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Newcastle disease virus (NDV) is an ideal model for exploring the mechanisms 
of the virus; it is also an optimal vector for developing vector vaccines and for 
cancer therapy. A reverse genetic system of NDV Mukteswar strain controlled 
by eukaryotic cellular RNA polymerase II promoter was established by reverse 
genetics technology. Based on the reverse genetic system, an open reading frame 
of the enhanced green fluorescent protein (EGFP) gene be inserted between the 
P and M genes of the viral genome and flanked with the gene start (GS) sequence 
and gene end (GE) sequence to form an independent transcription unit. The 
rescued virus was amplified in specific pathogen-free (SPF) chicken embryos for 
10 generations, and the results showed that the recombinant virus could stably 
express the exogenous gene for at least 10 generations. Efficient expression of 
two exogenous genes synchronously is essential for the development of NDV-
based multivalent vaccine candidates. Explore the possibility of simultaneous and 
efficient expression of two exogenous genes based on NDV vector. In the present 
study, a recombinant virus with co-expression of EGFP and cherry fluorescent 
protein (CFP) inserted between the intergenic regions of the P/M gene as two 
independent transcription units was successfully rescued. The results showed 
that the two exogenous genes could be expressed synchronously and efficiently. 
The results of biological analysis of the expression efficiency of exogenous genes 
showed that the EGFP in recombinant viruses with two exogenous genes was 
slightly lower than that of recombinant viruses with one exogenous gene, but 
the expression efficiency of CFP in recombinant viruses with two exogenous 
genes was higher than EGFP in both viruses. These recombinant viruses have 
similar growth kinetics but with a little attenuation in virulence compared with 
parental viruses. In conclusion, these data indicated that this study successfully 
established the reverse genetic system of the NDV Mukteswar strain and achieved 
the purpose of efficient expression of two exogenous genes synchronously in a 
novel approach, laying the foundation for the development of multivalent vaccines 
or tumor therapeutics using NDV as a vector.
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1 Introduction

Newcastle disease (ND) is a highly contagious infectious disease 
of avian species with worldwide distribution which has an important 
economic impact on the poultry industry. The causative agent, 
Newcastle disease virus (NDV), is a member of the genus Avulavirus 
in the family Paramyxoviridae (King et al., 2012). Almost all species 
of birds are susceptible to NDV. Depending on the severity of clinical 
symptoms, NDV isolates can be classified into three pathotypes: (1) 
lentogenic (non-virulent), such as LaSota and BI, which cause 
inapparent disease; (2) mesogenic (intermediate), such as Beaudettc 
C and Mukteswar, which could cause intermediate respiratory 
symptoms; and (3) velogenic (highly virulent), such as outbreak 
isolates, which cause very serious disease, the mortality could be up 
to 100%. Although NDV isolates can be classified into a variety of 
genotypes, all of them have only one serotype. Naturally occurring 
lentogenic strains (e.g., LaSota) are widely used as live vaccines to 
prevent and control the disease in poultry industry. Globally, 
vaccination is the preferred means of controlling ND. Some isolated 
mesogenic strains have been used as a booster vaccine in endemic 
countries; some of these strains have inherent oncolytic activity and 
can selectively replicate in tumor cells but not in normal human cells. 
The safety record of more than 60 years of NDV vaccine use has 
shown that the virus is safe for mammals and primates, sometimes 
exposure to diseased birds may cause infection in human beings, but 
no data showed that the virus could transmitted from person to 
person (Alexander, 1989; Beard and Hanson, 1984).

The genome of NDV is a non-segmented, single-strand, negative-
sense RNA (Alexander, 1989). The length of the genome is 
approximately 15 kb, which consists of six independent transcription 
units (ITUs) flanked with 3′leader and 5′trailer. From the 3′ to 5′ 
terminal, these six ITU encode six structural proteins: nucleoprotein 
(NP), phosphoprotein (P), matrix protein (M), fusion protein (F), 
hemagglutinin-neuraminidase protein (HN), and large protein (L) 
(Millar et al., 1988). Each gene open reading frame (ORF) is flanked 
with gene start (GS), gene junction (GJ), and gene end (GE) sequences. 
Through an editing mechanism, the messenger RNA of the 
phosphoprotein gene could express two additional proteins: V and W, 
which influence the characteristics of NDV (Steward et al., 1993). To 
date, study results showed that the amino acids sequence of the F 
protein cleavage site is a major determinant of virulence (McGinnes 
et al., 2002; Ogasawara et al., 1992; Peeters et al., 1999). The genome 
of NDV is a negative-sense RNA, so the naked genomic RNA cannot 
replication; it must be formed the ribonucleoprotein complex together 
with NP, P, and L proteins, which served as a template for RNA 
transcription and virus replication (Lamb and Kolakofsky, 2001).

