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J paramyxovirus (JPV) was first isolated from moribund mice with hemorrhagic lung lesions in Australia in the 1970s. Recent
sequencing of JPV (JPV-LW) confirms that JPV is a paramyxovirus with several unique features. However, neither JPV-LW nor a
recombinant JPV based on its sequence (rJPV-LW) caused obvious illness in mice. In this work, we analyzed a different JPV iso-
late (JPV-BH), which behaved differently from JPV-LW; JPV-BH grew more slowly in Vero cells and had less of a cytopathic ef-
fect on tissue culture cells but caused severe disease in mice. We have determined the whole genome sequence of JPV-BH. There
were several nucleotide sequence differences between JPV-BH and JPV-LW, one in the leader sequence, one in the GX gene, and
three in the L gene. The high sequence identity between JPV-BH and JPV-LW suggests that JPV-BH and JPV-LW are the same
virus strain but were obtained at different passages from different laboratories. To understand the roles of these nucleotide se-
quence differences in pathogenicity in mice, we generated a recombinant JPV-BH strain (rJPV-BH) and hybrid rJPV-BH strains
with sequences from the leader sequence (rJPV-BH-Le-LW), the GX gene (rJPV-BH-GX-LW), and the L gene (rJPV-BH-L-LW) of
JPV-LW and compared their pathogenicities in mice. We have found that rJPV-BH-L-LW was attenuated in mice, indicating that
nucleotide sequence differences in the L gene play a critical role in pathogenesis.

Members of the family Paramyxoviridae are nonsegmented,
negative-sense, single-stranded RNA viruses. The family

Paramyxoviridae includes two subfamilies, Paramyxovirinae and
Pneumovirinae. Most of the viruses in Paramyxovirinae are cate-
gorized into five genera, Avulavirus, Henipavirus, Morbillivirus,
Respirovirus, and Rubulavirus. There are many important human
and animal pathogens among the paramyxoviruses, such as mea-
sles virus, parainfluenza viruses, mumps virus, respiratory syncy-
tial virus (RSV), and the deadly Hendra and Nipah viruses. J
paramyxovirus (JPV) was isolated on four separate occasions
from moribund wild mice (Mus musculus) trapped in northern
Queensland, Australia, in 1972 (1, 2). The four mice had extensive
hemorrhagic lung lesions. Syncytium formation was observed in
kidney autoculture monolayers, and electron microscopy revealed
a nucleocapsid structure typical of paramyxoviruses. The full-
length genome of JPV has been sequenced, and it contains 18,954
nucleotides (nt) (3). The organization of the JPV genome is 3=-N-
P/V/C-M-F-SH-TM-G-L-5=. JPV contains a small hydrophobic
(SH) gene, which is not present in all paramyxoviruses. The novel
transmembrane (TM) protein is predicted to be a type II glycosy-
lated integral membrane protein. Surface biotinylation of intact
cells and deglycosylation of cell lysates have confirmed that TM is
a surface expression protein containing N-linked glycosylation
sites (4). The G gene encodes a putative 709-amino-acid glycopro-
tein and distally contains a 2,115-nt second open reading frame
(ORF), termed ORF X, which has not been detected in virus-
infected cells (3, 4). Probes specific to the G protein coding region
and ORF X both identified an mRNA species corresponding to the
predicted length of the G gene (the gene is renamed GX in this
work). Because of its unique features, JPV does not fit in any
known paramyxovirus genus and is therefore an unclassified
paramyxovirus.

Although JPV was originally isolated from moribund mice in

Australia and infection with the virus reportedly caused disease in
mice (1), JPV-LW (named after Lin-Fa Wang, who determined its
sequence) did not cause any disease in JPV-LW-infected mice (L.-
F.W., unpublished data). Likewise, in our previous study, there
were no clinical signs of illness or weight loss and no pathological
changes in organs such as the lungs, kidneys, heart, or liver in
recombinant rJPV-LW (rJPV-LW)-infected mice (5). In this
work, we obtained and analyzed a different JPV isolate, JPV-BH
(named after Biao He) that behaved differently from JPV-LW;
JPV-BH had less of a cytopathic effect (CPE) on tissue culture cells
but caused severe disease in mice. We have determined the whole
genome sequence of JPV-BH and found several nucleotide se-
quence differences between JPV-BH and JPV-LW. We generated
recombinant hybrid rJPV-BH strains containing sequences from
JPV-LW. We investigated the roles of these nucleotide sequence
differences in pathogenicity in mice.

