELEFNAY LGSEQVDI SDMCCL PLATPCKA LFKPVYR SMOS FRLALM
H1766 PAYYERLL EMDLCGAVS SRV DI PHS LAARTHRGF T GPDAGPGVI RLDRLESVCY AHPCL EEL EFNAYL DSE LVD IS DMC CLP LAT PCKALF RPIYR SLQ SFRLALM
v PAYYERLLEMDLCGAVS SRVDI PHS LAGRTHRGF AVGPDAGPGVI RLDRLESVCY AHPCL EEL EFNAYLDSELVD IS DCCLP LAT PCKALF RPTYRSLQSFRLALM
FR T T T T T T T T T ST T T T T T T T T T T AT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T m T T T e mm e T e
He/ 80 PAY YERLLEMDLCGAVS SRVDI PHS LAARTHRGF TI GPDAGPGVT RLDKLESVCY AHPCL EEL EFNAYLDSELVD 1S DNCCLPLAT PCKALF RPVYR SLOSFRLALM
e/80,, s -—- e P
No/98 1606 DNYGFLMDLVMT RGLDIR PHL EEF DEL LVVGQYILGOLI QEEAVY YVGVVGRGPVVSRSSRWVGLKRIT IGGR SPC PCAARLR DEDRQGS LLAGLPAELVQLLLVD
H1766 DNY SFVMDLIMTRGLDI RPYLEEFDELLVVGQHI LGOPV LVEVVY YVGVVRKR PVLARH PWS ADLKRI TVGGRVEC PSAARLRDEDC OGS LLVGLPAGLTQLLIID
v DNY SFVMDLIMTRGLDI RPHLEEFDELLVVGQHI LGOPV LVEVVY YVGVVRKR PVLARH PWS ADLKRI TVGGRAPC PSAARLRDEDC OGS LLVGLPAGL TQLLIID
Ven it o
He/ 80 DNY SFVMDLITIRGVDIR PHL EEF DEL LVVGQHILGQPVLY EVVYYVGVVGKR PVL ARH PWS ADLKRI TVGAS AIPECCWTA
He/80p,  -—----------o- L-- oo . . - “GRAPC PSAAGLRDEDCRGS LLVGLPAGLTQLLVVD

Fig. 2. For legend see facing page.
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end of the viral genome, although it remains possible that
additional nucleotides are present.

3’-RACE experiments were performed to define the
sequence at the other end of the viral genome (Fig. 3 A, right
panel). Here, either A- or C-tails were added to the 3’-ends of
viral RNA molecules before they were subjected to reverse
transcription using oligo(dT) or oligo(dG /dI) primers. Products
were amplified by PCR and cloned into a plasmid vector. Most
of the resulting clones contained viral cDNA fragments that
suggested that the most likely 3’-end of the viral genome
might be 5" ... CGCAACA 3.

To confirm these data by an independent approach, we
analysed a series of cDNA clones generated from viral RNA
ends that were artificially fused by RNA ligase before the
product was used for cDNA synthesis and PCR amplification.
In this RNA-ligation/RT-PCR procedure, primers for reverse
transcription were designed to drive cDNA synthesis across
the junction site. Analysis of resulting cDNA clones from
strains V, He/80 and H1766 revealed a rather non-uniform
picture in that most of the clones appeared to carry deletions
of variable lengths that seemed to map to either side of the
fusion site (Fig. 3B). To generate a consensus sequence, we
decided to ignore all hypothetical deletions in order to deduce
the putative sequence of the longest possible RNA template.
The 3’-terminal sequence of this hypothetical molecule is
identical to that determined by 3’-RACE. Its 5’-terminal
sequence is identical to that determined by 5'-RACE except for
an extension of 4 nt. Assuming that this hypothetical molecule
indeed reflects a copy of the full-length viral RNA, the proper
ends of the BDV genome would be 5° UGUUGCGCUAC-
AACAAA ... and ...UUUGUUGUUAACGCAACA 3’
These two sequences show a high degree of complementarity,
indicating that the BDV genome can potentially form a
panhandle (Fig. 4 A), as is the case for other members of the
order Mononegavirales. However, the 5'-RACE data (Fig. 3 A)
do not fit this model well.

