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Lactate dehydrogenase-elevating virus variants:
cosegregation of neuropathogenicity and impaired
capability for high viremic persistent infection
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Neuropathogenic isolates of lactate dehydrogenase virus (LDV) differ from
non-neuropathogenic isolates in their unique ability to cause a paralytic
disease (age-dependent poliomyelitis, ADPM) in immunosuppressed C58 and
AKR mice by cytocidally infecting their anterior horn neurons. We have
recently reported that an original neuropathogenic LDV isolate, LDV-C-BR,
contained a low level of a coexisting non-neuropathogenic LDV which, in a
mixed infection of mice, rapidly outcompeted the former resulting in apparent
loss of neuropathogenicity of the reisolated LDV. This correlated with an
impaired ability of the neuropathogenic LDV to establish a viremic persistent
infection. In the present study we identi®ed the presence of three different
quasispecies in another original neuropathogenic LDV by sequence analysis of
cDNA clones of ORF 5 (encoding the primary envelope glycoprotein VP-3P)
obtained from the isolate. Successful development of differential reverse
transcription-polymerase chain reaction assays allowed us to biologically
clone all three quasispecies through repeated end point dilutions. Only one of
the quasispecies (LDV-v) was neuropathogenic. The other two, LDV-vP
(probably the same as LDV-P) and LDV-vx (a novel LDV quasispecies that had
not been previously identi®ed), were non-neuropathogenic and found to be the
common LDV quasispecies associated with almost all LDVs originally isolated
from mice carrying various other transplantable tumors. The neuropathogenic
LDV-v became selectively ampli®ed in the spinal cords of paralyzed mice, but
possessed an impaired ability to establish a persistent viremic infection and
was rapidly out-competed by LDV-vP and LDV-vx in mixed infections, just as
reported previously for LDV-C-BR. The results further support our hypothesis
that neuropathogenicity and impaired capability for viremic persistence of
LDV are determined by the same molecular feature. The only consistent and
biologically relevant molecular difference we have observed between
neuropathogenic and non-neuropathogenic LDVs is the number of polylacto-
saminoglycan chains associated with the ectodomain of VP-3P.
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Introduction

Lactate dehydrogenase-elevating virus (LDV), a
murine arterivirus (Plagemann, 1996), generally

establishes a life-long infection with high viremia
in mice in spite of signi®cant host immune
responses (Plagemann et al, 1995; 1996; van den
Broek, 1997). The persistent infection is sustained
by replication of LDV in a renewable subpopulation
of macrophages and is not associated with any overt
clinical symptoms (Plagemann and Moennig, 1992;
Plagemann, 1996). However, in certain strains of
mice (e.g. AKR and C58) that harbor replication-
competent endogenous ecotropic retroviruses, some
LDV isolates, such as LDV-Ib (Nawrocki et al, 1980),
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LDV-C-BR (Martinez et al, 1980) and LDV-VIR
(Anderson et al, 1995c) were found to interact with
the endogenous retroviruses to cause paralytic
disease (age-dependent poliomyelitis, ADPM) but
only when the mice were immunosuppressed as a
result of old age or arti®cial treatments (Murphy et
al, 1983, 1986; Stroop and Brinton 1983; Anderson
et al, 1995a, b; Plagemann, 1996). It has been
hypothesized that a high level of retroviral expres-
sion in the glial cells of these mice somehow
induces the expression of a surface molecule(s) on
the anterior horn motor neurons of the spinal cord
that can function as an alternative receptor for the
neuropathogenic LDVs (Anderson et al, 1995a, b).

In the course of studying the mechanism of LDV
neuropathogenicity we discovered that populations
of the original neuropathogenic LDV-C-BR con-
sisted of two quasispecies (Chen et al, 1997): a
neuropathogenic LDV-C (Godeny et al, 1993) and a
non-neuropathogenic quasispecies that seems to be
identical to LDV-P (Palmer et al, 1995). In infections
of mice with LDV-C-BR, LDV-P rapidly outcom-
peted LDV-C, explaining the apparent loss of
neuropathogenic potential of LDV-C-BR during long
term persistent infections (Chen et al, 1997). LDV-C
was cloned free of LDV-P and proven to be
neuropathogenic, but was found to possess an
impaired ability, relative to LDV-P, to sustain a
high viremic persistent infection (Chen et al, 1997).
To further elucidate the correlation between neu-
ropathogenicity and impaired ability to establish a
viremic persistent infection we have examined the
molecular and phenotypic properties of another
neuropathogenic LDV isolate, LDV-VIR.

