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Summary

Mapuera virus (MPRV) was isolated from a fruit bat
in Brazil in 1979, but its host range and disease-
causing potential are unknown. Porcine rubulavirus
(PoRV) was identified as the aetiological agent of
disease outbreaks in pigs in Mexico during early
1980s, but the origin of PoRV remains elusive.
In this study, the completed genome sequence of
MPRV was determined, and the complete genome
sequence of PORV was assembled from previous-
ly published protein-coding genes and the non-
coding genome regions determined from this study.
Comparison of sequence and genome organization
indicated that PoRV is more closely related to
MPRV than to any other members of the genus
Rubulavirus. In the P gene coding region of both
viruses, there is an ORF located at the 5" end of the
P gene overlapping with the P protein coding re-
gion, similar to the C protein ORF present in most
viruses of the subfamily Paramyxovirinae, but ab-
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sent in other known rubulaviruses. Based on these
findings, we hypothesise that PORV may also origi-
nate from bats, and spillover events from bats to
pigs, either directly or via an intermediate host,
were responsible for the sporadic disease outbreaks
observed in Mexico.

Introduction

Paramyxoviruses are well-known pathogens of hu-
mans and animals. In the last few decades, many
novel paramyxoviruses have been isolated from a
variety of animal species and their emergence has,
on occasion, been accompanied by spectacular
outbreaks of disease. Members of the family Param-
yxoviridae are enveloped viruses possessing a
nonsegmented negative-strand genome and are di-
vided into two subfamilies, Paramyxovirinae and
Pneumovirinae. Currently, there are five genera
within the subfamily Paramyxovirinae: Rubulavirus,
Avulavirus, Respirovirus, Morbillivirus, and
Henipavirus [22].

Since 1994, four novel bat-associated paramyxo-
viruses have emerged, three of which have caused
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outbreaks of disease in both humans and animals
[47]. In September 1994 in Brisbane, Australia,
Hendra virus (HeV) caused an outbreak of severe
respiratory disease resulting in the death of 13
horses and their trainer [32]. Since then, sporadic
HeV outbreaks involving both horse and human in-
fections have been reported [13]. A related virus,
Nipah virus (NiV) was isolated and subsequently
identified as the cause of an outbreak of encepha-
litis in humans in Malaysia that began in September
1998 and resulted in 105 fatalities [9]. The outbreak
was associated with respiratory illness in pigs, and
over one million pigs were culled in its control.
Following the discovery of NiV in Malaysia, out-
breaks of NiV have been detected in Bangladesh
and India between 2001 and 2005 [7, 12, 17].
Serological and virological studies suggest that
similar viruses exist in the fruit bat populations in
Cambodia, Thailand and Indonesia [36, 38, 45]. In
1997, Menangle virus (MenPV) was isolated from
stillborn piglets affected by foetal deformities, at a
commercial piggery in New South Wales, Australia
[34], and serological evidence indicated that it may
have caused influenza-like illness in two humans
who had been in close contact with infected piglets
[8]. The presence of neutralizing antibodies in sev-
eral species of fruit bats suggests that they may be
the natural host of this virus [34]. In 2000, Tioman
virus (TioPV) was isolated from urine collected be-
neath a fruit bat colony on Tioman Island, Malaysia
[10]. Molecular characterization revealed that
MenPV and TiPV are closely related novel mem-
bers of the genus Rubulavirus [4, 5, 10, 11].
Mapuera virus (MPRV) was isolated from the
salivary glands of an apparently healthy fruit bat
(Sturnira lilium), suborder Microchiroptera, family
Phyllostomidae, captured in the tropical rainforest
of Brazil in 1979 [19]. Its initial placement within
the family Paramyxoviridae was made on the basis
of its morphology and ability to agglutinate guinea
pig erythrocytes at 4 °C [50]. The classification of
MPRYV as a member of the Paramyxoviridae was
corroborated by a later study in which all of the
seven virus-encoded proteins were identified and
the gene coding for the nucleocapsid protein (N)
was cloned and sequenced [14]. Analysis based
on the N gene sequence suggested that MPRV
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should be classified as a new member of the genus
Rubulavirus. To date, it is not known whether MPRV
is capable of infecting and causing disease in other
animal species.