Schnell first described rescued recombinant rabies virus from a 
full-length cDNA clone based on reverse genetic technology in 1994 
(Schnell et al., 1994). Since then, the reverse genetic system of a variety 
of non-segmental RNA viruses has been subsequently completed 
(Conzelmann, 1996; Durbin et al., 1997; Garcin et al., 1995; Hasan 
et al., 1997; He et al., 1997; Lawson et al., 1995; Radecke et al., 1995; 
Baron and Barrett, 1997; Clarke et al., 2000; Volchkov et al., 2001). The 
reverse genetics system of NDV was first reported in 1999, two 
independent research groups successfully rescued recombinant NDV, 
lentogenic strain LaSota, from full-length cDNA clone almost 
simultaneously (Peeters et al., 1999; Römer-Oberdörfer et al., 1999). 
Since then, all three pathotypes of NDV strains have been rescued 

from full-length genome cDNA clones and explored as vectors to 
express various foreign genes for vaccine or gene therapy purposes 
(Peeters et al., 1999; Römer-Oberdörfer et al., 1999; Krishnamurthy 
et al., 2000; Paldurai et al., 2014; Li et al., 2011; Xiao et al., 2012; Liu 
et al., 2007; Wang et al., 2015; Sun et al., 2020; Huang et al., 2004). In 
addition, Ge et al. (2007) rescued a recombinant NDV, LaSota strain, 
which expresses the hemagglutinin of H5 subtype highly pathogenic 
avian influenza virus (HPAIV), and developed a commercial bivalent 
vaccine for the control of the H5 subtype HPAI and ND. The 
established reverse genetic system of NDV made it possible to 
manipulate the viral genome to research the function of genes and 
other characteristics of the virus; it is also a facility platform to develop 
more safe, stable, and efficient vaccines or as a vector to develop 
bivalent/multivalent vaccines. Conventionally, the reverse genetic 
systems of a non-segmented, single-strand, negative-sense RNA virus 
were controlled by the T7 polymerase promoter, which needs an 
additional T7 RNA polymerase provided either by a recombinant 
vaccinia virus (Fuerst et al., 1986) or a stable cell line which could 
constitutively express T7 RNA polymerase (Buchholz et al., 1999). The 
reverse genetic system is involved in the co-transfection of the full-
length cDNA plasmid with helper plasmids that express the NP, P, and 
L proteins to rescue the infectious virus. Based on the reverse genetic 
techniques, various non-segmented negative-strand RNA viruses were 
recovered from full-length cDNA clones (Gabriele Neumann et al., 
2002; Conzelmann, 2004).

To improve the rescue efficacy and simplify the procedure of 
non-segmented negative-strand RNA viruses’ reverse genetic system, 
some researchers developed a eukaryotic promoter-based reverse 
genetic system for various RNA viruses, which avoided the additional 
T7 RNA polymerase and improved the recovery efficiency (Fodor 
et al., 1999; Kenichi et al., 2003; Tayeb et al., 2015; Martin et al., 2006). 
To generate precise RNA ends, Le Mercier et al. (2002) added the 
hammerhead ribozyme (HamRz) and hepatitis delta virus ribozyme 
(HdvRz) sequences at the leader and trailer of the genome cDNA, 
respectively. Here, we report the reverse genetic system of the NDV 
Mukteswar strain, the full-length genome cDNA flanked with HamRz 
and HdvRz sequences at the 5′ end and 3′ end of the antigenome. The 
full-length genome cDNA plasmid and three helper plasmids were all 
controlled by the CMV promoter. A foreign gene, an enhanced green 
fluorescent protein (EGFP) gene as a reporter, was inserted into the 
genome and rescued the recombinant virus, and the results were 
confirmed by the presence of green fluorescence in infected cells. 
Studies have shown that the non-coding region between the 
phosphoprotein (P) gene and matrix protein (M) gene in the NDV 
genome is the optimal site for foreign gene insertion and expression 
(Zhao and Peeters, 2003; Carnero et al., 2009; Zhao et al., 2015). The 
expression level of foreign genes in recombinant NDV is related both 
to its length and its location in the genome, which is more important. 
To date, most of the recombinant NDVs generated express one or two 
exogenous genes that are inserted as separate transcriptional units into 
different intergenic regions; the expressing level of foreign genes was 
varied because the gene transcription of the NDV gradient decreased 
across the order of genes, and from 3′ leader to 5′ trailer (Kristina 
Ramp et al., 2011; DiNapoli et al., 2010; Takaaki Nakaya et al., 2001; 
Lamb and Parks, 2013; Samal, 2011). Some researchers use the 
internal ribosomal entry site (IRES) sequence or the viral 2A self-
cleavage peptides combined with independent transcription unit-
generated recombinant NDV to co-express two foreign genes. But 
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regardless of the use of IRES or viral-2A self-cleavage peptides 
methods, the expressing level of foreign gene is lower than the 
independent transcription unit approach. Another concern about the 
viral 2A self-cleavage peptides is that the extra short 2A peptide 
residues may alter the biological functions or immunogenicity of these 
foreign proteins, potentially affecting the efficacy of the vaccine 
(Zhang et al., 2015; Hu et al., 2017; Xu et al., 2018; Hu et al., 2018; He 
et  al., 2020; Wen et  al., 2015). Although there are many factors 
influencing the protective immunity induced by vector vaccines, the 
expression level of exogenous genes is undoubtedly the most 
important factor.

In the present study, we  constructed a reverse genetic system 
based on the backbone of the NDV Mukteswar strain and rescued the 
recombinant virus from a full-length cDNA clone plasmid. The full-
length genome cDNA was placed between the HamRz and HdvRz 
sequences to create a precise genome terminal. The transcription of 
the full-length cDNA plasmid and three helper plasmids was all 
controlled by the CMV promoter. On the other hand, the EGFP gene 
as a reporter is inserted between the non-coding regions of the P and 
M genes and rescued the recombinant virus, the results confirmed by 
the presence of green fluorescence in infected cells. To obtain a high 
level of expression and minimize the difference in the expression level 
of two foreign genes, we  generated a Mukteswar strain-based 
recombinant NDV that co-expressing two foreign genes, EGFP and 
CFP genes, that is linked with gene end(GE)-gene junction(GJ)-gene 
start(GS) sequence motif. The gene junction has only one nucleotide. 
The results showed that the GE-GJ-GS motif as a linker is an effective 
method for the simultaneous and efficient expression of two 
exogenous genes by recombinant NDV at the optimal insertion sites 
of the genome. The data obtained from the study indicated that the 
new method has the potential to develop NDV-based multivalent 
vector vaccines, improve the immune efficacy of bivalent vector 
vaccines, or enhance the oncolytic properties of recombinant NDV for 
tumor therapy.

