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Paramyxoviruses belong to the Paramyxoviridae family of the order Mononegavirales. They have a nonseg-
mented negative-stranded RNA genome and can cause a number of diseases in humans and animals. We
generated a recombinant Newcastle disease virus (NDV) possessing a two-segmented genome. Each genomic
segment is flanked by authentic NDV 3’ and 5’ noncoding termini allowing for efficient replication and
transcription. A reporter gene encoding green fluorescent protein (GFP) was inserted into one segment, and
a red fluorescent protein dsRed gene was inserted into the other segment in order to easily detect the
replication and transcription of segments in infected cells. The rescued viruses grew well and were stable in
embryonated chicken eggs over multiple passages. We were able to detect the expression of both reporter genes
in the same cell infected with the virus possessing a segmented genome, and viral particles can contain either
one or two types of RNA segments. We also rescued a two-segmented virus expressing GFP and the severe acute
respiratory syndrome-associated coronavirus spike S protein, which is about 200 kDa. The chimeric virus
extends the coding capacity of NDV by 30%, suggesting that the two-segmented NDV can be used for devel-

opment of vaccines or gene therapy vectors carrying long and multiple transgenes.

The contagious Newcastle disease in birds is caused by New-
castle disease virus (NDV), a single-stranded, negative-sense
RNA virus that belongs to the genus Avulavirus of the family
Paramyxoviridae in the order Mononegavirales (1). The
genomic organization of NDV is similar to that of other
paramyxoviruses, containing six transcriptional units that en-
code the nucleocapsid protein (NP), phosphoprotein and V
protein (P/V), matrix (M) protein, fusion (F) protein, hemag-
glutinin-neuraminidase (HN), and large polymerase (L) pro-
tein (16). Each transcription unit contains a conserved tran-
scription start sequence and a 5’ transcription stop signal. The
3’ leader and 5’ trailer regions of NDV that flank the six
transcription units are the cis regulatory elements involved in
replication, transcription, and packaging of the RNA genome
(16). The 3’ leader sequence serves as the sole promoter for
viral transcription, resulting in the phenomenon of transcrip-
tional polarity, in which the genes closer to the 3’ end are
transcribed more efficiently than those toward the 5" end (16).

The development of reverse genetics has enabled the gen-
eration of infectious negative-sense RNA viruses, such as in-
fluenza virus (9, 11, 19, 23), rabies virus (31), vesicular stoma-
titis virus (17, 38), measles virus (27), Sendai virus (12, 15), and
NDV (26, 30), from cloned cDNA. Rescue of the viruses ex-
pressing foreign antigens allows for the possibility of these
viruses to be used as live attenuated vaccine vectors. Among
them, NDV is a unique candidate vector for vaccine antigen
delivery in humans and animals (6, 7, 13, 14, 21, 35). Over the
last several years, recombinant chimeric NDV Hitchner Bl
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(NDV/B1) viruses expressing influenza virus hemagglutinin
(HA) (21), simian immunodeficiency virus Gag protein (22), or
respiratory syncytial virus fusion glycoprotein (20), were res-
cued and shown to induce specific cellular and humoral im-
mune responses. Recently, a chimeric NDV/B1 virus express-
ing the ectodomain of HA glycoprotein of a highly pathogenic
avian influenza (HPAI) H7N7 virus was also constructed. This
virus could serve as a vaccine candidate possessing dual spec-
ificity against both HPAI and Newcastle disease in chickens
(24).

Besides its ability to carry foreign antigens for induction of
immune responses, NDV is also a candidate for cancer therapy
in humans. Although it can cause disease in birds, NDV is
nonpathogenic to humans, and the majority of humans also
lack preexisting immunity to this virus (1). NDV has been
shown to specifically replicate in cancer cells that are defective
in antiviral interferon production, causing oncolytic effects
through activation of apoptotic pathways (8, 10, 18, 25, 29). By
using reverse genetics techniques, the HN and the F proteins
of NDV can be modified, and the targeting proteins, such as
single-chain antibodies against tumor antigens, can be ex-
pressed and incorporated into the virus particles (2, 3). These
proteins can target NDV specifically to tumors and deliver
cancer therapeutic agents into cancer cells (2, 3). Currently, a
variety of NDV strains are being investigated in clinical trials
against different types of cancers (5, 37).