Originally called La Piedad Michoacan Mexico
virus (LPMV) or blue-eye disease virus, porcine
rubulavirus (PoRV) was responsible for outbreaks
of disease in pigs in Mexico during the early 1980s
[31, 39]. Piglets 2—15 days old were the most
susceptible, manifesting nervous signs and clinical
symptoms such as lethargy and conjunctivitis, and
in a small proportion (up to 10%), either unilateral
or bilateral corneal opacity (blue eye). In litters
farrowed during an outbreak, morbidity and mor-
tality were high (up to 50 and 90%, respectively).
Older pigs were also susceptible, but the proportion
affected was much smaller, 1-4%, and the mortal-
ity was low. First discovered in 1980 on a com-
mercial farm in La Piedad, Michoacan State, the
disease spread in subsequent years to other parts
of central Mexico [28], but to date, it seems to be
confined to this country, with no report of similar
disease in other countries. The virus was initially
classified as a paramyxovirus on the basis of its mor-
phology and capacity to agglutinate a wide range of
red blood cells and spontaneously elute from them at
37 °C. Subsequent sequence analysis revealed signif-
icant genetic relatedness with several rubulaviruses,
resulting in the creation of the new name porcine
rubulavirus. Since the first recognised outbreak in
1980, sporadic outbreaks continued to occur, but the
origin of the virus remains unknown [28].

One unique feature of the PoORV genome is the
presence of a small open reading frame (ORF)
overlapping with the 5’ coding region of the P gene
in the second transcription unit [2]. The presence
of an overlapping C ORF (coding for a C protein)
in this region is a distinguishing feature of most
Paramyxovirinae members with the exception of
rubulaviruses.

In this study, we complete the genome sequences
of MPRV and PoRV and examine the coding stra-
tegies of the P gene in MPRYV to determine whether,
like PoRYV, a C-like OREF exists and whether a C-like
protein is expressed in virus-infected cells. Consid-
ering the recent discovery of novel bat paramyxo-
virus pairs (HeV and NiV, and MenPV and TioPV)
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in Australia and Southeast Asia, we were interested
to examine whether a similar close relationship
could be established for MPRV and PoRYV, both of
which were isolated on the American continent.
Such information may facilitate the search for the
natural reservoir host of PoRV and better define risk
factors for the prevention of future disease outbreak
among pig populations.

Materials and methods

Virus culture and RNA isolation

MPRYV (isolate BeAnn 370284) and PoRV (isolate LPMV)
were grown in Vero cells as previously described [10]. At
3 days post infection (dpi) the infected cell culture medium
was decanted and centrifuged at 1400 x g for 10 min to re-
move cellular debris. Virus was pelleted in a Beckman type
52.2 rotor at 50,000 rpm for 25 min and total RNA extracted
using the RNeasy Mini Kit (Qiagen, Germany) and quantified
by the GeneQuant I RNA/DNA Calculator (Pharmacia,
USA). When MPRV genomic RNA was prepared for use
in the cDNA subtraction protocol, PORV genomic RNA was
prepared concurrently under similar conditions.

Isolation and characterization of viral cDNA
using cDNA subtraction

The ClonTech PCR-Select cDNA Subtraction Kit (ClonTech,
USA) was used to select virus-specific fragments from viral
genomic RNA harvested from tissue culture medium as pre-
viously described [5, 10, 18, 29]. Double-stranded cDNA
was made using random hexamer oligonucleotide primers
and total RNA from pelleted MPRV (tester cDNA) and
TioPV (driver cDNA), respectively. Digestion, adaptor liga-
tion, hybridization and PCR reactions were then carried out
as described in the instructions provided with the kit. Nested
PCR products from both subtractions were size-purified on
a 1% agarose gel in three fractions (0.2-0.6, 0.6—-1.0 and
1.0-2.0kb) using the QIA-Quick PCR Gel Extraction Kit
(Qiagen). The three purified fractions were cloned, and plas-
mids with insert sizes 100bp or greater were randomly
selected and sequenced.

Amplification of viral genomic RNA

using virus-specific primers

Virus propagation and RNA extraction were carried out
as above. Random cDNA was synthesized using the Omnis-
cript RT Kit (Qiagen) with random hexamer primers.
Virus-specific primers were designed either from pub-
lished sequences (for PORV) or cDNA subtraction-derived
sequences (for MPRV), and produced by a commercial pro-
vider (GeneWorks, Australia). The Platinum PCR SuperMix

Kit (Invitrogen, USA) was used to perform PCR on the
cDNA template synthesized as described above. PCR prod-
ucts were visualized with ethidium bromide on 1-2% aga-
rose gels and purified, using either the QIAquick PCR
Purification Kit (Qiagen) or the QIAquick Gel Purification
Kit (Qiagen), prior to DNA sequencing.