2 Materials and methods

2.1 Cells and viruses

HEp-2 cells were grown in Dulbecco’s Modified Eagle Medium 
(DMEM, Thermo Fisher Scientific, Carlsbad, CA, United  States) 
containing 10% fetal bovine serum, maintained at 37°C, and 5% CO2, 
supplemented with antibiotics (100 U/mL of penicillin and 100 mg/

mL of streptomycin). NDV Mukteswar strain (provided by Harbin 
Weike Biotechnology Development Company, Harbin City, 
Heilongjiang Province, China) was injected into embryonated 10-day-
old specific pathogen-free (SPF) chicken eggs to amplify the virus. The 
allantoic fluid of SPF chicken eggs infected with the Mukteswar strain 
was collected 3-day post-inoculation, aliquot, and frozen in a 
refrigerator at −80°C.

2.2 Construction of the full-length cDNA 
clone of NDV from RT-PCR products

Viral RNA was extracted from the allantoic fluid samples 
infected with the NDV Mukteswar strain using the QIAGEN viral 
RNA mini kit following the manufacturer’s instructions. Reverse 
transcription was carried out with HiScript®II one-step RT-PCR Kit 
(Vazyme Corp., China) using specific primers that were 
complementary to the viral genome (Table 1) to generate fragmented 
cDNAs, which were then used to construct the full-length cDNA 
clone. The whole viral genome is divided into four fragments, and 
each fragment has an overlapping region of approximately 20 nt with 
its adjacent fragments (Table 1).

To distinguish with the wild-type Mukteswar strain, two 
restriction enzyme sites were introduced into the full-length cDNA 
clone. The NotI site was introduced into the genome at nucleotide 
4,954 as a genetic marker to facilitate the introduction of a restriction 
enzyme site, PmeI, which was used in inserting foreign genes. Another 
genetic marker, BglII, was introduced at position 8,957. The two 
restriction sites were introduced into the genome by using specific 
synonymous mutation primers. These four segments each of them has 
an overlapping region of approximately 20 nt with each neighbor at 
both sides, coding the complete genome sequence of the Mukteswar 
strain, to be cloned into an intermediate vector, pBluescript II K/S 
(+/−). All four plasmids were sequenced to confirm that the sequence 
were consistent with the genome and then used as templates to 
amplify these four fragments using high-fidelity DNA 
polymerase-2 × Phanta® Max Master Mix (Vazyme Corp., China) and 
purified with FastPura® Gel DNA Extraction Mini Kit (Vazyme). 
Based on the specific primers, there is an overlapping region of 20 nt 
homology with HamRz at the head of the first fragment, and at the 
trailer of the fourth fragment there is an overlapping region of 21 nt 
homologous to HdvRz (Table 1).

The full-length genome cDNA be  cloned into a eukaryotic 
expression vector, namely, the pCI plasmid (Promega), flanked with 

TABLE 1 Primers used in cDNA amplification of the NDV Mukteswar strain.

Muk-1F 5’-GGAAAGGAATTCCTATAGTCACCAAACAGAGAATCCGTGAG-3’

Muk-1R 5’-CTTGTATCAGAGCCGCGGCCGCCGTTATC-3’

Muk-2F 5’-GATAACGGCGGCCGCGGCTCTGATACAAG-3’

Muk-2R 5’-GTCACTAATTTGTTGACTGCAGATCTTGTTC-3’

Muk-3F 5’-AACAAGATCTGCAGTCAACAAATTAGTGAC-3’

Muk-3R 5’-GATCAACACGGATGATGCCCTTAG-3’

Muk-4F 5’-AAGGGCATCATCCGTGTTGATCTG-3’

Muk-4R 5’-GAGGCTGGGACCATGCCGGCCACCAAACAAAGATTTGGTG-3’

aSequences complementary to ribozymes are underlined. bArtificially mutated restriction enzyme sites are indicated in bold.
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HamRz and HdvRz sequence. To generate a linearized vector 
containing HamRz sequence and HdvRz sequence, using a multi-step 
fusion PCR protocol to make the HamRz just following the CMV 
promoter. The same protocol has been used to introduce the HdvRz 
sequence upstream of the SV40 Late polyA sequence. The result is that 
the linearized vector has the HamRz sequence and HdvRz sequence, 
designed as pCI-HamRz/HdvRz.

The linearized vector and these four cDNA fragments of NDV 
genome were connected by a multi-fragment ligation kit, 
CloneExpress® Ultra One Step Cloning Kit (Vazyme Corp., China), 
following the manufacturer’s instructions to generate the full-length 
genome cDNA clone of Mukteswar strain. Conduct the transformation 
with Stb12 competent cells following the user guidelines, all steps are 
performed at 30°C. The full-length genome cDNA plasmid was 
designated as p-N/Muk.