MATERIALS AND METHODS
Cells. Monolayer cultures of HEK293T, L929, and Vero cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS), 100 IU/ml penicillin, and 100 �g/ml strepto-
mycin. BSR-T7 cells were maintained in DMEM containing 10% FBS,
10% tryptose phosphate broth, and 400 �g/ml G418. All cells were incu-
bated at 37°C in 5% CO2. Virus-infected cells were grown in DMEM
containing 2% FBS. Plaque assays were performed with Vero cells.
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Mice. Female 6-week-old BALB/c mice (Charles River Labs, Frederick,
MD) were used for all studies. Mouse infection with JPV was performed in
enhanced biosafety level 2 facilities in HEPA-filtered isolators. All animal
studies were conducted under guidelines approved by the Animal Care
and Use Committee at the University of Georgia.

Construction of recombinant plasmids. To generate a recombinant
JPV-BH plasmid, JPV-BH RNA was extracted and reverse transcription
(RT)-PCRs were performed. PCR products were ligated stepwise into a back-
bone plasmid from a parainfluenza virus 5 infectious cDNA clone (6). To
differentiate wild-type and recombinant JPV-BH, a PvuI restriction site was
introduced into the N gene without changing the amino acid residues. The
recombinant plasmids containing the leader sequence, GX genes, and L gene
of rJPV-LW within the JPV-BH backbone (designated JPV-BH-Le-LW, JPV-
BH-GX-LW, and JPV-BH-L-LW, respectively) were constructed by standard
molecular biology techniques. Three helper expression plasmids containing
the JPV-BH N, P, and L genes in a pCAGGs vector were constructed by using
appropriate oligonucleotide primer pairs. The sequences of the primers used
for JPV-BH, JPV-BH-Le-LW, JPV-BH-GX-LW, and JPV-BH-L-LW and the
three helper plasmids are available on request.

Virus rescue and sequencing. To generate viable recombinant strains,
the following plasmids were cotransfected into HEK293T cells at 95%
confluence in 6-cm plates with Jetprime (Polyplus-Transfection, Inc.,
New York, NY): a plasmid expressing T7 polymerase (pT7P); three plas-
mids, pJPV-N, pJPV-P, and pJPV-L, encoding the N, P, and L proteins,
respectively; and a plasmid encoding the full-length JPV genome, JPV-
BH, JPV-BH-Le-LW, JPV-BH-GX-LW, or JPV-BH-L-LW. The amounts
of plasmids used were as follows: 5 �g of full-length JPV plasmids, 1 �g of
pT7P, 1 �g of pJPV-N, 0.3 �g of pJPV-P, and 1.5 �g of pJPV-L. Two days
posttransfection, 1/10 of the HEK293T cells were cocultured with 1 � 106

Vero cells in a 10-cm plate. The media were harvested on days 5 to 7 after
coculture, and cell debris was pelleted by low-speed centrifugation (3,000
rpm, 10 min). Plaque assays on Vero cells were used to obtain single clones
of recombinant strains.

The full-length genomes of plaque-purified JPV-BH strains were se-
quenced. Total RNAs from JPV-BH-, rJPV-BH-, rJPV-BH-Le-LW-, rJPV-
BH-GX-LW-, and rJPV-BH-L-LW-infected Vero cells were purified with the
RNeasy minikit (Qiagen, Valencia, CA). cDNAs were prepared by using ran-
dom hexamers and then amplified by PCR with appropriate oligonucleotide
primer pairs as described previously (5). Improved rapid amplification of
cDNA ends PCR was used to amplify the leader and trailer sequences (7). The
sequences of all of the primers used to sequence the complete genomes of
JPV-BH, rJPV-BH, rJPV-BH-Le-LW, rJPV-BH-GX-LW, and rJPV-BH-
L-LW are available on request. DNA sequences were determined with an
Applied Biosystems sequencer (ABI, Foster City, CA).

Growth kinetics. Vero or L929 cells in six-well plates were infected
with rJPV-LW, JPV-BH, rJPV-BH, rJPV-BH-Le-LW, rJPV-BH-GX-LW,
or rJPV-BH-L-LW at a multiplicity of infection (MOI) of 5 or 0.1. The
cells were then washed with phosphate-buffered saline (PBS) and main-
tained in DMEM–2% FBS. Medium samples were collected at 24-h inter-
vals. Virus titers were determined by plaque assay on Vero cells.