Despite the advantages of NDV as a potential vaccine vector
and cancer therapeutic agent, the ability to carry multiple or
long transgenes is limited by the nature of its nonsegmented
genome (4, 33). The longest single gene inserted into the NDV
genome is the severe acute respiratory syndrome (SARS) virus
spike S gene, which is 3,768 bp (6). Our previous experiments
also indicated that for the NDV/BI strain, the insertion of long
(>3-kb) or multiple transgenes into its genome is difficult to
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FIG. 1. Generation of INDV/F3aa/2seg virus possessing a segmented RNA genome. (A) Construction of cDNAs of INDV/F3aa/2seg virus. The
nonsegmented rNDV/F3aa genome was divided into two segments by using two unique enzyme sites, Xbal and Nrul. The authentic 3" and 5’
noncoding regions were added at the 3’ and 5’ ends of segment 1 (Seg 1) carrying the M, F, and HN genes. The foreign reporter gene dsRed was
inserted into segment 1, and the GFP gene was inserted into segment 2 (Seg 2) carrying the NP, P, and L genes. Each segment represents an
independent replication unit. (B) Coexpression of GFP and dsRed by INDV/F3aa/2seg. CEFs were infected with rescued INDV/F3aa/2seg virus
at an MOI of 5. One day after infection, the GFP and dsRed signals were observed using fluorescence microscopy. The arrows designate cells
expressing only GFP, not dsRed. (C) Growth kinetics of INDV/F3aa/2seg in embryonated chicken eggs. Ten-day-old embryonated chicken eggs
were inoculated with 100 PFU of each virus, and allantoic fluids were harvested at different time points (24, 48, and 72 h after inoculation). Viral
titers (TCIDs,) were determined in Vero cells by immunofluorescence assay with an anti-NDV rabbit serum and a fluorescein isothiocyanate-

conjugated swine anti-rabbit immunoglobulin G (Dako).

achieve, and viruses carrying long transgenes have growth de-
fects (unpublished data). On the other hand, there is a demand
for the development of NDV vectors that could carry long or
multiple antigens or therapeutic molecules. In this study, in
order to possibly overcome size limitations, we divided the
NDV/B1 genome into two segments and showed that the virus
carrying a segmented genome was successfully rescued and
stable over multiple passages. Most importantly, we also res-
cued a two-segmented NDV/B1 virus expressing green fluores-
cent protein (GFP) and the large SARS virus spike S protein,
which is about 200 kDa in size. Our results indicate that an
NDV with a segmented genome is capable of expressing a
large foreign antigen. The stable two-segmented NDV vector
may be an ideal candidate for future multivalent vaccines or
cancer therapeutic agents.

MATERIALS AND METHODS

Cells and viruses. Vero cells were maintained in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum. Chicken embryo fibroblasts (CEFs),
prepared from 10-day-old, specific-pathogen-free embryos (Charles River Lab-
oratories, SPAFAS, Preston, CT), were maintained in Eagle’s minimal essential
medium with 10% fetal bovine serum. Viruses were grown in 8- or 10-day-old
embryonated chicken eggs. INDV/F3aa virus was described previously (24);
rNDV/F3aa-GFP virus was rescued from rNDV-GFP ¢cDNA after changing the
F-protein cleavage site to a multibasic sequence.

Generation of rNDVs p ing a tv g ted g . To construct a
rNDV/F3aa/2seg virus possessing two genomic segments, the nonsegmented
rNDV/F3aa cDNA, which was described before (24), was divided into two parts

using two unique restriction sites, Xbal (nucleotides 3163 to 3168) and Nrul
(nucleotides 8363 to 8368) (Fig. 1A). Nrul was generated in this study by site-
directed mutagenesis. Both fragments are flanked by authentic 3 leader and 5’
trailer sequences. A reporter gene dsRed (Clontech) was inserted in front of the
M gene of segment 1 (Fig. 1A). A GFP gene amplified from the plasmid phrGFP
(Stratagene) was inserted into the Xbal and Nrul sites of segment 2 (Fig. 1A).
Both dsRed and GFP genes were designed as additional transcriptional units.
Recombinant NDV (rNDV) possessing two RNA segments rNDV/F3aa/2seg
was then rescued from ¢cDNAs by previously described methods (21, 24). The
insertion of new transcriptional units in the recombinant virus was confirmed by
reverse transcription-PCR, followed by sequencing. The cDNAs of a two-seg-
mented rINDV/F3aa/2seg-SARS-S virus (see Fig. 3A), which expresses GFP and
SARS virus spike S protein (GenBank accession number AY278741), were also
constructed using a similar strategy. The virus was rescued again using previously
described methods (21, 24). The primers used for cloning and site-directed
mutagenesis are available from the authors upon request.