Characterization of genome termini

The protocol for determining the exact sequences of the 5’
genome and 5’ anti-genome termini was adapted from a
published 5’ rapid amplification of cDNA ends (5 RACE)
method [43]. Virus was propagated in and harvested from
Vero cell monolayers as previously described [10]. Total
RNA was extracted from pelleted virus (containing both
genome and anti-genome RNA) using the RNeasy Mini
Kit (Qiagen). Synthesis of cDNA was carried out using the
Thermoscript RT-PCR System kit (Life Technologies, USA)
and virus-specific primers located within approximately
100-200 nt of each end of the genome. Reverse transcriptase
reactions were incubated at 37 °C for 60 min followed by RT
inactivation at 85 °C for 5min and treatment with Rnase H.
The first-strand cDNA was purified using the QIAquick PCR
Purification Kit (Qiagen) prior to ligation with a single-
strand anchor oligonucleotide (5-GAAGAGAAGGTGGA
AATGGCGTTTTGG, 5'-phosphorylated and 3’-blocked)
using T4 RNA ligase (New England BioLabs, USA). The
ligated product was amplified by PCR using a virus-specific
primer, nested with respect to the first primer used for cDNA
synthesis, and a 27-nt primer complementary in sequence to
the adaptor. When required, a hemi-nested PCR, using the
same adaptor primer and an additional (third) nested virus-
specific primer, was also performed. PCR products obtained
were gel purified as described earlier and either sequenced
directly or cloned before sequencing, in which case at least
six individual clones were sequenced to ensure a reliable
consensus sequence.

DNA sequencing

Purified PCR products and plasmid DNA were sequenced
using the BigDye® Terminator v1.0 Kit (Applied Bio-
systems, USA) and an ABI PRISM 377 DNA Sequencer
(Applied Biosystems). Every nucleotide in the genome was
sequenced with a minimum of three-fold redundancy, at least
once in each sense and at least once directly from PCR
template without cloning.

Sequence analysis

Sequence data were routinely managed and aligned using
the Clone Manager and Align Plus programs in the Sci Ed
Central software package (Scientific and Educational Soft-
ware, USA). Sequence similarity searches were conducted
using the BLAST service at the National Center for Bio-
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technology Information (NCBI). Phylogenetic trees were
constructed using the neighbour-joining algorithm with boot-
strap values determined by 1000 replicates in the MEGA3
software package [21].

Database accession numbers

The full-length genome sequences of MPRV and PoRV have
been deposited into GenBank under the accession EF095490
and BKO005918, respectively. Accession numbers for other
sequences used in this study are listed below. For viruses
where full-length genome sequence was not available, in-
dividual protein sequences were used and are indicated by
the abbreviated gene letter in parentheses following the
accession number. The new naming convention for paramyx-
ovirus abbreviation, as proposed in the 8th ICTV report [22],
was used in this paper. Hendra virus (HeV) AF017149;
human parainfluenza virus 2 (hPIV2) X57559; human para-
influenza virus 4a (hPIV4a) M32982(N), M55975(P/V),
D10241(M), DA49821(F), M34033(HN); human parain-
fluenza virus 4b (hPIV4b) M32983(N), M55976 (P/V)
D10242(M), D49822(F), AB006958(HN); measles virus
(MeV) AB016162; Menangle virus (MenPV) AF326114;
mumps virus (MuV) AB040874; Newcastle disease virus
(NDV) AF077761; Sendai virus (SeV) AB005795; simian
virus 5 (SV5) AF052755; simian virus 41 (SV41) X64275;
Tioman virus (TioPV) AF298895.

Production of rabbit antisera against
recombinant C proteins

The coding regions for the C-like proteins in MPRV and
PoRV were isolated by PCR using primers with Ascl and
Nortl sites incoporated at the 5’ and 3’ ends of the gene
fragments, respectively. These fragments were cloned into
Hisg-, GST- and biotin-fusion vectors, which were derived
from pRSET (Invitrogen), pGD [49], and pDW363 [44],
respectively. Induction of expression and purification of pro-
tein by preparative SDS-PAGE were conducted as previously
described [49]. Four female New Zealand white rabbits
(Institute of Medical and Veterinary Science, Adelaide,
Australia) were each inoculated with 100 pg of purified recom-
binant C protein mixed with an equal volume of montanide
ISA 50 adjuvant (Tall-Bennett Group, Australia) in a final
volume of 1 ml. Two boosts were performed at two-week
intervals. Serum samples were collected via marginal ear
vein bleeds before each inoculation. Terminal bleeds were
conducted via cardiac puncture under anesthetisation.