Detection of viral protein expression. The P expression levels in vi-
rus-infected cells were compared. Vero cells in six-well plates were mock
infected or infected with rJPV-LW, JPV-BH, rJPV-BH, rJPV-BH-Le-LW,
rJPV-BH-GX-LW, or rJPV-BH-L-LW at an MOI of 5. The cells were
collected at 2 dpi and fixed with 0.5% formaldehyde for 1 h. The fixed cells
were resuspended in FBS-DMEM (50:50) and then permeabilized in 70%
ethanol overnight. The cells were washed once with PBS and then incu-
bated with rabbit anti-P antibody in PBS–1% BSA (1:200) for 1 h at 4°C.
The cells were stained with anti-rabbit antibody labeled with phycoeryth-
rin (1:200) for 1 h at 4°C in the dark and then washed once with PBS–1%
BSA. The fluorescence intensity was measured with a flow cytometer (BD
LSR II; BD Biosciences, San Jose, CA).

Real-time PCR. To compare viral mRNA and genome levels in in-
fected cells, real-time PCR was carried out as described previously (8).
Briefly, Vero cells in six-well plates were infected with rJPV-LW or

JPV-BH at an MOI of 5. At 24 h postinfection (hpi), the total RNA was
extracted from the infected cells with the RNeasy minikit (Qiagen). One-
fifth of the total RNA from each sample was used for RT with Superscript
III reverse transcriptase (Invitrogen). Oligo(dT)15 was used for RT to
detect viral mRNA levels. Primer 376, which anneals to a region of the
genomic RNA in the N gene, was used for RT to measure viral genomes.
Two percent of the cDNA was used for a real-time PCR with a Step One
Plus real-time PCR system with TaqMan universal PCR master mix and
custom-made TaqMan gene expression assays for the M gene of JPV with
6-carboxyfluorescein dye and nonfluorescent quencher (Applied Biosys-
tems). Relative viral mRNA and genome levels were determined by calcu-
lating the change in the cycle threshold and normalized to the level of the
input genome, which was defined as the genome level at 2 hpi. Three
replicates of each sample were used for statistical analysis.

Apoptosis assay. L929 cells in six-well plates were mock infected or
infected with rJPV-LW, JPV-BH, rJPV-BH, rJPV-BH-Le-LW, rJPV-BH-
GX-LW, or rJPV-BH-L-LW at an MOI of 5. At 2 days postinfection (dpi),
L929 cells were trypsinized and combined with floating cells in the media.
The harvested cells were centrifuged, washed with PBS, fixed, and perme-
abilized. The cells were then incubated with 25 �l of terminal deoxynucle-
otidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) re-
action mixture (Cell Death Detection kit; Roche Diagnostics Corp.,
Mannheim, Germany) for 2 h in the dark at 37°C. The cells were analyzed
by flow cytometry (BD LSR II).

Infection of mice with JPV. All animal experiments were carried out
by strictly following the protocol approved by IACUC. To study the
pathogenesis of JPV in mice, 6-week-old wild-type BALB/c mice were
inoculated intranasally with 100 �l of PBS or 5 � 105 PFU of rJPV-LW,
JPV-BH, rJPV-BH, rJPV-BH-Le-LW, rJPV-BH-GX-LW, or rJPV-BH-L-
LW. Body weights were monitored daily for 15 dpi. Mice were euthanized
at 1, 3, 5, and 7 dpi, and their lungs were collected. Virus titers in the lungs
were determined by plaque assay on Vero cells.

Histology studies. BALB/cJ mice from the infection study were eutha-
nized by CO2 asphyxiation. The lungs were inflated with 4% paraformal-
dehyde and collected. Samples were routinely processed, embedded, and
sectioned for hematoxylin and eosin (H&E) staining. Alveolar infiltrates
and perivascular cuffing were scored on a scale of 1 (minimal) to 4 (severe)
in a blinded fashion by a board-certified veterinary pathologist. Photomi-
crographs were taken with an Olympus BX41 microscope, an Olympus
DP70 microscope digital camera, and DP Controller imaging software.