Viral growth kinetics. Embryonated chicken eggs were inoculated with NDV
(100 PFU/egg), and allantoic fluids were harvested at different time points after
inoculation. The 50% tissue culture infective dose (TCIDs,) of the virus was
determined by immunofluorescence assay in Vero cells.

Immunofluorescence assay. For the analysis of viral growth and viral protein
expression, confluent Vero cells in 96-well plates were infected with viruses in
serial 10-fold dilutions. Cells were cultured for 2 days and fixed with 2.5%
formaldehyde plus 0.1% Triton X-100. Fixed cells were incubated with anti-NDV
rabbit polyclonal serum, washed, and stained with fluorescein isothiocyanate-
conjugated anti-rabbit immunoglobulins (Dako). Viral protein expression was
examined by fluorescence microscopy.

MDT. The mean time to death, or mean death time (MDT), was used to
determine the pathogenicity of INDVs in embryonated chicken eggs. Briefly, five
10-day-old embryonated chicken eggs were infected with serial 10-fold dilutions
of viruses. The eggs were incubated at 37°C and monitored every 8 h for 7 days.
The time to kill the embryos was recorded. The highest dilution that killed all
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FIG. 2. Stable expression of GFP and dsRed by INDV/F3aa/2seg
virus over multiple passages. INDV/F3aa/2seg was passaged in 10-day-
old embryonated chicken eggs 10 times. The harvested virus was used
to infect Vero cells at an MOI of 0.01. Expression of GFP and dsRed
in cells infected with the virus at passage 1 or at passage 10 was
observed by using fluorescence microscopy 2 days postinfection.

embryos was determined to be the minimum lethal dose. The MDT was calcu-
lated as the mean time for the minimum lethal dose to kill the embryos.

Northern blot. Viruses were inoculated into 8- or 10-day-old embryonated
chicken eggs, and the eggs were incubated at 37°C for 3 days. The allantoic fluids
were harvested and centrifuged at 6,000 rpm for 30 min at 4°C. The supernatants
were laid on a 30% sucrose cushion and centrifuged at 25,000 rpm for 1.5 h at
4°C using a Beckman SW-28 rotor. The pellets were resuspended with phos-
phate-buffered saline (PBS), and viral RNA was extracted by using TRIzol
reagent (Invitrogen). To quantify the viral RNA segments within the cells, CEFs
were infected by viruses at a multiplicity of infection (MOI) of 0.1. Two days
later, the cells were harvested, and RNA was isolated using TRIzol reagent. The
DNA fragment combining the NDV/B1 3’-end 121-bp sequence and the 5'-end
191-bp sequence was labeled with [**P]dCTP using a random primer label kit
(Invitrogen) and used as a hybridization probe. RNA blotting was done using
NorthernMax solution according to the manufacturer’s instructions (Ambion,
Inc.). Briefly, viral RNA was loaded onto a 1% formaldehyde agarose gel for
electrophoresis. Then, the RNA was blotted onto a nylon membrane (Invitro-
gen) and exposed to UV irradiation to fix the RNA to the membrane. The
membrane was hybridized with 10° cpm/ml probe in QuikHyb hybridization
solution (Stratagene), and then the membrane was washed carefully and
exposed to a PhosphorImager (Molecular Dynamics) for autoradiography.

Western blot. Confluent Vero cells in six-well plates were infected with NDVs
diluted in PBS containing 0.35% bovine serum albumin and penicillin-strepta-
vidin (Gibco). Two days after infection, the medium was removed and the cells
were washed with PBS once. The cells were then lysed in 2X protein loading
buffer (100 mM Tris-HCI [pH 6.8], 4% sodium dodecyl sulfate, 20% glycerol, 5%
B-mercaptoethanol, and 0.2% bromophenol blue). The protein lysates were
separated on a 10% sodium dodecyl sulfate-polyacrylamide gel and transferred
to a nitrocellulose membrane (Whatman, Inc.). The membrane was then probed
with mouse monoclonal antibody against SARS virus spike S protein (2B3ES; 1
pg/ml) or rabbit polyclonal antiserum against NDV (1:10,000 dilution).