2.3 Construction of rMuk-based cDNA 
clones containing the EGFP gene and 
EGFP/CFP genes, respectively

The full-length genome cDNA clone plasmid, p-N/Muk, is used 
as a template to construct the recombinant plasmid through the 
introduction of an additional restriction enzyme site, PmeI, in the 
non-coding intergenic region of P and M genes. Four pairs of specific 
primers that have an overlapping region of homology approximately 
20 nt with each neighbor were designed to generate this full-length 
plasmid, as mentioned above. PCR was carried out using the plasmid 
p-N/Muk as a template to amplify these four fragments with the high-
fidelity DNA polymerase-2 × Phanta® Max Master Mix (Vazyme 
Corp., China). Then utilizing CloneExpress® Ultra One Step Cloning 
Kit (Vazyme Corp., China), following the manufacturer’s instructions 
to generate the mutated full-length cDNA clone plasmid, named p-N/
Muk (PmeI), as described above.

A pair of specific primers were designed to amplify the EGFP gene 
of the plasmid pIRES2-EGFP. The up primer containing the GE-GJ-GS 
motif, in the upstream of the motif is a PmeI restriction enzyme site, 
and the downstream primer also have a PmeI site at the 3′ end. As 
described above, at the 5′end of up primer and down primer, there is 
a homologous overlapping region of approximately 20 nt with the 
genome, respectively. To generate a linearized full-length cDNA 
vector, digested the plasmid p-N/Muk (PmeI) with the restriction 
enzyme, PmeI. Then use the ligation reaction kit, ClonExpress® II One 
Step Cloning Kit (Vazyme Corp., China), following the manufacturer’s 
directions to generate the recombinant full-length cDNA plasmid, 
designed as p-N/Muk-EGFP.

Similar to the one described above, we  use a pair of specific 
primers to amplify the CFP gene of plasmid p-N-cherry, at the head 
of the PCR product, which has a 21 nt sequence containing the 
GE-GJ-GS motif. Another pair of specific primers to amplify the 
EGFP gene which has an overlapping region of homology 
approximately 20 nt with the leader of CFP at the trailer of the EGFP 
gene. Then the linearized vector, amplified EGFP fragment and 
amplified CFP fragment were put together to make the ligation 
reaction with the CloneExpress® Ultra One Step Cloning Kit (Vazyme 
Corp., China), following the manufacturer’s instructions to generate 
the recombinant full-length cDNA clone plasmid, designed as p-N/
Muk-E/C.

2.4 Construction of three helper plasmids

DNA fragments containing the open reading frames of the NP, P, 
and L genes were amplified from the full-length genome cDNA clone 
plasmid by the high-fidelity DNA polymerase-2 × Phanta® Max 
Master Mix (Vazyme Corp., China) and cloned into the vector pCI, 
designed as pCI-NP, pCI-P, and pCI-L, respectively.

The NP and P cDNA were cloned into the pCI vector by using the 
NheI and NotI restriction sites, whereas the L cDNA was inserted into 
the pCI vector by using the XbaI and NotI sites.

2.5 Transfection and recovery of 
recombinant viruses

HEp-2 cells were grown overnight in six-well plates to 60–80% 
confluency in DMEM medium supplemented with 10% FBS. The cells 
were washed twice with DMEM medium prior to operate and replaced 
with Opti-MEM (Invitrogen Corp., Carlsbad, CA, United States) at a 
volume of 2 mL per well. Co-transfection was then conducted using 
p-N/Muk, p-N-Muk/EGFP, and p-N-Muk-E/C with three help 
plasmids: pCI-NP, pCI-P, and pCI-L, respectively. Each well contains 
a total of 5.0 μg of the plasmids at a ratio of 4:2:2:1 diluted in ExFect® 
Transfection Reagent (Vazyme Corp., China), following the 
manufacturer’s recommendations. At 6–8 h post-transfection, the 
medium was replaced with DMEM supplemented with 5% FBS. After 
3–5 day post-transfection, the culture medium and cell monolayers 
were harvested (depending on the cell pathogenicity effect, CPE), and 
then the cell suspension was inoculated into an allantoic cavity of 
10-day-old embryonated SPF eggs. Three-day post-inoculation, the 
allantoic fluid was harvested and viruses were detected with the 
hemagglutinating activity (HA) test using 1% chicken erythrocyte in 
PBS (Alexander, 1998). Recombinant viruses carrying reporter genes 
can be observed with green fluorescent and green fluorescent/cherry 
fluorescent, respectively, by inverted fluorescence microscopy. Viral 
RNA was extracted from the rescued virus and confirmed by 
RT-PCR. The fragments that harbored the mutated genetic markers 
were then detected by sequencing and digested the RT-PCR products 
with NotI and BglII. These rescued viruses were amplified in SPF 
chicken embryos and harvested, aliquoted, and stored at −80°C as a 
stock, and be named rMuk, rMuk-EGFP, and rMuk-E/C, respectively.

2.6 Biological characteristics of the 
rescued rMuk, rMuk-EGFP, and rMuk-E/C

To evaluate the genetic stability of the rescued recombinant 
viruses, we successively passaged the recombinant virus, rMuk, in 
embryonated 10-day-old SPF chicken eggs 10 times. The 5th and 10th 
generation virus, viral RNA was extracted from the harvested allantoic 
fluid, and RT-PCR analysis, NotI, and BglII digestion were performed 
to determine the presence of the genetic markers.

