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The RNA genome of Borna disease virus (BDV) shows extraordinary stability in persistently infected cell
cultures. We performed bottleneck experiments in which virus populations from single infected cells were
allowed to spread through cultures of uninfected cells and in which RNase protection assays were used to
identify virus variants with mutations in a 535-nucleotide fragment of the M-G open reading frames. In one of
the cell cultures, the major virus species (designated 2/1) was a variant with two point mutations in the G open
reading frame. When fresh cells were infected with a low dose of a virus stock prepared from 2/1-containing
cells, only a minority of the resulting persistently infected cultures contained detectable levels of the variant,
whereas the others all seemed to contain wild-type virus. The BDV variant 2/1 remained stable in the various
persistently infected cell cultures, indicating that the cells were resistant to superinfection by wild-type virus.
Indeed, cells persistently infected with prototype BDV He/80 were also found to resist superinfection with strain
V and vice versa. Our screen for mutations in the viral M and G genes of different rat-derived BDV virus stocks
revealed that only one of four stocks believed to contain He/80 harbored virus with the original sequence. Two
stocks mainly contained a novel virus variant with about 3% sequence divergence, whereas the fourth stock
contained a mixture of both viruses. When the mixture was inoculated into the brains of newborn mice, the
novel variant was preferentially amplified. These results provide evidence that the BDV genome is mutating
more frequently than estimated from its invariant appearance in persistently infected cell cultures and that
resistance to superinfection might strongly select against novel variants.

Genome replication of RNA viruses is error prone, because
RNA-dependent RNA polymerases lack proofreading activity
(10, 18). Nevertheless, field isolates of certain RNA viruses
exhibit a high degree of genetic stability over many decades
(10). The selective forces which restrict virus variability are
presumably complex and nonuniform. In most cases, the mech-
anisms of restriction are largely unknown.

Borna disease virus (BDV) is a newly classified nonseg-
mented negative-strand RNA virus that can persistently infect
the central nervous systems of a broad range of warm-blooded
animals and possibly humans without destruction of its host
cells (11, 13, 21, 29). Natural and experimental infections with
BDV usually result in immune-system-mediated neurological
disease and behavioral abnormalities (5, 13, 14, 34). Sequence
comparisons between old and recent BDV isolates of diseased
animals from regions of endemicity in Central Europe revealed
viral genome conservation of greater than 95%, in spite of the
fact that some of these viruses were passaged many times in
experimental animals or in cell culture (3, 28). Recent evidence
indicates that BDV strains from outside the classical regions of
endemicity (e.g., Japan, Sweden, and the United States) (1, 2,
7, 11, 19) are virtually identical (95 to 98% identity) to the
Central European strains (3, 28). However, we recently char-
acterized a novel field isolate from a diseased horse in eastern
Austria whose genome was only about 85% identical to that of
classical BDV strains, demonstrating that BDV can easily tol-

erate more nucleotide exchanges (22). Intriguingly, the nucle-
otide exchanges of the novel BDV isolate have little effect on
the primary structures of most viral proteins (22).

To elucidate the molecular basis of the high stability of the
BDV genome in persistently infected cells, we tested the hy-
pothesis that virus mutants are constantly present but fail to
emerge under standard conditions. We report the successful
amplification of a novel virus mutant by creating bottleneck
conditions under which virus populations of single infected
cells were allowed to spread to uninfected cells that were
provided in large excess. We propose that the observed resis-
tance of BDV-infected cells to superinfection with BDV vari-
ants contributes to viral genome stability. Analysis of labora-
tory strains further showed that they can undergo dynamic
changes during passage in the brains of animals and that new
virus variants can eventually become dominant in the popula-
tion.

MATERIALS AND METHODS

Infection of cell cultures. Single rat astroglia cells (C6 cells) from a cell culture
persistently infected with BDV strain He/80 (6) were seeded in 96-well dishes.
After adherence, approximately 400 uninfected C6 cells were added. After the
cells had grown to confluency, passages were done at a ratio of 1:5 for 3 to 4
weeks. The degree of virus infection of the cultures was determined by indirect
immunofluorescence assay (IFA) as described previously (16) using a polyclonal
serum directed against the viral phosphoprotein (31). Standard virus infections
were carried out with 105 C6 cells and various amounts of virus stocks in the
presence of culture medium containing 10% fetal calf serum (FCS). Cells in-
fected with high doses (approximately 100, 500, 2,500, and 10,000 focus-forming
units [FFU]) of BDV virus stock derived from 2/1-containing cells were passaged
at a ratio of 1:5 for 3 to 4 weeks.