Detection of C protein expression in virus-infected cells

Three different assays were used to detect expression of
C protein. For the immunofluorescent antibody test, Vero
and PK15 cells were seeded on 8-well chamber slide
(Nalge Nunc, Germany) and infected at 80% confluency
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with MPRV and PoRYV, respectively. At 48 hr post-infection,
the slides were fixed and processed as described [10]. For
Western blot analysis, cells were harvested 48 hr post-infec-
tion by PBS washing and trypsin treatment. Cell pellets were
lysed in 1% SDS with heating at 75 °C for 15 min, followed
by sonication on ice for 1 min using a Microson™™ Ultraso-
nic XL 2000 cell disruptor equipped with a P-3 probe at
strength setting 3 (Misonix, USA). Separation of total protein
lysate and subsequent blotting and antibody incubation were
carried out using standard Western blot procedures as de-
scribed [49]. For radioimmunoprecipitation, protocols de-
scribed by Bossart et al. [6] were followed. Briefly, virus
infected and mock-infected cells were radiolabelled with
200 uCi/ml Trans>>S-label (ICN Biomedicals, USA) for
Shr at 37°C. After washing and lysis, immunoprecipitation
was carried out using Dynabeads® Protein A magnetic beads
(Dynal A.S, Norway) together with different dilutions of
various antibodies. At the end of the incubation, the bead-
IgG-protein C complexes were washed three times, and elu-
tion was achieved by incubating the beads in 30pul 0.1 M
citric acid (pH 2.8). A 20-ul aliquot of 1M Tris—HCI
(pH 8.0) was added to each eluant to neutralise the solution.
Subsequent separation of proteins by SDS-PAGE and auto-
radiography were carried out as described [6].

Results

Determination of full-length genome
sequences of MPRV and PoRV

To obtain initial MPRV-specific sequence, cDNA sub-
traction strategies were used. As shown in Fig. 1,
more than ten virus-specific sequence segments were
obtained from one subtraction experiment without
any prior sequence information required. MPRV-
specific oligonucleotide primers were then designed
using the sequence data obtained from the subtrac-
tion experiments. PCR products were generated to
fill in the sequence ‘gaps’ between cDNA clones, as
well as to cover the entire length of the genome,
using randomly primed cDNA generated from viral
genomic RNA as template. The genome terminal
sequences were obtained using a modified 5’ RACE
technique as described in Materials and Methods.
For PoRV, most of the protein-coding gene se-
quences have been published previously [1-3, 41,
42]. In this study, we conducted the 5" RACE to
determine the sequences of the genome termini. We
also determined the sequences of all the untrans-
lated regions of the genome to compile the final
full-length genome sequence.
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Fig. 1. Schematic diagram of MPRV
and PoRV genomes. A Diagram illus-
trating the MPRV genome fragments
obtained by cDNA subtraction. The
dark solid boxes (top row) represent
the cDNA fragments obtained by sub-
traction and their relative positions to
the six major genes (shown below).
The genome size scale is given at the
bottom. The genome organization and
coding strategy for MPRV and PoRV
are shown in B and C, respectively.
The vertical lines represent the lo-
cation and size of IGRs or gene
boundaries

Table 1. Molecular features of MPRV and PoRV genes and their deduced gene products

Gene? mRNA features (nt) IGR (nt) ORF and deduced protein
Total length 5" UTR 3’ UTR Coding frame”  Size (aa) MW (kDa) pl
N MPRV 1750 78 61 7 +2 537 60.0 5.12
PoRV 1785 90 60 1 +2 545 60.1 5.12
P/V (V) MPRV 1400 118 111 3 +2 251 27.5 4.90
PoRV 1372 85 77 27 +1 249 26.1 5.06
P/V(C) MPRV  1400-2° - - - +2 92 10.5 10.94
PoRV 1372-4¢ - - - +2 126 14.7 10.39
P/V (W) MPRV 1401 - - - +2/+1 201 22.1 6.25
PoRV 1373 - - - +1/43 174 18.1 4.95
P/V (P) MPRV 1403 - - - +2/43 391 422 5.24
PoRV 1374 - - - +1/42 404 42.4 5.33
M MPRV 1398 38 24 6 +2 371 41.8 9.38
PoRV 1340 38 195 22 +3 369 41.7 9.72
F MPRV 1881 108 162 58 +3 537 58.7 6.07
PoRV 1838 74 141 46 +3 541 58.3 6.15
HN MPRV 1954 37 171 8 +2 582 64.8 7.84
PoRV 1862 72 61 3 +2 576 63.3 7.99
L MPRV 6808 8 41 - +2 2253 255.6 6.01
PoRV 6786 8 25 - +2 2251 255.3 6.31

? For the P/V gene of PoRV, there were three different types of mRNA made via RNA editing, each encoding a differ-
ent protein product, i.e., V (non-edited mRNA), W (+1G) and P (+2G) [8].
" Qut of the three possible coding frames in the positive-sense sequence (i.e., the antigenome sequence), the one in-frame with
the first residue of the antigenome sequence is defined as +1, those in-frame with the second and third residues as +2 and +3
coding frames, respectively.
¢ The putative C protein can be made from any of the 3 possible mRNA species.
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Genome features of MPRV and PoRV

The structure of the MPRV genome, comprising
six genes in the order: 3'-N-P/V-M-F-HN-L-5' is
identical to that of PoRV (Fig. 1B) and resembles
that of most other viruses belonging to the genus
Rubulavirus. Neither MPRV nor PoRV contains the
SH gene present in two known rubulaviruses, MuV
and SV5. At 15180 nt in length, the PORV genome
is the smallest in the subfamily Paramyxovirinae,
and 6nt smaller than the previously smallest ge-
nome of Newcastle disease virus (NDV) at 15186 nt
[22]. The size of the MPRV genome, at 15486 nt,
is within the range of other rubulavirus genomes.
Both viruses have a genome length which is divisi-
ble by six, suggesting that these viruses most likely
conform to the rule-of-six [20].