The standard mean death time (MDT) assay was conducted to 
assess the pathogenicity and virulence of these recombinant viruses in 
embryonated 10-day-old SPF chicken eggs following the standard 
procedure of the OIE manual (Alexander, 1989; Office International 
des Epizooties, 2004). Titers of these recombinant viruses were tested 
following the standard protocol of HA test, the 50% tissue culture 
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infective dose (TCID50) and the 50% egg infective dose (EID50) assay 
in 10-day-old SPF chicken eggs (Alexander, 1989), as described 
previously (Ge et al., 2007).

To investigate the effect of foreign gene insertion on the growth of 
recombinant viruses, these rescued recombinant viruses, rMuk, 
rMuk-EGFP, and rMuk-E/C, were inoculated with BHK-21 cells in 
96-well plates at an MOI, 0.01, and incubated at 37°C in 5% CO2. 
Samples are collected at intervals of 8h, 3 samples per time point, up 
to 96 h. Viral titers were determined by an EID50 titration in 10-day-
old SPF chicken eggs for each time point in triplicates, as described 
previously (Ge et al., 2007).

2.7 Examination and comparison of EGFP 
and CFP fluorescence intensities

Referring to YU’s method (He et al., 2020), HEp-2 cells monolayer 
grown in 96-well plates were infected with recombinant viruses, 
rMuk-E/C and rMuk-EGFP at MOI 0.01, respectively, and incubated 
at 37°C in 5%CO2. The expression levels of EGFP and CFP were 
quantitated by measuring the fluorescence intensity with a 
Fluorescence Microplate reader every 24 h post-infection. The 
Microplate Reader with a 485/20 excitation filters and 528/20 emission 
filters for EGFP, and 587/35 excitation filters and 610/40 emission 
filters for CFP. For quantitative comparison, three replicates were set 
up for each sample, and the fluorescence intensity was represented as 
the average of the three samples. Fluorescence intensity carves of 
EGFP or CFP expressed by the two recombinant viruses at different 
points were plotted. Compare and analyze the intensity difference 
between fluorescence of double and single exogenous gene expressions 
of recombinant viruses using a t-test with 5% significance 
(Microsoft Excel).

3 Results

3.1 Construction of the full-length genome 
cDNA clone of the Mukteswar strain and 
recombinant full-length plasmids 
containing the EGFP and EGFP/CFP, 
respectively

To construct the full-length genome cDNA clone of the 
Mukteswar strain, the complete genome of the virus is assembled from 
four overlapping fragments using the CloneExpress® Ultra One Step 
Cloning Kit (Vazyme Corp., China) connected with the linearized 
vector, pCI-HamRz/HdvRz. The result is that the 5′ and 3′ ends of the 
antigenome of NDV were precisely linked to HamRz and HdvRz, 
respectively. The transcription of the full-length cDNA is controlled 
by the CMV promoter and designated as p-N/Muk (Figure 1A). Two 
genetic tags were introduced into the genome to distinguish the 
recombinant virus from the wild-type virus. The open reading frames 
of the NP, P, and L genes were cloned into vector pCI and designated 
as pCI-NP, pCI-P, and pCI-L (Figure 1B). To develop the virus as a 
vector for expressing foreign genes, the EGFP gene and EGFP/CFP 
genes were inserted into the intergenic region of P/M genes and were 
designated as p-N/Muk-EGFP and p-N/Muk-E/C, respectively 
(Figures 1C,D). The length of the three full-length genome cDNA 

plasmids obeys “the rule of six” (Kenichi et al., 2003). The HamRz and 
HdvRz sequence motifs could produce the exact 5′ end and 3′ end of 
the antigenome RNA.

3.1.1 Generation of infectious recombinant NDV 
from full-length cDNA clone

The full-length genome cDNA of the NDV Mukteswar strain was 
assembled in plasmid pCI and designated as p-N/Muk. Based on this 
plasmid, two other full-length plasmids that were inserted with EGFP or 
EGFP/CFP in the intergenic region of P/M were constructed and 
designated as p-N/Muk-EGFP and p-N/Muk-E/C, respectively. To 
rescue these recombinant NDVs, HEp-2 cells were grown overnight in a 
six-well plate to 60–80% confluency in DMEM supplemented with 10% 
FBS. Co-transfection experiments using ExFect® Transfection Reagent 
(Vazyme Corp., China) were performed, following the manufacturer’s 
instructions. Details of the system are presented in Figure 1. Three helper 
plasmids express three proteins that are essential for viral replication. 
These three proteins together with the viral genomic RNA, constituted 
the ribonucleoprotein (RNP) complex that initiates the life cycle of 
NDV. The supernatant and cell monolayers were harvested 3–5 days 
post-transfection and injected into the allantoic cavities of 10-day-old 
SPF embryos to amplify the rescued virus. Three days later, some 
embryos were found dead and were transferred into a 4°C freezer for 
several hours, then tested for hemagglutinating activity of the allantoic 
fluid. Any HA-positive allantoic fluid samples were collected and 
designated as harboring the rescued recombinant virus.

These viruses rescued from plasmids p-N/Muk, p-N/Muk-EGFP, 
and p-N/Muk-E/C were designated as rMuk, rMuk-EGFP, and 
rM-E/C, respectively. The bright green fluorescence (Figure 2B) and 
green fluorescence/cherry fluorescence (Figure 3) were detected at 
24 h post-infection (hpi) via an inverted fluorescence microscope and 
confocal microscopy.