RESULTS
Sequence analysis of JPV-BH. We obtained a sample of a poten-
tial new JPV isolate (J virus) from Robert Tesh at the University of
Texas Medical Branch. The tube was labeled “J virus.” However, it
was not certain that it was JPV because it might be an arbovirus,
which was of interest to Robert Tesh’s lab. The putative virus was
incubated with Vero cells. For logistical reasons, we were unable to
obtain wild-type JPV-LW, which was stored in a high-security lab
in Australia. As a control, Vero cells were incubated with rJPV-LW.
Large syncytia were produced in rJPV-LW-infected cells but not in

FIG 1 Comparison of the rJPV-LW and JPV-BH strains in vitro. Shown are
the CPEs of the rJPV-LW and JPV-BH strains on Vero cells. Vero cells were
mock infected or infected with rJPV-LW or JPV-BH at an MOI of 0.1. At 3 dpi,
the cells were photographed.
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mock- or J virus-infected cells. However, J virus had a CPE on Vero
cells, suggesting an infectious agent in the original sample (Fig. 1).
To determine whether the infectious agent was JPV, RNA was
purified from J virus-inoculated medium and RT-PCR was per-
formed with primers based on the JPV-LW sequence. The RT-
PCR was positive, suggesting that the virus was closely related to
JPV-LW (data not shown). We named this J virus the JPV BH
strain (JPV-BH). The entire genome of JPV-BH was amplified by
overlapping RT-PCR and then sequenced (Table 1). JPV-BH has
the same genome structure and number of nucleotides as JPV-LW
and contains one nucleotide difference in the leader sequence and
three nucleotide differences in the L gene compared to the
rJPV-LW and JPV-LW sequences (Table 1). rJPV-LW contains
one extra nucleotide difference in ORF G and three nucleotide
differences in ORF X compared to the JPV-LW sequence depos-
ited in GenBank (accession no. NC_007454) (3).

Analysis of JPV-BH in tissue culture cells. To compare the
growth kinetics of rJPV-LW and JPV-BH, single- and multiple-
step growth curves were obtained with Vero cells, an interferon

(IFN)-deficient simian cell line, and L929 cells, a murine cell line.
Interestingly, rJPV-LW replicated faster than JPV-BH in Vero
cells in single- and multiple-step growth curves (Fig. 2A); how-
ever, rJPV-LW replicated 1 to 2 logs (5) lower than JPV-BH in
L929 cells (Fig. 2B). To examine whether there was a difference in
JPV viral protein expression levels, the mean fluorescence inten-
sity (MFI) of the P protein in infected cells was examined. Consis-
tent with the growth curves, P protein expression was higher in
rJPV-LW-infected Vero cells than in JPV-BH-infected Vero cells
(Fig. 3A). Real-time PCR was used to determine viral genome
RNA and mRNA levels. rJPV-LW produced higher levels of viral
genome RNA and mRNA transcripts than JPV-BH. rJPV-LW also
produced more mRNA transcripts per viral genome copy, as de-
termined by the ratio of viral mRNA to viral genome RNA, sug-
gesting that rJPV-LW viral mRNA transcription was increased in
infected cells relative to that in JPV-BH-infected cells (Fig. 3B).
These results were consistent with the observation of higher viral
protein expression levels in rJPV-LW-infected cells than in JPV-
BH-infected cells.

JPV-BH was pathogenic in mice. Previously, we reported that
rJPV-LW was not pathogenic in mice (5). To investigate whether
JPV-BH was pathogenic in mice, mice were infected intranasally
with rJPV-LW and JPV-BH (Fig. 4A and B). rJPV-LW-infected
mice lost little body weight (about 5%) and recovered quickly.
rJPV-LW replicated poorly in mouse lungs, as there was no de-
tectable virus in the lungs at 5 dpi. JPV-BH-infected mice lost up
to 25% of their body weight. JPV-BH replicated steadily at 104

PFU/ml for 5 days in the lungs with a small drop in virus titers at
7 dpi. Further analysis of lungs infected with JPV-BH and
rJPV-LW showed no histopathologic differences between rJPV-
LW- and mock-infected lungs, while JPV-BH resulted in perivas-
cular cuffing, as well as interstitial and alveolar infiltrates (Fig. 5).

TABLE 1 Sequence differences between JPV-LW and JPV-BH strains

Genome position
(region or ORF) rJPV-LW JPV-LW JPV-BH

Amino acid residue
change

16 (leader) G G U NAa

9568 (G) A C C Lys-Thr
10417 (X) C A A Ser-Tyr
10726 (X) G A A Arg-Gln
11753 (X) A U U Lys-Asn
13932 (L) A A G Ile-Val
13997 (L) C C G Asp-Glu
15260 (L) A A C Glu-Asp
a NA, not applicable.