Nucleotide sequence accession numbers. The GenBank/EMBL/DDJ accession
numbers are EU249348, EU249349, and EU249350 for the rNDV/F3aa/2seg
dsRed segment 1, GFP segment 2, and rNDV/F3aa/2seg-SARS-S segment 1,
respectively.

RESULTS

Generation of an rNDV possessing a two-segmented ge-
nome. To generate the rNDV/F3aa/2seg virus with a seg-
mented genome, the previously constructed full-length INDV/
F3aa cDNA (24) was divided into two parts using two unique
enzyme sites, Xbal and Nrul, as shown in Fig. 1A. Segment 1
harbors the M, F, and HN genes, and segment 2 contains the
NP, P, and L genes. The authentic 3" and 5" noncoding regions
were added at the ends of segment 1 allowing for replication
and transcription. In addition, to detect replication of each
segment easily, a reporter gene, the dsRed gene, was inserted
in front of the M gene of segment 1, and another reporter
gene, the GFP gene, was constructed as an extra transcrip-
tional unit between the P and L genes of segment 2 (Fig. 1A).

J. VIROL.

For most members of the Paramyxovirinae, including NDV, the
genome length must be divisible by six to allow for efficient
replication. This is known as the “rule of six” (16). Therefore,
the nucleotide length of each segment was adjusted to follow
this rule. Both reporter genes constitute independent tran-
scription units. An NDV possessing two RNA segments was
then rescued from the recombinant cDNAs using reverse ge-
netics as described previously (21). The insertion of new tran-
scriptional units and the separation of the viral genome were
confirmed by reverse transcription-PCR, followed by sequenc-
ing analysis. When CEFs were infected with the rescued virus
at an MOI of 5, we were able to detect both GFP and dsRed
protein expression in infected cells (Fig. 1B). We then com-
pared viral growth rates of the rescued two-segmented rNDV/
F3aa/2seg, one-segmented rNDV/F3aa (24), and rNDV/F3aa
expressing GFP (rNDV/F3aa-GFP) in embryonated chicken
eggs. The results showed that INDV possessing a two-seg-
mented genome was attenuated and grew slower than the
rNDV/F3aa or INDV/F3aa-GFP virus. The maximal titer of
rNDV/F3aa/2seg was 10-fold lower than that of rNDV/F3aa
(Fig. 1C). These results show that an NDV possessing a seg-
mented genome was successfully rescued and that at least two
foreign transcriptional units, GFP and dsRed genes, can be
inserted into the viral genome and expressed in host cells.

Stability and virulence of rNDV possessing a two-segmented
RNA genome. INDV/F3aa/2seg virus was passaged in 8-day-old
embryonated chicken eggs to determine whether the two-seg-
mented virus is stable over multiple passages. As shown in Fig.
2, even after 10 passages, the overall titers were similar, and
comparable levels of expression of GFP and dsRed in Vero
cells were observed (Fig. 2). The hemagglutination assay (HA)
titer of the INDV/F3aa/2seg virus, which indicates the titer of
total particles, correlated well with the infectious titer TCIDs,,
measured in Vero cells at passage 1 and at passage 10. These
results suggest that the two-segmented NDV is sufficiently
stable and possibly suitable for use as a candidate vaccine
vector.

The virulence of INDV/F3aa/2seg virus was also compared
with the full-length rNDV and rNDV/F3aa viruses in embry-
onated chicken eggs (Table 1). The MDT was determined after
inoculation of each virus into egg embryos. The results showed
that the two-segmented virus is significantly attenuated than
the full-length viruses. All chicken embryos were alive 7 days
after the inoculation.

TABLE 1. Mean time to death of INDVs in embryonated
chicken eggs

Trypsin requirement  Inoculation dose

Virus (cell culture) (EIDsq)" MDT ()
rNDV Yes 10 108
1 120
rNDV/F3aa No 10 80
1 82

rNDV/F3aa/2seg No 100 NA (alive)