Preparation of total RNA. Total RNA of either BDV-infected C6 cells or the
brains of neonatally infected rats and mice harvested at 4 weeks postinfection
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were prepared using peqGOLD TriFast (Peqlab) according to the manufactur-
er’s recommendations. The precipitated RNA samples were dissolved in water.

In vitro transcription and RPA. Runoff transcriptions were performed with 0.2
mg of EcoRI-linearized plasmid pRPAwt (20) in a total volume of 20 ml of T7
transcription buffer (Roche Molecular Biochemicals) containing 28 U of RNasin
(Amersham); 0.5 mM (each) ATP, GTP, and CTP; 0.05 mM UTP (Pharmacia);
3 U of T7 RNA polymerase (MBI Fermentas); and 10 mCi of 32P-labeled UTP
(3,000 Ci/mmol; Amersham). After incubation at 37°C for 90 min, the total
volume was raised to a final volume of 30 ml with transcription buffer including
4 U of RNase-free DNase (Ambion) and incubated for a further 30 min at 37°C
to digest plasmid DNA. Purification of the 32P-labeled RNA and subsequent
RNase protection assay (RPA) reactions were carried out as described previ-
ously (32) using approximately 1.4 3 105 cpm of 32P-labeled RPA probe and 10
mg of total RNA per sample. The digestion of unhybridized RNA involved 16 U
of RNase T1 (Ambion)/sample and either 0.02 or 4 mg of RNase A (Roche
Molecular Biochemicals).

Virus stocks. Virus stocks from C6 cells persistently infected with BDV strain
He/80 (6) were prepared as described previously (4) with slight modifications.
Briefly, 25 confluent 90-mm-diameter plates were washed with 20 mM HEPES
(pH 7.4) and incubated with 10 ml of 20 mM HEPES (pH 7.4) containing 250
mM MgCl2 and 1% FCS for 1.5 h at 37°C. Subsequently, the virus-containing
supernatants were harvested and centrifuged twice at 2,500 3 g for 5 min to
remove cell debris. The virus particles were concentrated by ultracentrifugation
for 1 h at 20°C and 80,000 3 g onto a 20% sucrose cushion containing 10 mM
HEPES (pH 7.4) and 0.5% FCS. The virus-containing pellets were finally resus-
pended in phosphate-buffered saline. Titration of BDV using Vero cells was
performed as described previously (17).

The following virus stocks from He/80-infected rats were used in this study: no.
66, fifth passage in brains of newborn Lewis rats (a gift from L. Stitz, Tübingen,
Germany); no. 62, fifth passage in brains of adult Lewis rats (a gift from L. Stitz);
no. 61, fifth passage in brains of newborn Lewis rats (the fourth passage of this
virus was a gift from L. Stitz, whereas the fifth passage was done locally as
described below); and no. 102, third brain passage in newborn Lewis rats (a gift
of K. Carbone, Rockville, Md.), passaged once in the brain of an adult Lewis rat.
The last virus stock was only available as an archival RNA sample (27).

Animal infections. Newborn b2m0/0 MRL mice were infected by the intra-
cerebral route with 10 ml of rat brain-derived virus stock no. 61, corresponding
to approximately 500 FFU, in the thalamic region of the left hemisphere using a
Hamilton syringe as described previously (15). Four weeks postinfection, suc-
cessful infections of the mice were confirmed by analyzing the total RNA of the
brains by RPA. Virus stock no. 61 was prepared from the brains of 4-week-old
Lewis rats that were intracerebrally infected neonatally with about 103 FFU of
BDV.