LDV-VIR consists of at least three LDV
quasispecies that differ in neuropathogenicity
and ability to establish a high viremia
persistent infection

LDV-VIR was originally isolated in this laboratory
from the spinal cord of a paralyzed C58 mouse
(Anderson et al, 1995a, c) that had been injected
with LDV-Ib. LDV-VIR was cloned by end point
dilution in C58 mice and stocks were maintained by
one-day passages in C58 mice and two additional
isolations from spinal cords of paralyzed C58 mice
injected with these stocks. When used it was in its
9th passage (LDV-VIR9). Even though LDV-VIR had
been end point diluted, sequence analysis of
multiple ORF 5 clones revealed that it consisted
of three different quasispecies, only one of which
was found to be neuropathogenic. Altogether, we
sequenced 13 ORF 5 clones derived from several
different reverse transcription (RT)-polymerase
chain reaction (PCR) ampli®cations of LDV-VIR
genomic RNA. Three clones (designated LDV-v)
derived independently from two different genomic
RNA populations were close to identical. The

ectodomain of the predicted ORF 5 protein (VP-
3P), like that of LDV-C (Chen et al, 1997), lacked
the two N-terminal glycosylation sites present in the
ectodomain of LDV-P VP-3P (Figure 1). However,
we found that ORF 5 of three other clones
(designated LDV-vP) were very similar to ORF 5
of the non-neuropathogenic LDV-P (*98% nt
identity), whereas differing by 9.4% from that of
LDV-v. This close identity suggests that the clones
represent members of the LDV-P quasispecies. In
addition, seven other ORF 5 clones (designated
LDV-vx) derived independently from three genomic
RNA populations differed from that of LDV-v by
8.0% and of LDV-P by 4.9%, whereas exhibiting
499% nucleotide identity among themselves. The
amino acid identities of the predicted ORF 5
proteins of the individual LDV-vP and LDV-vx
clones among themselves were 499%, whereas
they differed from those of LDV-v by 11.1% and
10.6%, respectively, and their ectodomains pos-

Figure 1 Comparison of the amino acid sequences of the ORF-5
proteins (VP-3P) of various LDV isolates. For LDV designations,
see text. LDV-a was isolated from a WEH1 mouse carrying a
transplantable tumor (Murphy et al, 1983) and was provided by
W. Murphy. RNA was extracted from 106 ± 107 ID50 of stocks of
the indicated LDVs, reverse transcribed using random hexanu-
cleotides and oligo (dT) as primers, and the ®rst strand products
were ampli®ed by PCR using sense and antisense primers
(A1468/B1836) representing conserved segments upstream and
downstream of ORF 5, respectively, as described previously
(Chen et al, 1997; Chen and Plagemann, 1997). The primers
ampli®ed ORF 5 from the genomes of all LDVs regardless of
origin. The 587 bp PCR products were TA cloned and sequenced
on both strands using Sequenase version 2.0 (USBC, Cleveland,
OH) as described by the manufacturer. Sequence analyses were
performed using Molecular Biology Information program SAM
and EUGENE (Lawrence and Goldman, 1988). The signal peptide
and the transmembrane segments of VP-3P are overlined and the
N-glycosylation sites in the ectodomain are indicated with
boldface. The highly conserved N-glycosylation site and the
cysteine residue that is probably involved in disul®de linkage
with M/VP-2 are indicated by asterisks.
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sessed all three N-glycosylation sites (Figure 1).
LDV-vx thus represents a previously unidenti®ed
LDV quasispecies. Strikingly, the N-terminal end of
VP-3P of LDV-v is identical to that of LDV-C,
whereas the C-terminal end is identical to that of
LDV-vx (Figure 1). This suggests that LDV-v may be
a recombinant of LDV-C and LDV-vx, which is
further supported by their ORF 2 protein (VP-3M)
sequences (see later).