Since we cannot rule out the possibility that intrinsic
problems associated with the 5-RACE procedure were
responsible for the failure to unambiguously identify the 5’-
end sequence of the viral genome, we used an alternative
technique for analysis that involves ligation of a defined RNA
oligonucleotide to the 5'-terminus of the genomic RNA prior
to performing RT-PCR. To ensure that the genome ends were
mono-phosphorylated, we treated the viral RNA with TAP
before ligation of the RNA oligonucleotide. Analysis of the
resulting cDNA clones revealed that 5 GCGCUA ... 3" was
the predominant sequence at the extreme 5’-end of the viral

Conservation of BDV strains

genome of He/80 (Fig. 3C, left panel). Identical results were
obtained with viral RNA that was not treated with TAP (Fig.
3 C, right panel), suggesting that the 5" end of the viral genome
is not tri-phosphorylated but rather mono-phosphorylated.
Direct sequencing of the amplification product revealed a
single prominent sequence (Fig. 3D), indicating that the vast
majority of viral RNAs carry no additional nucleotides at the
5’-end. It remains to be determined whether viral genomic
RNAs with these non-complementary ends are replication-
competent. It is possible that the 5'-end sequences determined
here reflect terminally cleaved viral RNAs. This view is
compatible with the observation that the viral RNAs seemed
to carry a monophosphate at the 5’-end. If correct, this
situation would be similar to that observed with Seoul virus (a
hantavirus; Meyer & Schmaljohn, 2000), where terminally
deleted genome ends were found to be abundantly present in
persistently infected cells.

The end sequences of the BDV genome that we deduced
from our experiments are in conflict with data from previous
reports (Briese ef al., 1994; Cubitt ef al., 19944) in which the
genome ends of strains V and He/80 were determined (Fig. 4
B). The most striking difference is that we find an A residue at
the 3’ terminus of the viral RNA, whereas the others did not
(Fig. 4B). It is not entirely clear why our analysis yielded a
different result. One reason might be that previous RNA-
ligation/RT—PCR studies were performed in combination with
3’-RACE of A-tailed RNA, but not with C-tailed viral RNA.
Such restricted analysis can, by definition, not identify any
terminal A residues at the 3’-end of the viral genome.

Assuming that the 3’-end of the BDV genome is indeed
occupied by an A residue, the BDV polymerase has to initiate
transcription with UTP. If true, this constellation would
represent a unique case among non-segmented, negative-
strand RNA viruses. The polymerases of viruses from the order
Mononegavirales all seem to initiate transcription by employing
either ATP or GTP. Among other negative-strand RNA
viruses, Hantaan virus (Garcin ef al., 1995) is known to carry an
A residue at the 3”-end of the genome. However, transcription
of the Hantaan virus genome is thought not to be initiated at
the terminal A residue but rather at the C residue at position 3.
After synthesis of a short nucleotide primer, a sophisticated
‘prime-and-realign’ mechanism ensures that the polymerase
will synthesize a complete copy of the viral genome (Garcin
et al, 1995). It remains to be determined whether similar
mechanisms are at work in BDV.

Closer inspection of sequences near the 3’- and 5’-ends
of the genomes of various BDV strains revealed both

Fig. 2. Comparison of L polymerase sequences from various BDV strains. Sequence information was from the following
sources: strain No/98 (GenBank accession no. AJ311524), strain H1766 (GenBank accession no. AJ311523), strain Vg
(GenBank accession no. AJ311521), strain He/80; (GenBank accession no. AJ311522), strain V (GenBank accession no.
U04608) and He/80 (GenBank accession no. L27077). Note that the He/80 reference sequence depicted in the figure has
recently been corrected (March 2001). The new sequence features a full-length L ORF of identical length to the Freiburg
subline of this virus. Variant amino acids are indicated in bold letters. Dashed lines indicate amino acids identical to the

sequence above.
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5° RACE

3° RACE

B

RNA-ligation/RT-PCR

v

5’- TTTGTTGTAGCGCGCCC. .

TTTGTTGTAGCGCTccCC. .
TTTGTTGTAGCGCcCcCCC. .
TTTGTTGTAGCGCCCCC. .
TTTGTTGTAGCGCCCCC. .
TTTGTTGTAGCGCGCCC. .
TTTGTTGTAGCGCCccCC. .
TTTGTTGTAGCGCCcCCC. .
TTTGTTGTAGCGCCCCC. .
TTTGTTGTAGCGCCCCC. .
TTTGTTGTAGCGcccccC. .
TTTGTTGTAGCGCACCC. .

H1766

TTTGTTGTAGCGGCCccCC. .
TTTGTTGTAGCGCACCC. .
TTTGTTGTAGCGCcccccC.

TTTGTTGTAGCGCcccccC. .
TTTGTTGTAGCGcccccC. .
TTTGTTGTAGCGccccC. .
TTTGTTGTAGCGCccCCC. .
TTTGTTGTAGCCCCCCC. .

He/80

TTTGTTGTAGCGCAcCcC. .
TTTGTTGTAGCGCACCC. .
TTTGTTGTAGCGCcccccC. .
TTTGTTGTAGCGCcccccC. .
TTTGTTGTAGCGCAACC. .
TTTGTTGTAGCGCcccccC. .
TTTGTTGTAGCCCCCCC. .
TTTGTTGTAGCGCAcCCC. .
TTTGTTGTAGCGCACCC. .
TTTGTTGTAGCGCACCC. .
TTTGTTGTAGCGCACCC. .