Direct sequencing of RT-PCR products. First-strand cDNA synthesis was
carried out with 4 mg of total RNA and He/80-specific primer 1908F (59-TCCT
ATGTGGAGCTCAAGGAC-39) in a final volume of 20 ml using Superscript RT
(Gibco Life Technologies) as recommended by the manufacturer. Subsequent
nested PCR (two series of 30 cycles as follows: 95°C, 1 min; 55°C, 1 min; 72°C,
1 min) was carried out in a total volume of 100 ml containing 5 U of Taq
polymerase (Roche Molecular Biochemicals) using primers 2550R (59-CTTAA
CAGTACCAGTGTACCG-39) and 1908F as the first primer set and 2530R
(59-GATTGATGATCGGTCAGCG-39) and 1925F (59-GACAAGGTAATCGT
CCCTGG-39) as the second primer set. The first PCR mixture contained 2 ml of
the reverse transcription (RT) reaction mixture, whereas the second PCR mix-
ture contained 5 ml of the first PCR mixture. Amplification products were gel
purified and directly sequenced (Toplab).

Nucleotide sequence accession numbers. Partial nucleotide sequences of vari-
ant 2/1 and virus stocks no. 102 and 62 were deposited in GenBank under
accession no. AJ271120, AJ271118, and AJ250177, respectively.

RESULTS

Detection of sequence variations among different BDV
strains by RPA. To ensure that RPA is a reliable method to
identify small nucleotide differences between closely related
BDV strains, total RNA of C6 cells infected with BDV strains
He/80 and V were analyzed using an RNA probe complemen-
tary to the coding sequence of the M and G proteins (nucle-
otides [nt] 1975 to 2510) of He/80. Within this region, the two
strains differ at 22 nucleotide positions. At low concentrations
of RNase A (0.02 mg), the expected unspliced and three spliced
viral transcripts of He/80 were detected (Fig. 1, lane 4). When
RNA of cells infected with strain V was used, additional bands
appeared (Fig. 1, lane 6). A 200-fold-increased RNase A con-
centration (4 mg) did not significantly change the RPA signal
pattern observed with He/80 transcripts (Fig. 1, lane 5). How-
ever, pronounced degradation of the RPA probe was evident
when strain V-derived RNA was analyzed (Fig. 1, lane 7),

indicating that the mismatches of strain V transcripts are effi-
ciently recognized. Thus, under stringent conditions, RPA can
be used as a diagnostic tool to identify sequence variations
among BDV strains. All further RPA experiments were there-
fore carried out with high concentrations of RNase A. It
should be noted that due to the nucleotide specificities of the
RNases used in the assay, unpaired A residues were not rec-
ognized.

Characterization of a new BDV variant from persistently
infected cells. Based on the hypothesis that a certain percent-
age of cells within a population of BDV-infected cells may
harbor virus variants in addition to wild-type virus, we specu-
lated that cocultivation of uninfected cells with a single BDV-
infected cell might allow the characterization of such variants.
To test this hypothesis, we seeded uninfected C6 cells onto a
single He/80-infected C6 cell to allow the spread of virus to
neighboring cells. Monitoring of infection by indirect IFA in-
dicated that after 3 to 4 weeks of passaging, 50 to 90% of the
cells were infected with BDV (data not shown). Subsequent
RPA screening using total RNA of 30 independent infected C6
cell cultures revealed that one culture contained a BDV vari-
ant (designated 2/1), as indicated by a dramatic change in the
signal pattern (Fig. 2A, lane 5). To confirm this observation we
determined the nucleotide sequence of the variant by sequenc-
ing nested RT-PCR amplification products corresponding to
the M-G coding sequence (nt 1975 to 2510). Two nucleotide
changes were identified in 2/1 at positions 2433 and 2435 com-
pared to He/80 (Fig. 2B), one of which resulted in a noncon-
servative change of isoleucine to threonine at position 67 of the
G protein.

FIG. 1. RPA for the detection of sequence variations between different
strains of BDV. Nucleotide differences between the BDV strains He/80 and V
were visualized by RPA using a 535-nt RNA probe (lane 1) complementary to
the M and G open reading frames of strain He/80. Analysis was carried out using
10 mg of tRNA (lane 2), RNA samples (10 mg) prepared from total cell lysates
of uninfected (uninf.) C6 cells (lane 3), C6 cells infected with BDV strain He/80
(lanes 4 and 5), or C6 cells infected with BDV strain V (lanes 6 and 7). Low
(0.02-mg) or high (4-mg) concentrations of RNase A were used (1) as indicated.
The repertoire of RNA species and the expected gel positions of the correspond-
ing RPA signals are indicated on the right. The arrows mark signals resulting
from RNA species with slightly different sequences. The numbers to the left
indicate the mobility of molecular size markers (in nucleotides).
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Closer inspection of the RPA signal pattern of 2/1-infected
cells (Fig. 2A, lane 5) showed a weak pattern of protected
bands similar to that of wild-type He/80, in addition to 2/1-
specific signals. To determine whether a He/80-like virus was