FIG 2 Growth rates of JPV-BH in tissue culture cells. Single- and multiple-step growth curves of rJPV-LW and JPV-BH in Vero (A) and L929 (B) cells are shown.
Vero or L929 cells were infected with rJPV-LW or JPV-BH at an MOI of 5 or 0.1. Medium samples were collected at 24-h intervals. Virus titers were determined
by plaque assay on Vero cells. All P values were calculated by using a t test.
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These results indicate that JPV-BH, unlike rJPV-LW, is patho-
genic in mice.

A reverse genetics system for JPV-BH. To understand the
pathogenesis of JPV-BH, we generated a recombinant JPV-BH by
using a reverse genetics system. The recombinant JPV-BH plas-

FIG 4 Pathogenicity of JPV-BH in mice. Mice were inoculated intranasally
with PBS or 5 � 105 PFU of rJPV-LW or JPV-BH. (A) Body weight change.
Mice were monitored daily, and weight loss was graphed as the average per-
centage of the original weight (on the day of infection). (B) Lung titers of mice.
Mouse lungs were collected at 1, 3, 5, and 7 dpi. Virus titers were determined by
plaque assay on Vero cells.

FIG 3 Viral gene transcription and expression. (A) Viral protein expression of rJPV-LW and JPV-BH in Vero cells. Vero cells were mock infected or infected with
rJPV-LW or JPV-BH at an MOI of 5. At 2 dpi, the cells were collected and the MFI of P was determined by flow cytometry. (B) Viral RNA (vRNA) and mRNA
synthesis and ratio of mRNA to viral RNA in Vero cells. Vero cells were infected with rJPV-LW or JPV-BH at an MOI of 5. At 24 hpi, a real-time PCR was
performed to determine viral RNA and mRNA levels and mRNA/viral RNA ratios. rJPV-LW and JPV-BH genome levels at 2 hpi were used as baselines for
normalization.

FIG 5 Histopathology of lungs of JPV-infected mice. Lungs were collected
from infected and mock-infected animals at 7 dpi and stained with H&E.
Photomicrographs were taken at a magnification of �20.
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mid (JPV-BH) and three helper plasmids, JPV-BH N, P, and L,
encoding the N, P, and L proteins, respectively, were cotransfected
into BSR-T7 cells as described previously (5). However, the rescue
efficiency was very low. HEK293T cells had a higher transfection
efficiency and had been used for measles virus and vesicular sto-
matitis virus recovery (9, 10). We compared HEK293T cells to
BSRT7 cells and found that HEK293T cells had a higher JPV in-
fection rate than BSRT7 cells (data not shown). To use HEK293T
cells in the recovery of rJPV-BH, a plasmid expressing T7 RNA
polymerase was added to the mixture of plasmids (Fig. 6A). At 2
days posttransfection, HEK293T cells were mixed with Vero cells.
The mixed cells were cocultured for less than 1 week for plaque
purification of a single virus clone. In our previous report, BSRT7
and Vero cells were cocultured for up to 2 weeks to recover virus
(5). After the rescued virus was obtained, RT-PCR was used to
confirm the recovery of the recombinant virus with the correct
genome sequence as described previously (5). A PvuI restriction
site was introduced into the N gene of rJPV-BH without changing
the amino acid residues to differentiate wild-type and recombi-
nant JPV-BH (Fig. 6B). This novel strategy of recovery of rJPV-BH
allows us to recover infectious virus without the requirement of a
stable T7 RNA polymerase-expressing cell line.

Generation of JPV-BH/LW hybrids. To determine which se-
quence element in the genome was responsible for the difference
in pathogenicity between JPV-BH and rJPV-LW, JPV-BH/LW hy-
brids were generated (Fig. 7). rJPV-BH-Le-LW containing the
backbone of JPV-BH and the leader sequence of rJPV-LW, rJPV-
BH-GX-LW containing the backbone of JPV-BH and the GX se-
quence of rJPV-LW, and rJPV-BH-L-LW containing the back-
bone of JPV-BH and the L sequence of rJPV-LW were recovered

from HEK293T cells. Single plaques of each virus were obtained,
and the genome sequences of the viruses were confirmed to match
the input cDNA sequences (data not shown).