The sizes of the encoded MPRV proteins are simi-
lar to those of PORV (Table 1). Approximately 90.5%
of the MPRV genome is used for protein coding
in comparison to 92.6% for PoRV. Both viruses have
a genome coding capacity similar to the average
coding percentage (92%) of the subfamily [29].

As with all other members of Paramyxovirinae,
MPRV and PoRV have a 3’ leader of 55nt. The 5’
trailer of MPRYV is 159 nt, significantly longer than
the 43-nt trailer of PoRV. The first and last 11-13nt

A

MPRV Leader (antigenome sense)
MPRV Trailer (genome sense)

PORV Leader
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in the genomes of paramyxoviruses are highly con-
served and complementary in nature and are critical
elements of the genome and anti-genome viral RNA
polymerase promoter [23]. This is also true for
MPRV (Fig. 2A) and PoRV (Fig. 2B). When the 3’
leader sequences of MPRV and PoRV were aligned
with those of other rubulaviruses (Fig. 2C), it was
evident that MPRV and PoRV have almost identical
genome terminal sequences as that of other known
rubulaviruses, and they share significant sequence
homology with each other and with MuV.
Transcription of individual genes of Paramyxovir-
idae members is carried out by a stop-and-reinitia-
tion mechanism controlled by conserved sequences
at the gene borders [23]. Members of the genera
Respirovirus, Morbilllivirus and Henipavirus have
a conserved trinucleotide intergenic region (IGR),
whereas viruses in the genera Rubulavirus and
Avulavirus have an IGR of variable length and se-
quence. The gene start, stop and IGR sequences of
MPRYV and PoRV are listed in Table 2 (shown as
cDNA sequence in the antigenome 5'-3’ sense). As
expected for all rubulaviruses, the IGRs of MPRV
and PoRV vary in size. For MPRY, all but one IGRs
start with the C residue, an observation that has
been previously made only for TioPV IGRs [11].

ACCAAGGGGAAAAAATAGATATAGGTTTTT
T.A.T.ATGGTAC. .AA

(antigenome sense) ACCAAGGGGAGAATAGATAGGAGTACGGAA

PoRV Trailer (genome sense) LW GAL L A.CT...TT..
C

MPRV  ACCAAGGGGAAAAAATAGATATAGGTTTTTTACAAAAAATAAAAGAAAGTTGATT

PORV | G..T.G.T.GGAGTACGGAAC.TT.T...... T...C.AC.A.

MuV L. GA....GGGATG. .GG..G..C..... GTGT. .GAAAC.G.
MenPV ............ TCA...AGG.T..C.AACTT.CG..G.C.T.AT.GA.AA..C
TioPV |t eeeeinnn.. TCA...AGG.TA..GAACGT.CG..... GT..C.GA.ATCG.
hpPIV2 .......... G..TCAGATGGC.TCG. . .A.ATG.CG..T.GC..A..GA..ACG.

SvV4l oL ... G. .TCAGAGCGGGTCCGACCATA.CG.TG. .C..A..GA.ATCG.

SVS L. TGA..TGG.GAC.CAAA.CATCG. .GACCCTCG.GA. .ACA.

Fig. 2. Alignment of genome terminal sequences. Dots indicate identical residues. See Materials and Methods for full virus
names and database accession numbers. A Alignment of the 3’ leader and 5’ trailer sequences of MPRV. B Alignment of the
3’ leader and 5 trailer sequences of MPRV. C Alignment of 3’ leader sequences of members of the genus Rubulavirus. The 3’
leader is represented as anti-genome written in the 5'—3’ sense, and the 5’ trailer is represented as genome written in the
5'—3’ sense. The first 13 nt sequence of each terminus is shaded
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Table 2. Sequence and size of intergenic regions (IGR) and transcriptional start and stop signals of MPRV and PoRV

Virus Genes Gene stop IGR Gene start

MPRV /N AGGCCCGAAG
N/P TTAAGAAAAAA CAAAGAT AGGCCCGAAT
P/M TTAAGAAAAAA CAT AGGCCCGACT
M/F TTTAGAAAAAA CCATAT AGGCCCGACT
F/HN TTAATAAAAAA CCGG..50nt..AAGT AGGCCCGACT
HN/L TTAATAAAAAA ATCATAGT AGGCCAGAAT
L/ TTAAGAAAAAA CCC..