To distinguish these LDV quasispecies, we
developed a new differential RT ± PCR assay that
produces a 483 bp product speci®c for each of the
three quasispecies. Speci®cally, we made a sense
oligonucleotide (J1008/) to a segment in ORF 4 that
is conserved for all LDVs sequenced (Figure 2A and
data not shown) and three antisense oligonucleo-
tides (/J1003, /J1004 and /J1007) to the 5' end of ORF
5 (encoding the signal peptide of VP-3P) that are
speci®c for LDV-v (also LDV-C), LDV-vP (also LDV-
P) and LDV-vx, respectively (Figure 2A). These
oligonucleotides differ from each other by at least
two nucleotides toward the 3' end. The sense
oligonucleotide (J1008/) was used in pair with each
of the three antisense oligonucleotides for PCR
ampli®cation of ®rst strand products generated by
RT from genomic RNAs of various LDV isolates
according to procedures described previously
(Chen et al, 1997; Chen and Plagemann, 1997).
The J1008/J1003 primer pair was consistently
speci®c for the LDV-C and LDV-v genomes under
the speci®ed experimental conditions; no cross-
ampli®cation was observed when individual LDVs
were analyzed that had been cloned (see later) by
repeated end point dilutions (Figure 3 lanes 16 ± 18
and 28 ± 33).

This was also generally the case for the LDV-P
and LDV-vx genomes using the primer pairs J1008/
J1004 and J1008/J1007, respectively (Figure 2A and
Figure 3 lanes 16 ± 18 and 28 ± 33), but the results
were not always consistent probably because /J1004
and /J1007 differ by only two nucleotides. We have
therefore designed additional differential RT ± PCR
assays to speci®cally distinguish the LDV-P and
LDV-vx genomes, that are based on recently
established sequence differences in ORF 2 (Figure
2B). The ORF 2 sequence differences allowed the
design of two sets of antisense primers for LDV-P
and LDV-vx that differed by four nucleotides.
However, these primers are not designed for
distinguishing between neuropathogenic and non-
neuropathogenic LDVs because, although ORF 2 of
LDV-C is quite different from that of LDV-P and
LDV-vx (Figure 2B), that of LDV-v is close to
identical to that of LDV-vx.

Analysis of LDV-VIR9 RNA by our new differ-
ential RT ± PCR assays showed that all three
quasispecies were present at similar levels in the
LDV-VIR9 stock (Figure 3 lanes 7 ± 9). The RT ± PCR
method is not quantitative, but we have demon-
strated previously that the amount of PCR product

formed under standard conditions decreased pro-
gressively with a decrease in the concentration of
infectious virus in the plasma from which viral RNA
was extracted and that the limit of detection was
generally 10 ± 100 infectious dose 50 (ID50; Chen et
al, 1997). Thus the RT ± PCR results for LDV-VIR9
indicated that the LDV-v, LDV-P and LDV-vx were
present in similar amounts, which was also
indicated by the recovery of clones of all three from
products of RT ± PCR ampli®cations of several RNA
preparations.

Figure 2 Oligonucleotide primers used in differential PCR
ampli®cation of an ORF 4/5 segment (A) and of ORF 1b/2
segments (B) of various LDV genomes. The primer sequences are
overlined or underlined; slashes before and after the primer
designation indicate antisense and sense orientations, respec-
tively. The sense primers represent segments in ORF 4 (A) or
ORF 1b (B) that are identical for LDV-C, LDV-P, and all other
LDVs we have sequenced. In contrast, the antisense primers are
to a segment in ORF 5 that differs by at least two nucleotides for
LDV-P, LDV-C/v and LDV-vx (A) or to segments in ORF 2 that
differ by four nucleotides for LDV-P and LDV-vx (B). The ATG
initiation codons for ORF 2, ORF 4 and ORF 5 and the
termination codon for ORF 1b are in boldface letters. The
sequence for LDV-C is from Godeny et al (1993; GenBank
accession number L13298 as modi®ed in Figure 5B) and that for
LDV-P from Palmer et al (1995; GenBank accession number
U15146).
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We had empirically observed that isolation of
LDV-VIR from the spinal cords of infected paral-
yzed mice increased the relative neuropathogeni-
city of the virus (increased incidence and shorter
incubation period in susceptible C58/M mice
measured as described by Anderson et al, 1995b,
c). We reasoned that replication of the neuropatho-
genic quasispecies in anterior horn neurons re-
sulted in its selective ampli®cation in the spinal
cord. In order to test this hypothesis, we analyzed
by differential RT ± PCR the genomic RNAs isolated
from the original LDV-Ib isolate and LDV-VIR7
which was derived from the spinal cord of a
paralyzed mouse during passage 7 of LDV-VIR. As
shown in Figure 3 (lanes 1 ± 6), LDV-v represented
only a minor component in the original LDV-Ib
isolate, whereas it was a major component in the
LDV-VIR7 isolate. These results provide strong
evidence in support of selective ampli®cation of
LDV-v in the spinal cord of paralyzed mice and
point to LDV-v as the neuropathogenic quasispe-
cies. The results also explain the ®nding that LDV-
Ib caused paralysis in 100% of 4 ± 7 months old C58
mice only when injected at 106 ID50/mouse (Murphy