10 NA (alive)

1 NA (alive)

“ EIDs, 50% egg infective dose.
> NA, not applicable.
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FIG. 3. Generation of two-segmented rNDV/F3aa/2seg-SARS-S
virus. (A) Construction of cDNAs of tNDV/F3aa/2seg-SARS-S virus.
The dsRed gene of the INDV/F3aa/2seg cDNA segment 1 (Seg 1) in
Fig. 1A was replaced with that of the SARS virus spike S gene. The
GFP segment 2 (Seg 2) is the same cDNA as used for the rescue of
rNDV/F3aa/2seg virus. (B) Expression of GFP by rNDV/F3aa/2seg-
SARS-S virus. Vero cells were infected with the rescued -INDV/F3aa/
2seg-SARS-S virus at an MOI of 0.1, and 2 days after infection, the
GFP signal was observed using fluorescence microscopy. (C) Expres-
sion of the spike S protein by INDV/F3aa/2seg-SARS-S virus. Vero
cells were infected with the rescued rNDV/F3aa/2seg-SARS-S and
rNDV/F3aa/2seg viruses at an MOI of 0.1 or mock infected. Three
days later, cells were harvested, and the expression of the SARS virus
spike S protein and the NDV NP protein was detected by Western
blotting using monoclonal antibody against spike S protein and rabbit
antiserum against NDV, respectively.

Generation of two-segmented rNDV/F3aa/2seg-SARS-S vi-
rus. The purpose of dividing the NDV genome into two seg-
ments was to increase its capacity to carry long or multiple
transgenes. To show this, another two-segmented INDV/F3aa/
2seg-SARS-S virus was rescued. This virus carries two tran-
scriptional units: the GFP gene, which is about 800 bp long,
and the SARS virus spike S gene, which is 3,768 bp long and
encodes a heavily glycosylated protein of around 200 kDa. The
spike S gene was inserted in front of the M gene in segment 1,
replacing the dsRed gene (Fig. 3A). The GFP green color was
visible in Vero cells infected with rescued rNDV/F3aa/2seg-
SARS-S virus (Fig. 3B). In order to show that the rescued
two-segmented virus expresses the SARS virus spike S protein,
Vero cells were infected with rNDV/F3aa/2seg-SARS-S or
rNDV/F3aa/2seg, or they were mock infected. Three days after
infection, the cells were harvested, and the lysates were sub-
jected to Western blotting using mouse monoclonal antibody
against SARS virus spike S protein or rabbit antiserum against
NDV. The 200-kDa S protein was seen only in INDV/F3aa/
2seg-SARS-S-infected cells, not in rNDV/F3aa/2seg-infected
or mock-infected cells (Fig. 3C). This virus is also stable over
multiple passages.

Rescued two-segmented NDV particles contain either one or
two types of RNA segments. When CEFs were infected with
rNDV/F3aa/2seg at an MOI of 5, we detected not only the cells
expressing both GFP and dsRed but also the cells that ex-
pressed only GFP, as indicated by the arrows (Fig. 1B). For the
cells expressing both GFP and dsRed, there are two possibil-
ities. First, the cells may be infected with viruses carrying both

DIVISION OF GENOME OF NEGATIVE-SENSE RNA VIRUS 2695

genomic segments within one particle: the dsRed segment 1
and the GFP segment 2, thereby expressing both GFP and
dsRed proteins. The second possibility is that the cells are
coinfected with viruses that carried only one type of RNA
segment: segment 1 or segment 2, which could also result in
coexpression of GFP and dsRed within one cell.

Interestingly, even at an MOI of 5, we could still detect some
cells expressing only GFP and not dsRed (Fig. 1B). The pres-
ence of these cells indicates that viral particles carrying only
one type of segment, such as the GFP segment, do exist within
the viral population. Since the particles carrying only the
dsRed RNA segment 1 lack NP, P, and L genes which are
required for viral replication and transcription, we could not
detect infected cells expressing only the red protein.

In order to show whether there are viral particles possessing
both types of RNA segments (segment 1 and segment 2) within
the viral population, CEFs were infected with the INDV/F3aa/
2seg virus in serial twofold dilutions starting at an MOI of less
than 0.01. We counted the number of dsRed-expressing foci in
each dilution (1, 0.5, 0.25, and 0.125) using fluorescence mi-
croscopy. The results showed that the number of dsRed-ex-
pressing foci was proportional to the dilutions used for infec-
tion. The number of dsRed-expressing foci versus serial
dilutions showed linear one-hit kinetics, rather than two-hit
kinetics (Fig. 4A). This indicates that the particles containing
both types of RNA segments do indeed exist because the
number of dsRed-expressing cells decreased linearly in accor-
dance to the dilutions. The expression of dsRed protein re-
quires the presence of both types of RNA segments: segment
1, which provides the dsRed gene, and segment 2, which en-
codes the RNA-dependent viral polymerase. At an MOI of less
than 0.01, there is a very low chance for the cells to be coin-
fected by more than one particle. Therefore, the cells express-
ing dsRed must be infected with a single particle possessing
both types of RNA segments.