No/98

TTTGTTGTAGCGcccccC. .
TTTGTTGTAGCGCCccCC. .
TTTGTTGTAGCGCcccccC. .
TTTGTTGTAGCGCcccccC. .
TTTGTTGTAGCGCCcCCC. .
TTTGTTGTAGCGGCcccCC. .
TTTGTTGTAGCCCCCCC. .
TTTGTTGTAGCGCAcCCC. .

. .CGAAACAACAUCGCG(U) -5’

-3

5

. . tt ttGTTGCGTTAACA -3’

. .ttt tGTTGCGTTAACA
. . Lttt tGTTGCGCTAACA
. .tttttttGCGCTAACA
. . Lt t tGTTGCGTTAACA
. .gggTGTTGCGTTAACA
. .gggTGCTGCGCTAACA
. -.gggTGCTGCGCTAACA

v

. . LLLtGTTGCGTTAACA
. . Lttt tGTTGCGCTAACA
. . LEttGTTGCGTTAACA
. . Lttt tGTTGCGTTAACA
. . gggTGTTGCGTTAACA
. .gggTGTTGCGTTAACA
. .gggTGTTGCGTTAACA
. .gggTGTTGCGTTAACA

H1766

. . Lttt tGTTGCGTTAACA
. .ttt tGTTGCGCTAACA
« «JgggGTTGCGTTAACA
. .gggTGTTGCGTTAACA
. «gggTGTTGCGTTAACA
. «gggTGTTGCGTTAACA

He/80

. . Lt LtGTTGCGTTAACA
. .ttt tGTTGCGCTAACA
. .Gt tGGTTGCGTTAACA
. .t ttGGTTGCGCTAACA
. . ggTTGTTGCGTTAACA
. -.gggTGTTGCGTTAACA
. -.gggTGTTGCGTTAACA
. . gggTGTTGCGTTAACA
. .gggTGTTGCGTTAACA
. .gggTGTTGCGTTAACA

No/98

3’- ACAACGCAAUUGA..

deduced ends of viral RNA

Oligo-ligation
(+ TAP)

He/80

TTTGTTGTAGCGCtttc..
TTTGTTGTAGCGCtttc. .
TTTGTTGTAGCGCtttc. .
TTTGTTGTAGCGCtttc. .
TTT-TTGTAGCGCtttc..
TTTGTTGTAGCGCtttc. .

.

Oligo-ligation
(- TAP)

TTTGTTGTAGCGCtttc.
TTTGTTGTAGCGCtttc.
TTTGTTGTAGCGCtttc.
TTTGTTGTAGCGCtttc.
TTTGTTGTAGCGCtttc.
TTTGTTGTAGCGCtttc.

/

. .CGAAACAACAUCGCG -5
deduced end of viral RNA

He/80

v 5’ -TTTGTTGTAGCGCAACA- - - -GCGTTAACA -3’
TTTGTTGTAGCG-- --GCGTTAACA
TTTGTTGTAGCG-- --GCGTTAACA
TTTGTTGTAGCGCAA--+----GCGTTAACA
TTTGTTGTAGCGC----TGTTGCGTTAACA
TTTGTTGTAGCGC--~--TGTTGCGTTAACA
TTTGTTGTAGCGC----TGTTGCGTTAACA
TTTGTTGTAGCGC----TGTTGCGTTAACA
TTTGTTGTAGCG----- ----GCGTTAACA
TTTGTTGTAGCGC----TGTTGCGTTAACA
TTTGTTGTAGCG---- - ~---GCGTTAACA
TTTGTTGGAGCGC- - - -~ -TTGCGTTAACA
TTTGTTGTAGCGC----TCTTGCGCTAACA
TTTGTTGTAGCGC----~---GCGCTAACA
TTTGTTGTAGCGC----+----GCGCTACCA
TTTGTTGTAGCGAAAC-~--TGCGTTAACA
TTTGTTGGAGCG-- -~ - ~---GCGTTAACA

H1766 TTTGTTGTAGCGCC--------- GTTAACA
TTTGTTGTAGCGG--~--F-----~— GTTAACA
TTTGTTGTAGCGG- --GTTAACA
TTTGTTGTAGCGG- --GTTAACA
TTTGTTGTAGC--- ---GTTAACA
TTTGTTGTAGCGC-- -GCGTTAACA

He/80 TTTGTTGTAGCG- --CGTTAACA
TTTGTTGTAGCG- -~~~ ---GCGTTAACA
TTTGTTGTAGCGC--—--+----- CGTTAACA
TTTGTTGTAGCG-~-—-~- - ----GCGTTAACA
TTTGTTGTAGCGCA---~--TGCG-TAACA
TTTGTTGTAGCG-----F—---— CGTTAACA