et al, 1983), whereas the same was achieved by
injecting 100 ID50 of LDV-VIR7 (data not shown). On
the other hand, the composition of LDV-VIR9
derived from LDV-VIR7 by two sequential 1-day
passages in C58/M mice was similar to that of LDV-
VIR7 (Figure 3, lanes 4 ± 9) indicating that all three
quasispecies possessed a similar ability to acutely
infect mice.

Cloning of LDV quasispecies

For determining the phenotypic properties of LDV-v,
LDV-P and LDV-vx we needed to obtain each free of
the others. We accomplished this by repeated end
point dilutions in mice, since no LDV-permissive
cell culture line is available (Plagemann, 1996). The
differential RT ± PCR provided for the ®rst time a
quick method for identifying the quasispecies
present in the end point dilutions. An example is
illustrated in Figure 3 lanes 10 ± 18. In the ®rst end
point dilution (EPD#1) of LDV-VIR9 all mice
injected with the 1077 dilution of LDV-VIR9
(0.1 ml/mouse), 3/4 mice (designated H, N and HT)

Figure 3 Differential RT ± PCR analyses of the genomes of different LDV isolates. RNA was extracted from 106 to 107 ID50 of the
indicated LDVs and reverse transcribed with random hexanucleotides and oligo (dT) as primers. The ®rst strand products were
ampli®ed by PCR using the common sense primer J1008/ in combination with the three LDV-P, LDV-C/v and LDV-vx speci®c primers
(/J1004, /J1003 and /J1007 respectively; see Figure 2A). The PCR products of 483 bp were electrophoresed in 1% (w/v) agarose gels.
For description of individual LDVs see text. EPD stands for end point dilution.

Neuropathogenicity and ability of persistance of LDV variants
Z Chen et al

563



injected with the 1078 dilution and 0/4 mice injected
with the 1079 dilution became infected, yielding a
titer of 109.3 ID50/ml for the LDV-VIR9 stock.
Differential RT ± PCR showed that the virus isolated
from the N mouse, still consisted of similar
concentrations of all three LDVs (Figure 3 lanes
10 ± 12). In contrast, LDV isolated from the H and HT
mice consisted largely of LDV-v, but also contained
low concentrations of LDV-vP (Figure 3 lanes 13 ± 15
and data not shown). A second end point dilution
removed the latter (Figure 3 lanes 16 ± 18). We have
in a similar manner cloned LDV-P and LDV-vx. We
have observed that LDV-PLA (Brinton-Darnell and
Plagemann, 1975) and other LDVs originally isolated
from mice carrying different LDV-contaminated
transplantable tumors, such as LDV-RIL (Riley et
al, 1960), all consisted of LDV-P and LDV-vx-like
LDVs but lacked LDV-C/v-like viruses (Figure 3,
lanes 25 ± 27 and 34 ± 36). We have cloned by
repeated end point dilutions LDV-P from LDV-PLA
populations in which LDV-P was the predominant
quasispecies (Figure 3, lanes 28 ± 30) and have
cloned LDV-vx from a BALB/c mouse infected with
LDV-VIR9 in which LDV-vx became the predomi-
nant quasispecies (Figure 3, lanes 31 ± 33).