PoRV /N AGGCCCGGAA
N/P TTAAGAAAAAA T AGGCCCGAAA
P/M TTAAGAAAAAA TTCA..19nt..CCGC AGGCCCGAAC
M/F TTTAGAAAAAA TTTC..14nt.. AGAC AGGCCCGAAC
F/HN TTAAGAAAAAA CCAT..38nt..AACT AGGCCCGAAG
HN/L TTAAGAAAAAA CGT AGGCCGGAAT
L/ TTAAGAAAAAA CIT..

P gene coding strategy and expression studies

Similar to other rubulaviruses, the non-edited mRNA
of the P gene codes for the V protein for both MPRV
and PoRV. The P gene RNA editing site for the two
viruses is identical and has a stretch of six G resi-
dues (TTAAGAGGGGGG). To express the P protein,
insertion of two G residues is required to produce the
P mRNA. If one G residue is inserted, the mRNA
has the capacity to code for a 201-aa W protein for
MPRV. For PoRV, the W mRNA contains a stop
codon downstream to the RNA editing site, result-
ing in a much shorter putative W protein of 174 aa
(see Table 1 for comparison).

One major difference between rubulaviruses (and
avulaviruses) and viruses in the other three genera
of the subfamily is the lack of coding capacity for a
C protein. The PoRV P gene was unique in that it
had an ORF in the 5" end of the P gene coding for a
putative C-like protein of 126 aa [2]. Interestingly, a
similar ORF C was also present in the MPRV P
gene, albeit with a smaller size of 96 aa. To exam-
ine whether the putative C proteins were produced
in cells infected with these viruses, rabbit antisera
were produced against recombinant C proteins ex-
pressed in E. coli. Three versions of N-terminally
tagged fusion proteins were made for both MPRV
and PoRV C proteins, which were Hisg-C, GST-C,
and biotin-C, respectively. The Hisg-C was express-
ed at the highest level for both viruses (Fig. 3A)
and was used as an immunogen for raising antibo-

dies in rabbits. After three injections, the rabbits
produced antisera which reacted not only to Hisg-C,
but also to GST-C or biotin-C (Fig. 3B, C), indi-
cating that C-specific antibodies were successfully
produced. However, when MPRV- or PoRV-infected
cells were analyzed using these antibodies, no C
protein was detected using the rabbit antisera in
any of the three assays conducted, immunofluores-
cent antibody test, Western blot and radio immuno-
precipitation (data not shown).

Molecular features of structural proteins

The N proteins of MPRV and PoRV share a 56%
sequence identity. The most variable region is lo-
cated in the C-terminus. The sequence identity in-
creases to 67% when the C-terminal regions are
removed from the comparison. The highly con-
served Paramyxovirinae sequence F-X4-Y-X3-0-
S-®-A-M-G, where X represents any amino acid
residue and @ represents an aromatic amino acid
residue, is present within the central domain of the
MPRYV and PoRV N proteins. The predicted MW
and pl of the two proteins are almost identical, as
shown in Table 1.

The P and V proteins of MPRYV are very similar
in size to PoRV and those of other rubulaviruses. At
391aa and 251 aa, respectively, they are much
smaller than the P and V proteins of respiroviruses,
morbilliviruses and henipaviruses. The sequence
identities between P and V proteins of the two
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Fig. 3. Production of rabbit antisera against recombinant C
proteins of MPRV and PoRV. A Expression of recombinant
Hise-C proteins in E. coli. Shown here is a Coomassie-
stained gel for PORV Hiss-C (/ and 2) and MPRV Hisg-C
(3 and 4). Lanes / and 3 were soluble fractions (/ and 3),
whereas 2 and 4 contained insoluble fractions. Pre-stained
molecular weight markers (Bio-Rad, USA) was loaded in
lane M, and the size of each marker band is indicated on the
left. B and C are Western blots of recombinant PORV GST-
C and MPRV Biotin-C proteins reacted with rabbit sera
raised against their Hisg-tagged C protein counterparts. In
each panel, strips / and 2 were incubated with pre-immune
sera, 3 and 4 with second-bleed sera, and 4 and 5 with final-
bleed sera. Sera were used at 1:1000 dilution for strips 7, 3
and 5 and 1:10,000 for 2, 4 and 6. Arrowheads in each panel
indicate the location of the predicted recombinant fusion
protein band

viruses are 38 and 36%, respectively, with the C-
terminal regions (the P- or V-specific regions) show-
ing a much higher sequence conservation than the
N-terminal part. Both the P and V proteins display a
slightly acidic nature. The predicted MW of MPRV
and PoRV P proteins is approximately 42kDa, but
their observed relative MW is around 50kDa [14,

40]. This is true for all P proteins of paramyxo-
viruses, which have a slower mobility on SDS-
PAGE than predicted from their molecular size [48].