still present in the cell culture, 10 C6 cell cultures were inde-
pendently infected with less than 10 FFU of a virus stock
prepared from 2/1-infected cells as described in Materials and
Methods. Screening for BDV by RPA 3 weeks postinfection
revealed that 7 out of 10 independent cultures contained pre-
dominantly the wild-type-like virus (Fig. 3A, lanes 6 to 8 and 12
to 15). Two cultures were persistently infected with a mixture
of the He/80-like strain and 2/1, as judged by the intensities of
the various signals (Fig. 3A, lanes 9 and 10), whereas one
culture seemed to be infected with the 2/1 variant only (Fig.
3A, lane 11). However, longer exposure of the film showed that
the He/80-like strain was still present in this culture (Fig. 3B,
lane 11). The signal intensities observed by RPA differed
strongly between 2/1- (Fig. 3A, lanes 9 to 11) and He/80-
infected cells (Fig. 3A, lanes 6 to 8 and 12 to 15), although
equal amounts of total RNA were used for analysis, indicating
that the absolute amounts of viral transcripts were lower in cell
cultures infected with 2/1. Consistent with these findings, the
percentages of infected cells at 3 weeks postinfection, as de-
termined by IFA, were higher than 50% in cell cultures pre-
dominantly infected with the He/80-like virus and less than
20% in cell cultures predominantly infected with 2/1 (data not
shown), indicating that the efficiencies of virus spread in these
cultures differed.

Cells persistently infected with BDV are resistant to super-
infection with other BDV strains. The virus populations in cell
cultures derived from the bottleneck experiment remained sta-
ble after persistent infection was established, as judged from
the unchanged RPA signal patterns (data not shown). Resis-
tance of BDV-infected cells to superinfection by other BDV
variants could explain this behavior. To test this hypothesis, C6
cells persistently infected with the BDV strain He/80 were
incubated with increasing doses of strain V virus stocks. In
parallel, uninfected C6 cells were infected with the lowest dose
of strain V virus used for the superinfection experiment. Three
weeks postinfection, almost all cells of the entire control cul-
ture contained viral antigen, as determined by indirect IFA
(data not shown). RPA confirmed the infection of these cells
by BDV strain V (Fig. 4, lane 4). Since strain V-specific RPA
signals were absent from the other cultures, we concluded that
cells persistently infected with He/80 could not be infected with
strain V under these conditions, independent of the initial dose
of virus used (Fig. 4, lanes 5 to 7). A similar resistance to
superinfection with BDV strain He/80 was observed in C6 cells
persistently infected with strain V (Fig. 4, lanes 9 to 11) or 2/1
(data not shown).

FIG. 2. Identification of a new variant of BDV He/80. (A) Samples of total
RNA (10 mg) from a standard C6 cell culture persistently infected with BDV
He/80 (lane 4) or from newly established persistently infected C6 cell cultures
each initially infected with a single He/80-infected C6 cell (lanes 5 to 8) were
analyzed by RPA as for Fig. 1, using high concentrations of RNase A. Note the
novel signal pattern of the virus in culture 2/1. Undigested RPA probe (lane 1).
No specific products were observed when the RPA was carried out with 10 mg of
tRNA (lane 2) or 10 mg of total RNA from uninfected C6 cells (lane 3). (B)
Fragments of the M-G open reading frames (nt 1975 to 2510) of standard virus
(He/80) and variant 2/1 were amplified by RT-PCR, and their sequences were
compared. The two T-to-C mutations found in 2/1 (shaded) and the resulting
amino acid change in the G open reading frame (I67T [circled]) are indicated.