Phenotypic properties of LDV quasispecies

We had previously observed that C58/M mice
inoculated with LDV-VIR as newborns recovered
after developing only mild paralytic symptoms and
that the LDV isolated from such a mouse at 190 days
p.i. was non-neuropathogenic (Chen et al, 1997).
Differential RT ± PCR analysis provided an explana-

tion for these ®ndings; the re-isolated virus popula-
tion consisted of LDV-vP and LDV-vx and lacked
LDV-v (Figure 3, lanes 22 ± 24). A loss of neuro-
pathogenicity also occurred in ADPM-non-suscep-
tible BALB/c mice during persistent infection with
LDV-VIR (Chen et al, 1997) and RT ± PCR analysis
showed that this was also due to loss of LDV-v
(Figure 3, lanes 19 ± 21). These ®ndings show that
LDV-v can become lost during a mixed persistent
infection and suggest that LDV-v is neuropathogenic,
whereas LDV-vP and LDV-vx are non-neuropatho-
genic but possess a replication advantage over LDV-
v during a long term infection. This difference in
neuropathogenicity of the quasispecies was proven
directly; paralytic disease developed in 4/4 immu-
nosuppressed 6 ± 8 week old C58/M mice after
infection with cloned LDV-v with a mean onset of
16 days, whereas none of companion C58/M mice
injected with LDV-PLA (consisting of LDV-P and
LDV-vx only, see Figure 3, lanes 25 ± 27) or cloned
LDV-P or LDV-vx became paralyzed.

In order to explore in more detail the fate of the
three quasispecies in mice after infection, a group of
FVB mice was bled at various times p.i. with LDV-
VIR9, and their plasma titrated for infectious LDV
and analyzed by differential RT ± PCR. The time
course of viremia (Figure 4A) was similar to that
observed for various LDVs (Plagemann, 1996; Chen
et al, 1997). A maximum titer of 109 ID50/ml of
plasma was observed 1 day p.i. re¯ecting the
massive cytocidal replication of LDV in practically
all available permissive macrophages. Thereafter
the plasma titer decreased by 2 ± 3 log10ID50, the
persistent infection being maintained by LDV
replication in newly generated permissive macro-

Figure 4 Time courses of viremia in FVB mice after infection with LDV-VIR9 (A), cloned LDV-v (C) or cloned LDV-P and LDV-vx (E)
and differential RT ± PCR analysis of samples of plasma of the mice (B, D and F). The FVB mice were provided by the transgenic
facility of the University of Minnesota. Groups of 2 (A and E) or 4 (C) mice were injected with about 106 ID50 of LDV (T0). The mice
were bled at intervals and their pooled plasma or individual plasma samples were analyzed for infections LDV by end point dilution
titration in FVB mice (Plagemann et al, 1963; Chen and Pagemann, 1997) and by differential RT ± PCR using primer J1008/ in
combination with /J1004, /J1003 and /J1007 in B and D or in F primer A1509/ in combination with /J1020 and /J1021 (LDV-P and
LDV-vx speci®c, respectively) or J1022 and/J1023 (LDV-P and LDV-vx speci®c, respectively). In C/D two mice were superinfected with
LDV-P at 35 days p.i. and their plasma also analyzed (T 36) as already described.
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phages (Plagemann, 1996). Differential RT ± PCR
analyses showed that initially all three quasispecies
replicated similarly, that is the T1 PCR products
were about the same as those of the inoculated LDV-
VIR9 (c.f. Figure 4B and 3, lanes 7 ± 9). Thereafter,
however, only LDV-vP and LDV-vx persisted,
whereas LDV-v had disappeared by 8 days p.i.
(Figure 4B).

From these studies, it is concluded that the loss of
LDV-v during persistent infection with LDV-VIR9 is
rapid and independent of the mouse strain. Since
the loss of LDV-v occurs regardless of the permis-
siveness of the anterior horn neurons, it re¯ects an
advantage of LDV-vP and LDV-vx over LDV-v in
productively infecting newly generated macro-
phages.

When FVB mice were infected with cloned LDV-
P or cloned LDV-vx, the time courses of viremia
were similar to that illustrated for LDV-VIR (Figure
4E) indicating that both possess the ability to
establish high viremic persistent infections. In
contrast, the time course of viremia for the cloned
LDV-v was very different. As shown in Figure 4C,
the 1-day plasma titer was comparable to that
observed after infection with LDV-VIR9 and other
LDVs, con®rming the ability of LDV-v to ef®ciently
establish an acute infection. However, the subse-
quent decrease in viremia was much more pre-
cipitous and drastic than after infection with LDV-
VIR9 or cloned LDV-P or LDV-vx (c.f. Figure 4A/E
and C). In fact, at 35 days p.i. the plasma LDV titer
was so low that the virus was hardly detectable by
our standard infectivity assay and the genomes
hardly detectable by RT ± PCR (Figure 4D; 4 ml of
plasma with 103.5 ID50/ml used for RNA extraction
contained just about 70 ID50). When a subgroup of
the mice was superinfected with LDV-P at 35 days
p.i. with LDV-v, the plasma LDV titer rose by 3 log10