To determine the efficiency of incorporation of each
genomic RNA segment, RNA was purified from rNDV/F3aa/
2seg and rNDV/F3aa/2seg-SARS-S virions or from CEFs that
were infected with either one of the viruses. The two genomic
RNA segments were detected by Northern blotting (Fig. 4B).
The precise ratio of the RNA segments to each other was
determined by using a hybridization probe: the DNA fragment
containing the 3’-end and 5’-end noncoding regions of the
NDV/B1 genome. The design of this probe resulted in hybrid-
ization to each genomic segment with the same efficiency,
allowing determination of the molar ratio of the two segments.
Furthermore, to avoid the different transferring rates of the
long and short RNA segments during RNA blotting, the Am-
bion NorthernMax transfer buffer was used, which results in
nicking of the longer RNAs. Under these conditions, both the
long and short RNAs could be transferred to the membrane at
the same efficiency. The molar ratios of segment 1 to segment
2 in purified virions were found to be 10:1 and 4:1 for INDV/
F3aa/2seg and rNDV/F3aa/2seg-SARS-S viruses, respectively
(Fig. 4B, lanes 4 and 5). The higher abundance of the shorter
segment might result from its higher replication efficiency
within the cells. In order to show that this was the case, the
ratios of the two genomic RNAs were determined in CEFs
infected with the two-segmented NDVs. The molar ratios of
segment 1 to segment 2 in infected cells were found to be
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FIG. 4. Replication-competent two-segmented rNDVs contain both
genomic segments in the same particles. (A) CEFs were infected with
two-segmented rNDV/F3aa/2seg virus at an MOI of less than 0.01 at
serial twofold dilutions. Two days later, the number of foci that ex-
pressed dsRed protein was counted in each dilution (1, 0.5, 0.25, and
0.125). The broken line represents the theoretical curve of two-hit
kinetics. The solid line represents the actual number of dsRed-express-
ing foci versus serial dilutions. (B) Ratios of the two genomic RNA
segments in two-segmented viral particles or in infected CEFs. RNA
was extracted from purified viruses or from CEFs that were either
mock infected or infected for 2 days with INDV/F3aa/2seg or INDV/
F3aa/2seg-SARS-S virus at an MOI of 0.1, run on a 1% formaldehyde
agarose gel, and transferred onto a nylon membrane. The membrane
was then hybridized with **P-labeled PCR fragment combining the
3’-end 121-bp sequence and 5’-end 191-bp sequence of the noncoding
regions of the NDV genome. The intensities of the bands were quan-
tified by using ImageQuant TL software (Amersham Biosciences), and
the ratios of segment 1 (Seg 1) to segment 2 (Seg 2) were calculated for
lanes 1, 2, 4, and 5. The RNA purified from nonsegmented rNDV/B1
viral particles was also analyzed, as shown in lane 6.

around 8:1 and 3:1 for INDV/F3aa/2seg and INDV/F3aa/2seg-
SARS-S viruses, respectively, indicating that the shorter seg-
ment indeed replicated more efficiently than the longer one did
(Fig. 4B, lanes 1 and 2). Furthermore, in both infected cells
and purified virions, the RNA ratios of segment 1 to segment
2 decreased two- to threefold when the dsRed gene was re-
placed with the long SARS virus spike S gene in segment 1
(Fig. 4B). This indeed demonstrates that the replication effi-
ciency of RNAs of different lengths controls their abundance in
purified virions. These results also imply that if the NDV RNA
packaging is a random process, then most particles within the
two-segmented viral population should contain the shorter seg-
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ment 1. This further suggests that particles containing only one
type of RNA segment exist within the viral population.