FIG. 3. Nonuniform nature of BDV variant 2/1. (A) Samples of total RNA (10 mg) from a standard C6 cell culture persistently infected with BDV He/80 (lane 4),
cell culture 2/1 (lane 5), and newly established persistently infected C6 cell cultures infected with a low dose (,10 FFU) of a BDV stock prepared from cell culture
2/1 (lanes 6 to 15) were analyzed by RPA as for Fig. 1. Note that the signal patterns of most cultures differed from that of cell culture 2/1, indicating that several virus
variants were present. Undigested RPA probe (lane 1). No specific products were observed when the RPA was carried out with 10 mg of tRNA (lane 2) or 10 mg of
total RNA from uninfected C6 cells (lane 3). (B) Longer exposure of lanes 10 and 11 shown in panel A.
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Unexpected diversity of He/80 virus stocks with different
passage histories. To evaluate the genome stability of BDV in
vivo, we used RPA to screen stocks of He/80 with different
passage histories in rat brains for mutations in the viral M and
G genes. RNA of C6 cells infected with BDV stock no. 66 or
no. 62 (Fig. 5A, lanes 6 and 7) yielded RPA signal patterns that
were clearly distinct from those of the prototype strains He/80
and V (Fig. 5A, lanes 4 and 5). Intriguingly, analysis of stock
no. 61 revealed two overlapping RPA signal patterns (Fig. 5A,
lane 8), one similar to that of prototype He/80 and one similar
to those of no. 62 and no. 66, suggesting coinfection with at
least two viruses. Analysis of virus stock no. 102 (Fig. 5A, lane
9) revealed an RPA signal pattern similar to that of prototype
He/80 (Fig. 5A, lane 4) but with distinct signal intensities,
suggesting high sequence similarity between the two strains.
Direct sequencing of corresponding RT-PCR amplification
product indeed confirmed the complete identity of the two
viruses in the region of interest. The differences observed in
the RPA thus probably resulted from partial degradation of
the archival RNA from virus stock no. 102. The sequence of
the M-G gene region in BDV stock no. 62 revealed 17 nucle-
otide changes compared to that of the prototype He/80 se-
quence. The deduced partial amino acid sequence of the M
protein in virus no. 62 was identical to that in He/80, whereas

the G protein of no. 62 harbored two amino acid substitutions
(I143L and I144L).

Despite the complex signal pattern observed with RNA of
stock no. 61-infected rat brains, direct sequencing of corre-
sponding RT-PCR amplification products from the M-G gene
region revealed complete identity to stock no. 62 (data not
shown), indicating that viruses with the latter sequence were
predominant. To demonstrate the existence of a mixed virus
population in stock no. 61, we digested RT-PCR amplification
products of the M-G gene regions of prototype He/80, stock
no. 62, and stock no. 61 with the restriction enzyme Bst1107I,
which cuts prototype He/80 but not virus no. 62 (Fig. 5B). The
RT-PCR product derived from stock no. 61 was partially
cleaved by Bst1107I (Fig. 5B), supporting our previous RPA
results, which had suggested the presence of small amounts of
He/80-like virus and large amounts of no. 62-like virus.

FIG. 4. BDV-infected cells are resistent to superinfection. C6 cell lines per-
sistently infected with either strain He/80 (lanes 5 to 7) or strain V (lanes 9 to 11)
were incubated with various doses (100, 500, and 2,500 FFU) of partially purified
BDV strain V (lanes 5 to 7) or with various doses (40, 200, and 4,000 FFU) of
partially purified BDV strain He/80 (lanes 9 to 11). To control for the quality of
the virus stocks, uninfected C6 cells were infected with 100 FFU of strain V (lane
4) or with 40 FFU of strain He/80 (lane 8). Three weeks postinfection, when
almost all cells in the control cultures were expressing viral antigen, samples of
total RNA (10 mg) from the various cultures were analyzed by RPA as for Fig.
1, using high concentrations of RNase A. Undigested RPA probe (lane 1). No
specific products were observed when the RPA was carried out with 10 mg of
tRNA (lane 2) or 10 mg of total RNA from uninfected C6 cells (lane 3).