Analysis of JPV-BH/LW hybrids in tissue culture cells. To
compare the growth rates of the JPV-BH/LW hybrids in tissue
culture cells, single- or multiple-step growth curves were obtained
with Vero cells and L929 cells. In Vero cells, JPV-BH and rJPV-BH
grew similarly, as expected. rJPV-BH-Le-LW, rJPV-BH-GX-LW,
and rJPV-BH-L-LW were similar to rJPV-LW and slightly faster
than JPV-BH and rJPV-BH in both single- and multiple-step
growth curves (Fig. 8A). In L929 cells, JPV-BH, rJPV-BH, and
rJPV-BH-GX-LW grew at similar rates, which were faster than
those of rJPV-LW and rJPV-BH-L-LW, as shown in single- and
multiple-step growth curves. rJPV-BH-Le-LW replicated simi-

FIG 6 Generation of rJPV-BH. (A) Schematic of rescue of rJPV-BH strains. The JPV-BH plasmid, containing the full-length genome of JPV-BH, a plasmid
expressing T7 polymerase, and three helper plasmids (pJPV-N, pJPV-P, and pJPV-L, encoding the N, P, and L proteins, respectively) were cotransfected into
HEK293T cells. HEK293T cells were mixed with Vero cells. Plaque assays on Vero cells were used to obtain single clones of recombinant strains. (B) Introduction
of a PvuI sequence into the N gene of rJPV-BH. Top, schematic diagram of the PvuI site introduced into the N gene without changing amino acid (aa) residues.
Bottom, sequencing result of the PCR product. The PvuI recognition sequence, CGATCG, is underlined.

FIG 7 Generation of rJPV-BH/LW hybrids. rJPV-BH-Le-LW, rJPV-BH-GX-
LW, and rJPV-BH-L-LW containing the backbone of rJPV-BH and the leader
(Le), GX, and L sequences of rJPV-LW are shown. The sequences from
rJPV-LW are shaded.
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larly to rJPV-LW and rJPV-BH-L-LW at early time points but
replicated to titers similar to those of JPV-BH, rJPV-BH, and
rJPV-BH-GX-LW by later time points. rJPV-BH-L-LW replicated
faster than rJPV-LW in the multiple-step growth curve (Fig. 8B).

To examine whether there was a difference in the viral protein
expression levels of JPV-BH/LW hybrids, the MFI of the P protein
was examined. The P expression levels in rJPV-LW- and rJPV-
BH-L-LW-infected Vero cells were higher than those in Vero cells
infected with other viruses (Fig. 8C).

The CPE on Vero cells infected with the rJPV-BH/LW hybrids
was examined. rJPV-BH-GX-LW and rJPV-BH-L-LW produced
larger syncytial cells than other viruses, and rJPV-BH-Le-LW pro-
duced more syncytial cells than JPV-BH and rJPV-BH (data not
shown). To examine whether rJPV-BH/LW hybrids also had dif-
ferent CPEs on L929 cells, these cells were infected with the JPV. In
our previous report (5), rJPV-LW had a CPE on and induced
apoptosis in L929 cells. In that study, rJPV-LW had the most se-
vere CPE, following by rJPV-BH-L-LW, which had the second-
most-severe CPE (data not shown). The TUNEL assay results were
consistent with the CPE results; rJPV-LW induced the highest
level of apoptosis, followed by rJPV-BH-L-LW. JPV-BH, rJPV-
BH, rJPV-BH-le-LW, and rJPV-BH-GX-LW induced similar lev-
els of apoptosis (Fig. 9).

Analysis of rJPV-BH/LW hybrids in vivo. Mice were infected
intranasally with rJPV-LW, JPV-BH, rJPV-BH, rJPV-BH-Le-LW,
and rJPV-BH-L-LW (Fig. 10A to C). rJPV-LW-infected mice lost
the least body weight and recovered quickly. rJPV-LW replicated
poorly in mouse lungs; there was no detectable virus in the lungs at
5 dpi. rJPV-BH-L-LW-infected mice lost approximately 10% of
their body weight and recovered by 7 dpi. rJPV-BH-L-LW repli-

cated better than rJPV-LW, the virus titers in lungs were about 103

PFU/ml by 5 dpi, and there was no detectable virus in the lungs at
7 dpi. JPV-BH-, rJPV-BH-, and rJPV-BH-Le-LW-infected mice
lost up to 25% of their body weight. The viral titers in their lungs
stayed similar for 5 days and dropped by 7 dpi. Infection with
JPV-BH, rJPV-BH, or rJPV-BH-Le-LW was lethal to mice. All
infected mice died by 10 dpi. In contrast, mock-, rJPV-LW-, and
rJPV-BH-L-LW-infected mice survived the study, suggesting that
rJPV-BH-L-LW was attenuated in mice. This was supported by