The M protein of MPRYV is 56% identical to that
of PoRV, and the sequence homology was evenly
distributed along the whole molecule. Both proteins
have a pl greater than 9 and have an almost iden-
tical predicted MW at 41-42 kDa.

The F protein of MPRYV, like the F proteins of
other paramyxoviruses, is predicted to be a type |
integral membrane protein. The predicted cleavage
site of the MPRV F protein, RRKKR, is highly
basic and conforms to the sequence specificity for
cleavage by furin, R-X-K/R-R [16]. This sequence
is almost identical to the cleavage site of the PORV
F protein, HRKKR. The predicted cleavage site of
the MPRV F protein is immediately followed by a
highly conserved 25-aa putative hydrophobic fusion
peptide as for all known paramyxovirus F proteins.
The MPRV F protein contains 7 potential sites for
N-linked glycosylation, 2 of which are located
within the F, subunit (N44, N72) before the cleav-
age site and 5 in the F; subunit (N181, N351, N426,
N456, N518). Five of these sites are conserved in
the PoRV F protein, and two sites (N44 and N518)
are absent.

Like other members of the Paramyxovirinae, the
MPRYV HN protein is predicted to be a type II inte-
gral membrane protein with a hydrophobic domain
located at the N-terminal region functioning both as
the signal sequence and the transmembrane anchor.
The six common neuraminidase active site residues
identified for respirovirus and rubulavirus HN pro-
teins [24] are conserved in the MPRV HN protein.
Also present in the MPRV HN protein is the hexa-
peptide NRKSCS, thought to form part of the sialic
acid binding site [30]. Five potential N-linked gly-
cosylation sites were found, at N281, N350, N488,
N504 and N528, in comparison to four sites in
PoRV HN. In contrast to the highly conserved lo-
cation of the potential N-linked glycosylation sites
among the F proteins of the two viruses, there is only

»

»

Fig. 4. Phylogenetic trees based on complete protein sequences of six major proteins of all viruses in the genus Rubulavirus
together with the prototype virus of the other four genera within the subfamily Paramyxovirinae. Numbers at nodes indicate
levels of bootstrap support calculated from 1000 trees. Branch lengths represent relative genetic distances, and all trees were
drawn to the same scale. Full virus names and database accession numbers are provided in Materials and methods
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one site conserved among the HN proteins of MPRV
and PoRV, N281 for MPRV and N277 for PoRV.

The L proteins of MPRV and PoRV share more
than 60% sequence identity. The six strongly con-
served linear domains identified within the L pro-
teins of nonsegmented negative-strand (NNS) RNA
viruses by Poch et al. [35] can also be identified
within these two L proteins. In the most conserved
domain III, both L proteins contained the highly
conserved GDNQ sequence motif, which is con-
served in all known NNS RNA viruses with the
exception of HeV, NiV, Mossman virus and Tupaia
paramyxovirus [29].

Phylogenetic analysis

Phylogenetic trees were generated by neighbour-
joining methods from sequence alignments of full-
length N, P, M, F, HN and L proteins of MPRV and
PoRV with cognate proteins of other members of the
genus Rubulavirus and the prototype virus from each
of the other four genera in the subfamily Paramyxo-
virinae. All six trees displayed similar topologies
(Fig. 4). These trees strongly support the classifica-
tion of MPRV and PoRV as members of the genus
Rubulavirus, and clearly indicate their close genetic
relationship.

Discussion

Bats, probably the most abundant, diverse and geo-
graphically dispersed vertebrates on earth, have re-
cently been shown to be the reservoir hosts of a
variety of emerging viruses responsible for severe
animal and human disease outbreaks. In addition
to the four new bat paramyxoviruses (HeV, NiV,
MenPV and TioPV) and MPRY, at least one other
paramyxovirus was isolated from fruit bats in the
1970s in India [15, 33]. Recently, we and another
group independently identified horseshoe bats (genus
Rhinolophus) as the reservoir host for a group of
genetically diverse SARS-like coronaviruses [25,
27], suggesting that the etiological agent responsi-
ble for SARS had a bat origin. The exact origin of
Ebola virus remains unknown, but recent serologi-
cal and molecular studies suggested a potential link
between Ebola virus and bats [26].

L.-F. Wang et al.

Although PoRV was initially isolated from pigs
during outbreaks in the early 1980s, the origin of
the virus remains elusive. The lack of wide-spread
and sustained PoRV infection among pig popula-
tions mimics the epidemiological pattern of the
MenPV outbreak in Australia. Although MenPV
was never isolated from bats, there was serological
evidence suggesting that the same virus or a closely
related virus was circulating in the fruit bat popula-
tion near the pig farm where the outbreaks occurred
[34]. This notion was further supported by the
isolation of TioPV from fruit bats in Malaysia,
which has the closest genetic relatedness to MenPV
among all known rubulaviruses [4, 5, 10, 11].