FIG. 5. RPA analysis of a collection of standard stocks of BDV He/80. (A)
Samples of total RNA (10 mg) were prepared from rat brains or C6 cell cultures
infected with the following BDV He/80 stocks: no. 66, fifth passage in brains of
newborn Lewis rats (lane 6); no. 62, fifth passage in brains of adult Lewis rats
(lane 7); no. 61, fifth passage in brains of newborn Lewis rats (lane 8); and no.
102, three passages in brains of newborn Lewis rats and one subsequent passage
in the brain of an adult Lewis rat (lane 9). RNAs were analyzed by RPA using
high concentrations of RNase A, as described in the legend to Fig. 1. Undigested
RPA probe (lane 1). No specific products were observed when the RPA was
carried out with 10 mg of tRNA (lane 2) or 10 mg of total RNA from uninfected
C6 cells (lane 3). RNA from C6 cells infected with BDV strains He/80 (lane 4)
and V (lane 5) yielded the expected characteristic signal patterns. (B) Corre-
sponding RT-PCR products of standard BDV He/80, virus stock no. 61, and virus
stock no. 62 were incubated with (1) or without (2) restriction enzyme Bst11071,
and products were visualized by agarose gel electrophoresis and ethidium bro-
mide staining. (C) Analysis of stock no. 61 after one passage in the brains of six
individual newborn b2m0/0 MRL mice (m1 to m6).
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To investigate whether one of the two virus variants might
eventually overgrow the other, we infected newborn mice with
BDV stock no. 61 by the intracerebral route. Since stock no. 61
had been generated by five sequential passages in brains of
newborn rats, we assumed that this deliberate change in animal
hosts might create a bottleneck situation, which may favor
replication of the fitter virus variant. In fact, RPA analysis of
RNA from the brains of the infected mice sacrificed at 4 weeks
postinfection revealed major changes in the signal patterns: the
no. 62-specific RPA signals were now clearly dominant in all six
mice, whereas the He/80-like signals showed markedly reduced
intensities (Fig. 5C).

DISCUSSION

In this study, we demonstrate that although BDV exhibits
extraordinary genetic stability under standard cell culture con-
ditions, it is possible to isolate stable genetic virus variants
from these cultures. Simple bottleneck situations under which
the virus content of single persistently infected cells was al-
lowed to spread in uninfected cell cultures yielded 1 culture
out of 30 in which a virus variant (designated 2/1) with two
nucleotide exchanges in the G gene was stably propagated.
Since screening for new BDV variants was performed using a
diagnostic RPA that covered only about 1/18 of the viral ge-
nome, it is reasonable to assume that additional cultures con-
taining mutant viruses with alterations outside the examined
genome region were present. This view is supported by the
observation that virus spread was slow not only in culture 2/1
but also in several other cultures of the bottleneck experiment
that propagated viruses with wild-type He/80 sequence in the
examined M-G gene region. Because mutations in various lo-
cations of the viral genome can presumably contribute to such
phenotypic changes, it remains unclear whether the mutations
found in the G gene of BDV variant 2/1, which result in a
single-amino-acid change, are indeed responsible for the at-
tenuated phenotype.

More than one virus was present in the original cell culture
containing BDV variant 2/1. As a consequence, most persis-
tently infected cell cultures resulting from infection with cell-
free virus from 2/1 cells did not propagate this mutant virus but
rather viruses with the wild-type genotype in the M-G gene
region. A possible explanation for the failure of virus variant
2/1 to propagate efficiently under these experimental condi-
tions is that its replication might be helper virus dependent.
Indeed, all efforts to obtain cell cultures propagating exclu-
sively virus variant 2/1 were unsuccessful. Since infection ex-
periments with high doses of cell-free virus from 2/1 cells did
not result in a preferential replication of the mutant virus, it
seems not to have properties of defective interfering particles.

We find it surprising that replication of virus variant 2/1 in
the original cell culture was apparently not affected by the
wild-type-like virus, which was simultaneously present. Since
our experiments with cell-free virus stocks clearly showed that
the fitness of variant 2/1 is reduced, it remains to be explained
why this handicap was not disadvantageous under the condi-
tions used in the bottleneck experiment. It is possible that the
cell-to-cell spread of BDV is mechanistically distinct from the
entry of cell-free virus into host cells and that the defect of
virus mutant 2/1 might selectively affect the latter pathway.
Supernatants of BDV-infected C6 cells contain only minute
amounts of cell-free infectious virus (23) (data not shown),
suggesting that direct cell-to-cell spread is the preferred mode
of virus propagation in this cell line.