ID50 within the next day and persisted at a level
comparable to that observed in mice infected with
LDV-VIR9 (c.f. Figure 4A and C). Only LDV-v was
detected in the plasma of the LDV-v infected mice,
except after superinfection with LDV-P, when LDV-
P became the predominant replicating LDV (Figure
4D). The results resembled those observed with
LDV-C (Chen et al, 1997) and showed that both
neuropathogenic LDVs lack the ability to establish a
high viremic persistent infection. Macrophages that
were permissive for LDV-P, but not infected by
LDV-v, accumulated in the LDV-v-infected mice
and became productively infected after superinfec-
tion with LDV-P (Figure 4C and data not shown).

We have found that all LDVs originally isolated
from mice carrying various transplantable tumors,
such as LDV-RIL, LDV-NOT, LDV-ROW and LDV-
SCH that are composed, just as LDV-PLA, of LDV-P
and LDV-vx like viruses (Chen and Plagemann,
1997; Figure 3 lanes 25 ± 27 and 34 ± 36) failed to
cause paralytic disease in groups of three 6-month
old C58/M mice that were immunosuppressed by

injection of cyclophosphamide at 71, 7, 14, 21 and
28 days p.i., whereas 100% of companion mice
injected with LDV-VIR7 became paralyzed (data not
shown). On the other hand, they all established
viremic persistent infections comparable to that
illustrated for LDV-VIR, LDV-P and LDV-vx in Figure
4A and E). Non-neuropathogenicity and ability to
establish high viremic persistent infections have
also been demonstrated for LDV-a (which differs
slightly from LDV-P and LDV-vx; see Figure 1) and
®ve LDVs isolated from wild house mice (in
preparation) and the two properties thus always
coincided. Conversely, the only two identi®ed
neuropathogenic quasispecies LDV-C and LDV-v
both possess an impaired ability to establish a
viremic persistent infection. We therefore conclude
that there is a cosegregation of neuropathogenicity
and impaired capability for high viremic persistent
infection.

LDVs that are neuropathogenic and unable to
establish a high viremic persistent infection
lack two of the three N-glycosylation sites
present in the VP-3P ectodomains of all LDVs
that are non-neuropathogenic and able to
establish a high viremic persistent infection

This observation holds for the VP-3P ectodomains
of all LDV quasispecies we have analyzed (Figure 1)
including the LDVs isolated from wild house mice
(in preparation). These sites are the place of
attachment of large polylactosaminoglycans (Faa-
berg and Plagemann, 1995). Except for the lack of
the two N-glycosylation sites, no amino acid
differences in VP-3P correlated with neuropatho-
genicity. Most of the consistent amino acid differ-
ences between VP-3P of all neuropathogenic and all
non-neuropathogenic LDVs were located in the
signal peptide that represents the most variable
segment of VP-3P (Figure 1) but is removed during
membrane-associated synthesis (Faaberg and Plage-
mann, 1995) and not present in the virion. Only
three additional amino acids in VP-3P were unique
to the two neuropathogenic LDVs and they were
located in the putative transmembrane segments
(V73, K80, V108) and thus are unlikely to play a
signi®cant role in any vital viral function. It
therefore seems that the number of N-glycosylation
sites on the ectodomain is likely the determinant for
neuropathogenicity and ability to establish a high
viremic persistent infection.

There is no identi®able correlation in the
ORF 2 proteins between neuropathogenic
and non-neuropathogenic LDVs