We were interested to know whether a simi-
lar scenario exists between PoRYV, a virus of un-
known origin capable of causing diseases in pigs
in Mexico, and MPRYV, isolated from fruit bats
in Brazil with unknown disease-causing status in
other animal species. As a first step, we embarked
on the characterization of the full genomes of both
viruses to establish their evolutionary relationship
among rubulaviruses.

Data obtained from this study unequivocally in-
dicate that PoRV is more closely related to MPRV
than to any other member of the genus Rubulavirus.
Both viruses have identical genome organizations,
highly conserved genome terminal sequences and
gene start and stop sequences. The 55-nt 3’ leader
sequences of the two viruses were also the most
closely related among all rubulaviruses. As shown
in Table 1, the major structural proteins of the two
viruses have almost identical predicted molecular
weights and pl values. The sequence identity be-
tween cognate proteins of the two viruses varies
from approximately 40% (for P proteins) to 60%
(for L proteins). Although the percentage identities
were not as high as those between MenPV and
TioPV (54-84%), phylogenetic trees generated
from all of the six major structural proteins clearly
confirmed that PoRV is more closely related to
MPRYV than to any other member in the genus.

The P gene coding strategy has been used as
one of the major molecular features for classifica-
tion of viruses in the subfamily Paramyxovirinae
[23, 46]. For example, the lack of the C-protein-
coding capacity has been used as a genetic marker
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for classification of paramyxoviruses into the gen-
era Rubulavirus and Avulavirus. In this regard, it
was surprising to find that both PoRV and MPRC
contain a putative C-protein-coding region in their
P genes. Although paramyxovirus C proteins are
highly variable in size and sequence, they do share
two common molecular characteristics. They are
encoded by the P gene in an alternative reading
frame overlapping with the N-terminal coding re-
gion of the P protein, and most of them are basic
proteins with high plI [29]. It is worth noting that
the putative C proteins of MPRV and PoRV have a
very similar pl and both are basic (Table 1).

In order to determine whether the putative C pro-
teins were expressed in cells infected with PoRV
or MPRYV, rabbit antisera were generated against
Hisg-C fusion proteins for both viruses. Although
we were able to demonstrate that C-specific antibo-
dies were generated in both cases, we were unable
to detect C proteins in either PORV- or MPRV-
infected cells using three different assays, includ-
ing the most sensitive radioimmunoprecipitation
method. There are several possibilities to account
for these results. First, it is possible that the C
proteins in these viruses are expressed only under
certain physiological conditions in their hosts, and
they were not expressed under the in vitro tissue
culture conditions used in this study. Second, they
might be expressed only in very minute amounts and
our reagents and assays were not sensitive enough
to detect the expression. Compared with the opti-
mal Kozak consensus sequence (GCCRCCATGG,
R=A or G), the predicted Kozak sequences for
the C ORF of MPRV (AGATCGATGA) and PoRV
(TCTCTGATGG) appeared to be weaker than those
of the V/P ORF of MPRV (CGGGCCATGG) and
PoRV (GCTGAGATGG). This is different from
other paramyxoviruses known to express C proteins,
which usually have a stronger Kozak sequence for
the C ORF than the P OREF, allowing translation-
al re-initiation from the downstream C ORF start
codon. Third, our antibodies were generated against
an E. coli-derived recombinant fusion protein which
was insoluble and purified in the presence of SDS.
These antibodies may not be able to recognize the
native viral C proteins. Further investigation is
required to obtain more conclusive results.

Recently, a parallel study [37], conducted while
our genome characterization work was being carried
out, found that at least one bat species in Mexico
was seropositive to PoORV. In the study, 108 serum
samples from 13 different bat species were ana-
lysed for antibodies to PoORV and one was positive.
The positive sample came from one of three indi-
viduals of the species Rhogeessa parvula major.
Although there was only one positive sample de-
tected in this study, considering that only three bats
were sampled for this particular species, the preli-
minary finding is encouraging. It will be important
to conduct follow-up field studies into this and re-
lated bat species in the region to better assess the
potential of bats as reservoir hosts of PoRV.

In summary, we initiated this study to examine
the genetic relationship of MPRV and PoRV and
found that these two viruses shared both genomic
and protein features which placed them as the two
most closely related viruses in the genus Rubula-
virus. Although this study alone is unable to con-
clusively indicate the origin of PoRY, it does suggest
a possible bat origin of the virus. The recent dis-
covery of a single seropostive bat in Mexico,
although inconclusive, is encouraging and will
undoubtedly provoke more field investigation in
Mexico and neighbouring countries. An alternative
approach worth considering would be to conduct
experimental infection of Rhogeessa parvula and
related bat species with PoRV to ascertain the sus-
ceptibility of this and related bat species to PoRV.
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