An important result of this study was the finding that per-
sistently infected C6 cells are highly resistant to superinfection

by other strains of BDV. We believe that this biological prop-
erty of BDV contributes significantly to its genome stability, in
addition to the counterselection of newly generated variants
with lower fitness within the cell. Because BDV is noncytolytic
and because it has no growth inhibitory effect on persistently
infected cells, resistance to superinfection generates an ideal
ecological niche for resident viruses to produce progeny with-
out competition by genetically distinct viruses entering the cell
from outside. The drawback of this situation is that due to the
lack of susceptible cells, novel BDV variants with increased
fitness cannot outgrow the resident virus population unless
plenty of uninfected cells are available. Such conditions can be
generated experimentally by enforcing bottleneck situations.
In vivo, optimal conditions for novel virus variants to outgrow
the parental viruses might exist during the first few weeks after
infection of the central nervous system of a new host.

Superinfection interference was originally described for
avian retroviruses (33, 35) and was later also found to affect
most noncytolytic mammalian retroviruses (36). Resistance to
superinfection by retroviruses results from interaction of the
env gene product of the endogenous virus with cellular com-
ponents that function as virus receptors, resulting in reduced
availability of virus entry mediators at the cell surface (9).
Superinfection interference has also been described for other
viruses, including noncytolytic variants of foot-and-mouth dis-
ease virus (8) and measles virus (12). The mechanisms of these
restriction phenomena have not yet been elucidated. Similarly,
the mechanism of the BDV interference phenomenon that
we describe here is presently unknown. Preliminary studies
showed that it is not mediated by interferons or other soluble
factors (M. Schwemmle and P. Staeheli, unpublished observa-
tion). When we used the RPA to determine whether stocks of
BDV He/80 with different passage histories in brains of adult
or newborn rats might contain viruses with mutations in the
M-G gene region, we found that only one of four stocks yielded
the expected RPA signal pattern. Two stocks contained a BDV
variant that was about 2 to 3% different from prototype He/80.
Interestingly, the fourth virus stock contained a mixture of
prototype He/80 and the variant. Since all four virus stocks
were generated from the same starting material, it seems likely
that the variant was already present in that material and that it
was selected from the virus mixture with variable efficacy. In
support of this view, we found that one additional passage of
the mixed virus stock in mouse brains resulted in a preferential
loss of the prototype He/80 strain. It is possible that the new
variant is a direct descendent of He/80 that arose by mutation.
Alternatively, the diseased horse from which He/80 was origi-
nally isolated might have been infected with two strains of
BDV. Because the sequence of the new virus variant closely
resembles that of prototype He/80 in some parts of the genome
and that of prototype strain V in others, it seems more likely
that it represents a wild-type virus that evolved from a common
ancestor of the Central European strains of BDV. In fact, Binz
and coworkers (3) presented evidence that simultaneous infec-
tion of horses with two different genotypes of BDV is possible.
It is tempting to speculate that the various rat brain-derived
He/80 virus stocks that contain different concentrations of
“mouse-pathogenic” variant viruses may have caused the re-
ported variability of neurological symptoms in experimentally
infected mice (15, 26). This could explain, at least in part, the
observation of Rubin et al. (26) that efficient replication of
BDV in adult mice was only achieved after multiple passages
of the initial rat-derived virus in mouse brains.

Sequence comparisons of the M-G gene region with data-
base entries showed that the new virus variant was almost
identical to BDV isolate RW98, which is believed to have
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originated from the blood of a psychiatric patient (24, 25). This
view was confirmed when other genome regions of the variant
were sequenced and compared to RW98 (30). This surprising
finding, together with the fact that the various BDV stocks
analyzed in this study originated from the laboratory in which
RW98 was isolated, raises serious questions about a human
origin of this virus.

The results of this study are important for the correct inter-
pretation of epidemiological data. Because the genome stabil-
ity of BDV in persistently infected cell cultures is extraordi-
narily high, minor sequence variations in virus isolates from
human tissues were previously regarded as solid proof that
contamination with laboratory strains had not occurred. Since
accidental contamination presumably occurs only at extremely
low virus doses, it represents a situation which strongly resem-
bles the bottleneck condition applied in this study. We have
shown here that such conditions favor the outgrowth of variant
viruses.
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