FIG 8 Growth rates of rJPV-BH/LW hybrids in tissue culture cells. Single- and multiple-step growth curves of rJPV-BH/LW hybrids in Vero (A) and L929 (B)
cells are shown. Vero or L929 cells were infected with JPV at an MOI of 5 or 0.1. Medium samples were collected at 24-h intervals. Virus titers were determined
by plaque assay on Vero cells. P � 0.05 for JPV-BH or rJPV-BH versus rJPV-LW or rJPV-BH-L-LW in Vero cells at 24 hpi in high-MOI infection, P � 0.05 for
JPV-BH versus rJPV-LW in Vero cells at 48 hpi in low-MOI infection, P � 0.05 for rJPV-BH versus rJPV-LW in Vero cells at 120 hpi in low-MOI infection, and
P � 0.05 for JPV-BH or rJPV-BH versus rJPV-LW or rJPV-BH-L-LW in L929 cells in low- and high-MOI infections at 120 hpi. (C) Viral protein expression of
rJPV-BH/LW hybrids. Vero cells were mock infected or infected with JPV at an MOI of 5. At 2 dpi, the MFI of P was determined.

FIG 9 CPEs of rJPV-BH/LW hybrids on tissue culture cells. (A) CPEs of
rJPV-BH/LW hybrids on Vero cells. Vero cells were mock infected or infected
with JPV at an MOI of 0.1. At 3 dpi, the cells were photographed. (B) CPEs of
rJPV-BH/LW hybrids. L929 cells were mock infected or infected with JPV at an
MOI of 5. At 2 dpi, the cells were photographed. (C) Induction of apoptosis by
rJPV-BH/LW hybrids. L929 cells were mock infected or infected with JPV at an
MOI of 5. At 2 dpi, a TUNEL assay was performed.
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histopathology, which showed greater fibrinonecrotizing lesions
and infiltrates within the alveoli of JPV-BH-, rJPV-PH-, and rJPV-
BH-Le-LW-infected mice, than in those of mock-, rJPV-LW-, and
rJPV-BH-L-LW-infected mice (Fig. 11).

DISCUSSION

Many new paramyxoviruses have been identified recently (11–
15). Isolating infectious viruses and studying them in suitable an-
imal models will enable us to understand their pathogeneses. Ob-
taining an infectious virus that truly reflects the original virus is a
major challenge. While original reports indicated that JPV was
pathogenic in mice, JPV-LW was not pathogenic in mice, as ex-
pected. Initially, we doubted the original report, since it was pos-
sible that the animals used in the original experiment over 40 years

ago were not pathogen free, and they might have been coinfected
with other unknown pathogens. On the basis of the fact that the
genome sequences of JPV-BH and JPV-LW are almost identical, it
can be concluded that JPV-BH and JPV-LW are the same virus.
Although JPV was originally isolated in Australia, JPV-LW was
obtained from a laboratory in the United States. We speculate that
JPV-LW was from a later laboratory passage of JPV and JPV-BH
was from an earlier passage. Vero cells have often been used as the
cells of choice for virus isolation because they lack IFN genes.
rJPV-LW grew better than JPV-BH in Vero cells, suggesting that
JPV-LW was likely adapted for growth in cell culture. This work
reestablishes that JPV is indeed pathogenic in mice.

Besides JPV, BeiPV and TlmPV contain the same genome or-
ganization in the order 3=-N-P/V/C-M-F-SH-TM-G(GX)-L-5=.