These three recombinant viruses were passed 10 times in SPF 
embryos to test the genetic markers and inserted foreign genes were 
stably maintained in the genome. Detection of the genetic marker was 
conducted by RT-PCR, and the PCR products were digested with NotI 
and BglII, respectively (Figure 2C). Green fluorescence detection was 
conducted to verify that the EGFP gene was stably expressed in rMuk-
EGFP-infected cells. Green fluorescence and cherry fluorescence 
detection were conducted to verify that the EGFP gene and CFP gene 
were stably expressed in rMuk-E/C-infected cells. The results of 
RT-PCR sequencing of these recombinant viruses also showed that 
foreign genes and genetic tags could be stable and maintained for at 
least 10 generations (the results were not shown).

3.1.2 Biological characteristics of recombinant 
viruses

The biological characteristics of generated recombinant viruses 
were compared by the standard procedure as described in the OIE 
manual (Office International des Epizooties, 2004) to determine the 
MDT in 10-day-old embryonated SPF chicken eggs. These MDT 
results were tested by t-test, showing that there was no significant 
difference (p > 0.05) in MDT between the three recombinant viruses 
(Table 2).

HEp-2 cells were infected with the recombinant virus, rMuk-E/C, 
at 0.01 MOI. The co-expression of EGFP and CFP at 24 h post-
infection was observed by inverted fluorescence microscopy and 
confocal microscopy, as shown in Figure 3. The expression of EGFP 
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FIGURE 2

Rescued recombinant viruses infected HEp-2 cells and restriction enzyme digestion of RT-PCR products. (A) HEp-2 cells were infected with rMuk at an 
MOI of 0.1. (B) HEp-2 cells were infected with rMuk-EGFP at an MOI of 0.1. EGFP expression was observed at 24 hpi. (C) Total RNA was prepared from 
HA-positive allantoic fluid of rMuk and analyzed by RT-PCR and restriction enzyme digestion. Lane 5 shows the molecular weight marker.

and CFP can be observed. Syncytia caused by NDV can be seen under 
the light microscope. Under the fluorescence microscope, EGFP and 
CFP expressions can be  observed over a large area, and the 
fluorescence intensity is strongest in syncytia. After merging the 
fluorescent images, EGFP and CFP are co-expressed in every 

virus-infected cell. The growth kinetics showed that the replication of 
the recombinant viruses was only slightly delayed in the early stages 
of infection (first 36 h), after which the two recombinant viruses could 
replicate to similar titers compared to the parent strain, rMuk strain 
(Figure 4).

FIGURE 1

Schematic representation of NDV Mukteswar strain-based expression vector. (A) Cloning strategies for constructing full-length cDNA from four sub-
genomic fragments show that the full-length cDNA construction of Mukteswar strains was promoted by the CMV promoter. (B) Three help plasmids. 
The ORF of NP, P, and L gene were inserted into vector pCI, respectively. (C) An expanded view of the EGFP-expressing recombinant Mukteswar strain 
is shown. ‘HamRz’ and HdvRz’ refer to the hammerhead ribozyme and hepatitis delta virus ribozyme sequences, respectively. (D) The GE-GJ-GS motif 
was used as an adapter to link two foreign genes as two independent transcription units. Since GJ has only one nucleotide, it is simplified to GE-GS in 
the figure.
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3.1.3 Comparison of exogenous gene expression 
levels

The fluorescence intensities of EGFP and CFP in virus-infected 
HEp-2 cells were determined to compare the expression efficiency of 
the two recombinant viruses. As shown in Figure 5, EGFP and CFP 
fluorescence intensities reach very high levels 24 h post-infection; 
afterward, fluorescence intensity decreases slowly, reaching its lowest 
value 72 h post-infection, followed by a rise slowly. The key points that 
attract attention are: there was no difference in the intensity of EGFP 
expression between rMuk-E/C and rMuk-EGFP; the t-test results 
showed that there was no difference in fluorescence intensity between 
the two virus-infected cells (p > 0.05). However, CFP, as the second 
foreign gene, had higher fluorescence intensity in infected cells than 
EGFP and also higher than EGFP expressed in rMuk-EGFP-infected 
cells. The fluorescence intensity of CFP was significantly different 
from EGFP that was expressed by rMuk-EGFP or rMuk-E/C 
(p < 0.05), as indicated in the histogram of fluorescence intensity. 
These results indicate that when two foreign genes are expressed 
simultaneously in the NDV genome, using the GE-GJ-GS motif as an 
adapted linker is an effective method for the simultaneous expression 
of two exogenous genes at the optimal insertion site. The efficient 
expression of two exogenous genes can be achieved simultaneously, 
and the expression level of two exogenous genes seemed better than 
that of a single exogenous gene (Figure 6).

4 Discussion

Since the successful establishment of reverse genetic technology 
in 1994 (Schnell M. J. et al., 1994), a large number of single-strand, 
negative-sense RNA viruses have been successfully rescued from full-
length genome cDNA clones via different strategies to express various 

foreign proteins or to improve the understanding of the virus. Peeters 
et  al. (1999) and Römer-Oberdörfer et  al. (1999) rescued the 
lentogenic NDV, respectively, almost at the same time. Since then, 
several groups have generated recombinant NDV from full-length 
genome cDNA clones, including lentogenic, mesogenic, and velogenic 
strains (Römer-Oberdörfer et al., 1999; Krishnamurthy et al., 2000; 
Paldurai et al., 2014; Li et al., 2011; Xiao et al., 2012; Liu et al., 2007; 
Wang et  al., 2015; Sun et  al., 2020; Huang et  al., 2004). In recent 
decades, reverse genetic technology has served as a powerful tool 
applied in studying the mechanisms of pathogenesis and exploring the 
biological functions of viral proteins; it is also an ideal system for the 
development of live attenuated or engineered vector vaccines 
(Conzelmann, 1996; Paldurai et al., 2014; Xiao et al., 2012; Wang et al., 
2015; Sun et al., 2020; Huang et al., 2004; Ge et al., 2007; Neumann 
et al., 2002; Zhang et al., 2015).