DISCUSSION

NDV is a potential vector for generating live attenuated
vaccines against various infectious viruses, such as the H5N1
and H7N7 HPALI viruses in birds (13, 24) and SARS virus and
human immunodeficiency virus in humans (6, 22). NDV also
has intrinsic oncolytic activity and is currently being investi-
gated as a candidate cancer therapy agent (8, 10, 18, 25, 29, 36).
In order to deliver different immunogenic antigens to the host
or to augment the oncolytic effects by utilizing tumor-targeting
molecules, the genome of NDV is required to carry multiple or
long transgenes. However, because of the nonsegmented na-
ture and the size of the genome, insertion of foreign genes into
the NDV genome is limited. The longer the insert, the more
attenuated the chimeric virus is, and the more difficult it is to
rescue (4). In this study, we divided the NDV genome into two
parts and successfully rescued it (Fig. 1). Since each segment is
significantly shorter than the full genome, the virus is able to
carry long or multiple insertions. Consequently, we were able
to insert the long SARS virus spike S and GFP genes together
into the two-segmented viral genome, and the virus expresses
both GFP and S proteins in Vero cells (Fig. 3). The total length
of the two transgenes in rNDV/F3aa/2seg-SARS-S virus is
about 4.6 kb, which is a 30% increase over the original genome.
Unpublished evidence from our laboratory indicates that the
transgenic loading capacity of the two-segmented NDV can be
even higher. Recently, we also rescued a two-segmented NDV
which carries three transgenes. In this virus, the SARS virus
spike S gene was inserted into the Nrul site (after HN) of
segment 1 of INDV/F3aa/2seg virus, while the positions of the
other two transgenes, the dsRed and GFP genes, were the
same as those in INDV/F3aa/2seg (Fig. 1A). While both dsRed
and GFP were expressed, we were unable to detect the expres-
sion of the spike S protein by this virus (unpublished data). The
total length of foreign sequences in this virus reaches up to 5.3
kb, which constitutes an increase of almost 35% of the original
genomic length. Compared with other negative-stranded RNA
viruses, paramyxoviruses are indeed more pleomorphic (32).
Rager et al. showed that pleomorphic measles virus particles
could package at least two independent genomes at no expense
to infectivity (28). Previous work done by Takeda et al. also
showed that the genome of measles virus can be divided into
segments (34). Not only a two-segmented measles virus but
also a three-segmented measles virus could be rescued, and
they were able to incorporate up to six additional transcrip-
tional units (34). Exactly how many foreign sequences the
segmented NDVs are able to carry still needs to be explored.

As shown in Fig. 1C and Table 1, genome segmentation
results in significant attenuation of the virus. One reason for
viral attenuation is that the segmented genome alters the orig-
inal transcriptional polarity. For the two-segmented virus, al-
though the mRNA gradient still exists for each genomic seg-
ment, the relative concentrations of mRNAs transcribed from
the two genomic segments may be quite different from those of
the nonsegmented NDV. The alteration of the transcriptional
gradient may result in disproportional protein levels and at-
tenuation of the virus. In the viruses generated in our studies,
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the three genes required for NDV transcription and replica-
tion, the NP, P, and L genes, are located in one segment; and
the remaining three genes, the M, F, and HN genes, are lo-
cated in the other segment. This arrangement may not be the
best combination for a two-segmented NDV. In order to min-
imize virus attenuation, alternative separation and arrange-
ment of the genes in each segment will be required. Another
reason that the two-segmented virus is attenuated may be that
the viral particles can contain either one or two types of
genomic segments, as indicated by this study. The single par-
ticles possessing only one segment cannot produce progeny
viruses by themselves and thus are defective. To be infectious,
at least two particles that contain different segments must
coinfect the same cells. In addition, viral particles may carry
two or more RNA segments. These particles could contain
homogeneous or heterogeneous segments, and only those par-
ticles that contain heterogeneous segments are replication
competent. In this study, we determined the ratio of RNA
segments in two-segmented INDV/F3aa/2seg virus is 10:1, with
the shorter one replicating more efficiently. If the packaging of
viral RNAs is a random process and size constraints are dis-
regarded, 82.6% of the particles that possess two RNA seg-
ments will contain two copies of segment 1, 0.8% will contain
two copies of segment 2, and only the remaining 16.6% will
contain one copy of each segment. Therefore, only 16.6% of
the particles containing two segments will be replication com-
petent. Although the viral particles may be able to harbor three
or more segments, their existence still needs to be demon-
strated, and the percentages of these viral particles could be
very low if the RNA packaging is random. All those factors
could contribute to the attenuation of the two-segmented
virus.

In conclusion, in this study we generated a two-segmented
NDYV that is stable over multiple passages. The segmentation
of the NDV genome increases its capacity to carry multiple or
long transgenes, adding a new approach for developing NDV
as a powerful vaccine vector or cancer therapy agent.
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