The LDV envelope probably possesses a very minor
glycoprotein, VP-3M (encoded by ORF 2; Faaberg
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and Plagemann, 1995). Its function is unknown, but
it could potentially be involved in LDV neuro-
pathogenicity and persistence. This protein is a
more conventional membrane glycoprotein with a
single C-terminal transmembrane segment and a
large ectodomain that possesses three potential N-
glycosylation sites (see Figure 5A). Especially
intriguing was the ®nding that the ORF 2 proteins
of LDV-C and LDV-P seemed to contain a 10-amino
acid segment (amino acids 120 ± 129, Figure 5B)
that differed completely. These observations led us
to extend our sequence comparisons to the ORF 2
proteins of the two neuropathogenic and three non-
neuropathogenic LDV quasispecies. We noted that
the 10-amino acid divergence between LDV-C and
LDV-P was due to an apparent compensating single
nucleotide deletion/insertion (see *, Figure 5B).
Such viable frame-shift mutations seem to be rare in
biology, and, in fact, we were unable to con®rm any
of six similar apparent frame-shift mutations in ORF
1a of LDV-C (Palmer et al, 1995). We therefore re-
sequenced the 5' terminal 511 nucleotides of LDV-C
ORF 2 using clones generated via RT ± PCR and TA
cloning (Chen et al, 1997). Only a total of two
nucleotide differences were observed among ®ve
independent LDV-C clones that were sequenced.
The consensus sequence (designated LDV-C-PCR)
exhibited high nucleotide identity with the pre-
viously reported LDV-C ORF 2 sequence, except for
the segment comprising nucleotides 11470 ± 11504
which encode the divergent amino acids (Figure
5B). The apparent nucleotide deletion/insertion was
not observed in LDV-C-PCR, indicating that the 10
amino acid divergence in the ORF 2 protein was
due to errors in the original LDV-C sequence
(Figure 5B). The segment was identical to that of
the LDV-P protein, in spite of some differences in
the coding nucleotide sequences (Figure 5A).

A comparison of the ORF 2 proteins of the two
neuropathogenic and three non-neuropathogenic
LDV quasispecies revealed no amino acid differ-
ences that seem related to neuropathogenicity
(Figure 5A). The greatest amino acid differences
between the ORF 2 proteins of the LDVs were
observed in the signal peptides (Figure 5A), which
are removed during membrane-associated synthesis
(Faaberg and Plagemann, 1995). Other amino acid
differences between the ORF 2 proteins of the
quasispecies seem random. Most convincing was
the ®nding that the ORF 2 protein of the neuro-
pathogenic LDV-v was close to identical to that of
the non-neuropathogenic LDV-vx (99.1% amino
acid identity) and differed signi®cantly from that
of the other neuropathogenic LDV-C (81.9% amino
acid identity), suggesting that LDV-v is indeed a
recombinant of LDV-vx and LDV-C with a 5'
crossover occurring 3' to ORF 2 and a 3' crossover
occurring in ORF 5. These results further support
the conclusion that the number of N-glycosylation
sites on the ectodomain of VP-3P is the determinant

for LDV neuropathogenicity and capability for high
viremic persistent infection.

In summary, we have characterized another
neuropathogenic LDV isolate (LDV-VIR) and found
that it consisted of at least three different quasis-
pecies (LDV-v, LDV-vP and LDV-vx), only one
(LDV-v) of which was found to be neuropathogenic.
Using differential RT ± PCR assays, we were able to
differentiate and biologically clone each of these
quasispecies through repeated end point dilutions
and to follow their fate in mixed and solo infections.
We have found that all non-neuropathogenic LDVs
(including LDV-P, LDV-vP, LDV-vx, LDV-a and ®ve
LDV isolates from wild mice) are capable of high
viremic persistence, whereas the neuropathogenic
LDV-v and LDV-C are not, even though they become
selectively ampli®ed in the spinal cords of paral-
yzed mice due to their unique ability to produc-
tively infect anterior horn neurons in immuno-
suppressed C58 and AKR mice. It is quite apparent
from our results that there is an inverse relationship
between neuropathogenicity of an LDV and its
ability to establish a high viremic persistent