. AAACAACAUCGCG(UUGU)-5’

D

. .AACAACAUCGCG-5"
deduced end of viral RNA

3’-ACAACGCAAUUGU. .

deduced ends of viral RNA

TG6T1TTGT

AGCGCTTTCTA

Fig. 3. Determination of the 5’- and 3’-termini of the BDV genome. (A) Terminal virus sequences deduced from the results of
5’- and 3’-RACE experiments. Lower-case letters mark terminal nucleotides that were introduced artificially during the RACE
procedure. Strain origins of viral RNA used for the RACE experiments are indicated. Each lane shows the sequence (in
antigenome orientation) of one individual RACE cDNA clone. Deduced ends of the viral genome are shown at the bottom.

(B) Terminal virus sequences deduced from results of RNA-ligation/RT-PCR experiments. Each lane shows the sequence

(in antigenome orientation) of one individual cDNA clone. Deduced ends of the viral genome are shown at the bottom.

(C) Terminal virus sequences deduced from 5-RACE experiments employing ligation of an RNA oligonucleotide to the 5’-end
of the viral genome (Oligo-ligation). Prior to ligation of the oligonucleotide, the viral RNA was either treated (+ TAP) or not
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B

AU
3’- ACAACGC A UGUUGUUU

LUEAEL el
5'- (UGUU)GCGU-ACAACAAA

New consensus: 3’- ACAACGCAAUUGUU. // . AUCGCG(UUGU)-5’
V(U04608): 3’- CAACGCAAUUGUU. // . AUCGCGCAA -5
He/80(L27077): 3’- CAACGCAAUUGUU. // AUCGCGA -5’

—>—p —> —>
3’- ACPACGCHARUUGUUGUUUGGUGAGUGGUAAGAAGAUUGUUUUACUUGUGGCGUUAC. .

VFR

HIT66 3= B.uvrereeeannnn... Uttt e e et

He/80p 3 Buoviereraranannns LT N c et

No/98 - A................. A.LU...... Gt AL, e
VFR . . .AUUCUAGUUCGGUGGAUGAUGGGAUAAGAAUUUUUUGGUAUACAGUCACCACGUCACGAACCCGAACCAACAACGAAACAACAUCGCG (UUGU) -5
¢ 8 1/ S B et -5
He/80;, ....C..C.AC..... A..... et Gt e e Bt -5
No/98 ....C.AC.AACTAA. . .G.A.C.A. s it ittt e ettt iieannns G.A...T..AC...A..... A.CT..... Conn it -5

Fig. 4. Comparison of 5’- and 3’-termini of the BDV genome. (A) Potential secondary structure of paired 3’- and 5’-genome
ends. Our experiments did not unambiguously prove the presence of nucleotides shown in brackets. (B) Comparison of our
new consensus sequences with published genome end sequences of strain V and He/80. Variability between BDV strains in
the non-coding regions near the 3" (C) and 5" end (D) of the viral genome. Arrows mark repetitive motifs that are found in
complementary orientation near the 3" and 5" ends of the genome. Two inverted repeat motifs near the 5" end of the viral
genome that have the potential to form a stem—loop are boxed. Nucleotides complementary to the initiation codon of N (C) or

the stop codon of L (D) are underlined.

non-conserved and highly conserved regions. Multiple copies
of a highly conserved 5" CAA 3’ motif are present near the
5’-end of the viral genome and are matched by an identical
number of 5 UUG 3" motifs near the 3" end (Fig. 4C, D).
These repeats could potentially help to stabilize an extended
panhandle structure of the BDV genome. Furthermore, a well-
conserved inverted repeat consisting of the elements 3’
AACGCA 5" and 3" UGCGUU 5’ is present near the 3’-end of
the viral genome (Fig. 4C). These elements could easily fold
into stem—loop structures and thus influence the architecture of
the genome ends. It is not known at present which functions
these various motifs might have.

Conclusions and implications

Nucleotides located near the termini of the viral genome
were previously found to play a critical role in establishing a
technique that permits the genetic manipulation of negative-
strand RNA viruses (Conzelmann, 1998). Of similar importance
are cDNA clones used to reconstitute the functional viral
polymerase complex (Conzelmann, 1998). Our new sequence
information on the hypothetical structure of both ends of the
BDV genome might explain why various artificial ‘mini-
replicons’ that were based on published sequence information
did not replicate to detectable levels in previous experiments.

Functional tests with native and reconstituted viral polymerase
complexes will be necessary to determine whether artificial
BDV RNA molecules with the new structural features are
replication-competent.
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