In the present study, we generated a recombinant mesogenic NDV, 
the Mukteswar strain, from full-length cloned cDNA. In the system, 
we utilize a eukaryotic cell RNA polymerase system to replace the 
conventional T7 RNA polymerase system, which involves a 
recombinant vaccinia virus or fowlpox virus as a helper virus to 
produce T7 RNA polymerase (Peeters et al., 1999; Schnell et al., 1994). 
The helper viruses interfere with the efficiency of generating 
recombinant viruses from cDNA clones, especially for low-virulence 
strains. It also may lead to contamination of rescued virus, resulting in 
a significant amount of time to eliminate the helper virus. To overcome 
these deficiencies, Römer-Oberdörfer et  al. (1999) utilized the 
BSR-T7/5 cell line, which could stably express the T7 RNA polymerase, 
to generate recombinant NDV from full-length genome cDNA clone. 
The system is simple and convenient, although it requires the 
maintenance of a special cell line to continuously express T7 RNA 
polymerase. In this study, we applied RNA polymerase II, a eukaryotic 
cell polymerase that is widely present in a variety of eukaryotic cells, 
which initiates the transcription of genome RNA from cDNA clones as 
well as mRNAs from three co-transfected helper plasmids that express 
the NP, P, and L proteins. The CMV promoter-controlled system is 
easier to operate and is efficient in rescuing recombinant viruses from 
cDNA clones (Li et al., 2011; Wang et al., 2015; Martin et al., 2006).

The naturally occurring lentogenic strain of NDV is widely used 
worldwide as a vaccine to control ND in the poultry industry and has 
a validated safety record, such as strains of LaSota and B1. NDV has a 
modular genome and can accommodate the insertion and expression 
of foreign genes. NDV is an optimal vector candidate that presents 

FIGURE 3

Two fluorescence expressions of the rMuk-E/C virus were detected by confocal microscopy. HEp-2 cells were infected with rMuk-E/C virus at an MOI 
0.01, 24 hpi, and infected cells were checked for the corresponding fluorescence from the same field and digitally photographed at 
100 × magnifications. (A) Green fluorescence. (B) Cherry fluorescence. (C) DAPI. (D) The merged EGFP and CFP (A,B) images.

TABLE 2 Biological properties of these rescued recombinant viruses.

Passages MDTa EID50
b

rMuk F3 64 8.0

rM-EGFP F3 70 8.0

rM-E/C F3 75 8.17

aMDT: Mean death time assay in embryonated SPF eggs.  
bEID50: 50% egg infective dose assay in embryonated SPF eggs.
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FIGURE 4

Multistep growth curves of the rMuk, rMuk-EGFP, and rMuk-E/C. BHK-21 cells were infected with studied viruses at an MOI of 0.01, respectively. Viral 
titers in infected cell supernatants were determined at the time points of 8, 16 24, 32, 40, 48, 56, 64, 72, 80, 88, and 96 h post-inoculation. Data shown 
were acquired from three repeats. (A) Multistep growth kinetics are presented as line charts. (B) Multistep growth kinetics are presented as histograms.

significant advantages compared to other viruses (Nakaya et al., 2001; 
Zhang et al., 2015; Kim and Samal, 2016). Recombinant NDV can 
efficiently express foreign proteins; therefore, it could be used as a 
vector to deliver protective antigens of other infectious agents to 
develop vector vaccines or to transfer genes for gene therapy purposes. 
Some isolates are naturally occurring oncolytic viruses. The reverse 

genetic system has the potential to enhance the targeted ability of 
recombinant viruses to cancer cells. Here, we constructed and rescued 
a recombinant NDV based on the Mukteswar strain expressing the 
EGFP gene, which was inserted between the non-coding region of P 
/M genes. The EGFP gene was stably expressed for at least 10 passages, 
including the 2 genetic markers.

FIGURE 5

EGFP and CFP expressions in recombinant virus-infected cells were detected by fluorescence microscopy. HEp-2 cells were infected with the 
indicated recombinant viruses at 0.01 MOI. Every 24 h post-infection, infected cells were examined under an inverted fluorescence microscope. EGFP 
and CFP fluorescence from the same field of the infected cells was digitally photographed. Fluorescence intensity is determined using a Fluorescence 
Microplate Reader.
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Many efforts have been made to develop bivalent or multivalent 
vector vaccines based on recombinant NDV. There have been many 
attempts to insert protective antigens from various pathogens into 
the genome of NDV to study the immune efficacy of recombinant 
viruses as vector vaccines. These recombinant viruses induce 
different levels of immune responses due to the different insertion 
sites of foreign genes, the different lengths and expression levels of 
foreign genes, and whether foreign proteins can be integrated into 
recombinant viral particles. In addition, some infectious agents 
have more than one protective antigen, so the expression of only 
one antigen via recombinant NDV is not sufficient to produce 
complete immune protection. Therefore, some researchers have 
attempted to improve immune protection by inserting foreign genes 
as independent transcriptional units into different loci of the NDV 
genome, or by inserting a second exogenous gene in a second 
transcriptional reading frame based on the IRES sequence or a viral 
2A self-cleaving peptides to express two exogenous genes (Ramp 
et al., 2011; Hu et al., 2017; Hu et al., 2018; He et al., 2020). However, 
gene expression of NDV is characterized by a decreasing gradient 
from the 3′ leader to the 5′ trailer of the genome. Therefore, there 
was a significant difference in the expression levels of the two 
exogenous genes using the above-mentioned methods, and results 
of clinical trials showed that different degrees of protection were 
obtained against the target pathogens. Although many factors affect 
the immune effectiveness of vector vaccines, there is no doubt that 
the expression efficiency of foreign genes is the most important 
factor. In order to achieve the simultaneous and efficient expression 
of two exogenous genes, we used the GE-GJ-GS motif of NDV as 
an adapter to link two foreign genes as two independent 
transcription units and inserted them into the optimal site of the 
NDV genome and rescued the recombinant virus. The results 
showed that the two exogenous genes could be  expressed 
synchronously and efficiently, and the expression efficiency was 
even higher than that of the recombinant virus with a single 
exogenous gene. Thus, this method makes it possible to 
simultaneously express two or more foreign genes at the optimal 
insertion site of the NDV genome and is easier to manipulate. 