Figure 5 Comparison of the amino acid sequences of the ORF 2
proteins of LDV-P, LDV-vx, LDV-a, LDV-C (corrected according
to LDV-C-PCR; the corrected segment corresponds to that shown
in boldface italics) and LDV-v (A) and comparison of an ORF 2
segment of the original LDV-C nucleotide sequence and its
encoded amino acids with those of the LDV-P genome and of a
RT ± PCR product of this segment of LDV-C (LDV-C-PCR; B). The
LDV-vx, LDV-a, LDV-v and LDV-C-PCR sequences were gener-
ated by RT of genomic RNAs using oligo (dT) and random
hexanucleotides as primers. The ®rst strand products were
ampli®ed using as primers sense oligonucleotide A1509/ and
antisense oligonucleotide /A1510 that represent segments up-
stream and downstream of ORF-2, respectively (Chen et al,
1997). The PCR products were TA cloned and sequenced as
described in the legend to Figure 1. In B, stars denote apparent
gaps in the nucleotide sequences and the resulting diverging
amino acids in the predicted proteins are shown in boldface
letters. The LDV-C and LDV-P nucleotide sequences are from
Godeny et al (1993) and Palmer et al (1995), respectively.
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infection although only two neuropathogenic LDV
quasispecies are available for study. However, the
scarcity of neuropathogenic LDV quasispecies in
itself supports our conclusion that neuropathogenic
LDVs are unable to persist. If neuropathogenic LDVs
were able to persist, we would probably have found
more neuropathogenic LDV isolates, especially
from ADPM-resistant mice since such LDVs would
not have been selected against by the paralytic
disease. However, LDV-C and LDV-v remain the
only neuropathogenic quasispecies identi®ed to
date. Even these quasispecies are always associated
with non-neuropathogenic ones in natural isolates
and have been isolated only after many years of
repeated viral passages in immunosupressed C58
mice (Nawrocki et al, 1980). Therefore, they are
almost certainly mutants of non-neuropathogenic
LDVs that have adapted to productively infecting
the anterior horn neurons of the C58 mice under
immunosuppression. The emergence of neuro-
pathogenic LDVs during repeated passages in
immunosuppressed mice provides an interesting
example of pathogenic variants arising from non-
pathogenic viruses in immunocompromised hosts.

Why neuropathogenic LDVs possess an impaired
capability for high viremic persistence has been
unclear. In an accompanying report (Chen et al,
1998), we provide an explanation to this question by
demonstrating that the impaired capability of
neuropathogenic LDVs to persist is mainly due to
selective neutralization by antibody. Thus in any
immunocompetent mouse regardless of strain, the
neuropathogenic LDVs persist at a very low, some-
times hardly detectable level in solo infections and
are rapidly outcompeted in mixed infections by
non-neuropathogenic LDVs which are highly resis-
tant to antibody neutralization. The selective
sensitivity of neuropathogenic LDVs to antibody
neutralization also explains why immunosuppres-
sion is a requirement for these viruses to cause
paralytic disease in C58 and AKR mice.

The inverse relationship between neuropatho-
genicity and ability to establish a viremic persistent
infection correlated with the number of N-linked
polylactosaminoglycan chains associated with the
very short ectodomain of the primary viral envelope
glycoprotein VP-3P which seems involved in host-
receptor recognition (Faaberg and Plagemann, 1995;
Faaberg et al, 1995) and carries the LDV neutraliza-

tion epitope (Li et al, 1998). The number of
polylactosaminoglycan chains associated with the
VP-3P ectodomain is the only consistent difference
we have observed between neuropathogenic and
non-neuropathogenic LDVs. No other amino acid
differences in VP-3P and VP-3M between neuro-
pathogenic and non-neuropathogenic LDVs corre-
lated with their differences in phenotypic
properties. The same applies to the non-glycosy-
lated envelope protein (M/VP-2) and the nucleo-
capsid protein (N/VP-1) since those of LDV-C and
LDV-P are highly homologous (95 and 98% amino
acid identity, respectively, compared with 81 and
87% for the ORF 2 and ORF 5 proteins, respec-
tively). We therefore postulate that LDV neuro-
pathogenicity and ability to establish a high viremic
persistent infection are determined by the same
molecular feature on the ectodomain of VP-3P.
Whereas the presence of three large polylactosami-
noglycan chains in non-neuropathogenic LDVs
limits their tropism to the primary permissive cells
in a subpopulation of macrophages and renders
them very resistant to antibody neutralization
hence able to persist, the loss of the N-terminal 2
chains in the neuropathogenic LDVs expand their
tropism to the anterior horn neurons of ADPM-
susceptible mice but at the same time renders them
much more susceptible to antibody neutralization
and therefore unable to establish a high viremic
persistent infection. Further experiments are in
progress to con®rm our hypothesis.

The ®nding that LDV-v is likely a recombinant
between LDV-C and LDV-vx suggests that high
frequency recombination between different quasi-
species during mixed infections also occurs in LDV
just as in coronaviruses (Lai and Cavanagh, 1997).
Because LDV is an arterivirus that has a strategy of
genome replication and subgenomic transcriptions
very similar to that of coronaviruses, a similar
mechanism may be involved. More studies are
needed to further assess the frequency of recombi-
nation in arteriviruses.
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