FIG 10 Analysis of rJPV-BH/LW hybrid growth in vivo. Mice were inoculated intranasally with PBS or 5 � 105 PFU of JPV. (A) Body weight loss. Mice were
monitored daily, and weight loss was graphed as the average percentage of their original weight (on the day of infection). (B) Lung virus titers of mice. Mouse
lungs were collected at 1, 3, 5, and 7 dpi. Virus titers were determined by plaque assay on Vero cells. (C) Survival rate (n � 3).
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BeiPV was isolated from rat and human mesangial cell lines (rat
mesangial cells [RMC] and human mesangial cells [HMC]). The
detection of BeiPV in the RMC line present in the laboratory be-
fore the HMC line was introduced strongly suggested a potential
rodent origin of BeiPV (16). RT-PCR confirmed that variants of
BeiPV were present in 40 kidney and 9 spleen samples from 43 rats
(40/105 brown rats [Rattus norvegicus] and 3/15 black rats [Rattus
rattus]). Sequence analysis showed 1 to 9 nucleotide differences in
the N gene and 6 to 13 nucleotide differences in the L gene, sug-
gesting that BeiPV originated in rodents (15). The genome repli-
cation machineries of JPV and BeiPV can be interchanged (17),
suggesting that JPV and BeiPV are closely related. TlmPV was
isolated from Sikkim rats (Rattus andamanensis) in a molecular
epidemiology study (14). Phylogenetic analysis and protein align-
ment showed that these three viruses were closely related, sup-
porting the grouping of JPV, BeiPV, and Tailam virus into a new
genus of Paramyxovirinae. The existence of a pathogenic JPV-BH
in a laboratory with a mouse model of infection and a reverse
genetics system will enable studies of this unique virus and provide
new information on this novel class of paramyxoviruses.

The GX gene of JPV is unique in that ORF X in the 3=nontrans-
lated region (NTR) of G is in frame with ORF G. If the stop codon
for G were deleted, a GX fusion protein could be made. The exis-
tence of a large ORF (�2,000 nt) in the 3=NTR of G is puzzling. It
is hard to imagine that the virus contains such a long sequence
without a function. Replacement of the GX sequence of JPV-BH
with the GX sequence of JPV-LW resulted in a virus (rJPV-BH-
GX-LW) similar in pathogenicity to its parental virus, JPV-BH.
However, rJPV-BH-GX-LW formed larger syncytia, much like
rJPV-LW, than its parental virus, rJPV-BH (data not shown), sug-
gesting that the differences within the GX sequence are important
for syncytium formation. Further analysis will lead to a better
understanding of the roles of G and X in virus replication.

Viral RNA-dependent RNA polymerases of paramyxoviruses

consist of two major viral components, the phosphoprotein (P)
and the large (L) protein. The L protein, with �2,000 amino acid
residues in a single polypeptide chain, is thought to be responsible
for the enzymatic activities involved in viral RNA replication and
transcription. The L genes of paramyxoviruses have been impli-
cated in viral pathogenesis. cpts530/1009 is a live, attenuated, tem-
perature-sensitive RSV vaccine candidate. Compared to the pa-
rental cold-passaged RSV, it contains two mutation sites at
residues 521 and 1169 in the L protein (18). In Newcastle disease
virus (NDV), replacement of the L gene of a mesogenic strain,
Beaudette C, with that of a lentogenic strain, LaSota, significantly
increased the pathogenicity of the L-chimeric virus, which had
increased replication levels (19). Furthermore, attenuation of
measles virus and an NDV pigeon variant (pigeon paramyxovirus
1) in chickens with enhanced virus replication and virulence has
also been associated with the P and L genes (20, 21). In our study,
rJPV-BH-L-LW replicated well in tissue culture cells but poorly in
mouse lungs compared to rJPV-BH, indicating that L plays a crit-
ical role in viral pathogenesis. Because rJPV-BH-L-LW replicated
well in tissue culture cells (Fig. 8C), we speculate that the attenu-
ation of rJPV-BH-L-LW in vivo (Fig. 10C) is due to a function of
the L gene not associated with its polymerase function. The L
protein has six domains that are highly conserved among all mem-
bers of the order Mononegavirales (22, 23). It has been reported
that domains I and II of the parainfluenza virus 5 L protein acti-
vate NF-�B through an AKT-dependent pathway and that the
mRNA of domain II of L can induce IFN-� expression through an
RNase L-MDA5-dependent pathway (24, 25). Interestingly, two
differences between the L genes of L-LW and L-BH are in domain
II. Further analysis is needed to dissect the roles of these individual
residues in pathogenesis.

While replacement of the L gene of JPV-BH with that of
JPV-LW resulted in attenuation (Fig. 10), this virus (rJPV-BH-L-
LW) was not as nonpathogenic as rJPV-LW, suggesting that other

FIG 11 Lung histopathology of JPV-infected mice. Mice were infected as described in the legend to Fig. 10. Lungs were collected from infected and mock-
infected animals at 7 dpi and stained with H&E. Photomicrographs were taken at a magnification of �40.
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sequence elements are likely to play roles in the attenuation of
JPV-LW. Further studies, especially with rJPV-LW containing el-
ements from JPV-BH, will elucidate the contribution of each se-
quence element to the pathogenesis of JPV.
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