Therefore, this approach has the potential to develop bivalent or 
multivalent vector vaccines with better immune efficacy to reduce 
the cost of vaccination and avoid interference phenomena between 
different strains of vaccines. Theoretically, this method can also 
be applied to other mononegaviruses. The quantitative measurement 
of fluorescence showed that the expression level of CFP was 
significantly higher than EGFP. As described above, NDV is 
characterized by a gradient decrease of gene expression from the 
3′leader to the 5′trailer. The two genes of EGFP and CFP are 
inserted sequentially, so theoretically, the expression levels between 
the two should be different. Why is the intensity of CFP higher than 
that of EGFP? Conversely, confocal photographs show that EGFP 
appears to fluoresce more than CFP. This is an interesting 
phenomenon in the results of this study. This is different from the 
results of a study conducted by He et al. (2020) using the LaSota 
strain as a vector. It is also different from the long-held belief that 
the gene expression of NDV has the characteristic of a gradient 
decrease from the 3′ end to the 5′ end of the genome. What causes 
such an outcome? Further research is needed. In addition, in the 
case of these two genes, the gene length is not long, and studies have 
shown that the length of exogenous genes is also an important 
factor affecting expression levels. In future studies, the length of 
exogenous genes should be fully considered to weigh their position 
in the genome and achieve the ideal expression level at the 
same time.

Some studies have concluded that with the increase in the 
number of genes in the NDV genome, the expression efficiency of the 
whole genome will be significantly affected. However, in this study, 
the results of quantitative detection showed that there was no 
significant difference in the expression efficiency of EGFP between 
rMuk-EGFP and rMuk-E/C. Why this phenomenon occurs, 
we suppose the reason may be that Mukteswar is a mesogenic strain, 
and it can cause more severe damage to cultured cells than lentogenic 
strains, as evidenced by the fact that it forms very significant syncytia 
in cultured cells. Although the insertion of double exogenous genes 
did not significantly change the virulence of the recombinant virus, 
this can be  reflected in the MDT value. It also suggests that the 

FIGURE 6

Comparisons of the difference between EGFP and CFP expressed from recombinant virus-infected HEp-2 cells. HEp-2 cells were grown in 96-well 
plates and infected with the recombinant NDV, rMuk-EGFP, and rMuk-E/C at 0.01 MOI. Every 24 h post-infection, EGFP and CFP fluorescence 
intensities were measured via fluorescence microplate reader in triplicate wells. (A) The mean fluorescence intensities of EGFP and CFP at different 
time points after infection were plotted. Error bars indicate the standard deviation (SD) of EGFP or CFP fluorescence intensity. (B) The mean 
fluorescence intensities of EGFP and CFP at different time points after infection are plotted as histograms. Error bars indicate the standard deviation 
(SD) of EGFP or CFP fluorescence intensity.
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rMuk-E/C-infected cells may have a slower pathological process 
compared to rMuk-EGFP-infected cells, resulting in the gene 
expression efficiency of rMuk-E/C being higher than that of 
rMuk-EGFP.

In summary, we established a reverse genetic system of the 
mesogenic NDV strain, which is controlled by the CMV promoter. 
Based on this reverse genetic system, we developed a method to 
simultaneously express two foreign genes at the optimal insertion 
site as two independent transcription units. The results showed 
that both exogenous genes could be  expressed efficiently, and 
there was no significant difference in the expression efficiency of 
EGFP compared with recombinant virus rMuk-EGFP. A 
phenomenon of concern is that the expression efficiency of the 
second exogenous gene, CFP, is significantly higher than that of 
EGFP. Whether this will happen if two genes for other pathogens 
are co-expressed in this way remains to be confirmed by further 
studies. The virulence of two recombinant viruses was slightly 
attenuated compared to the parent virus. NDV is an ideal vaccine 
vector candidate for disease prevention in humans and animals. 
The modularity of the NDV genome, the low probability of 
recombination, the fact that the entire replication process takes 
place in the cytoplasm, and the absence of the DNA stage make 
NDV an advantageous candidate for the development of multiple 
applications in the biomedical field. Research in the field of cancer 
therapy has shown that NDV can infect and lyse tumor cells 
without damaging normal cells and can activate the body’s anti-
tumor immune response in multiple pathways (Tayeb et al., 2015). 
More importantly, the absence of antibodies specific to NDV in 
the general population makes it extremely attractive to develop 
vector vaccines and oncolytic therapeutics. In a word, this is a 
novel method that uses the GE-GJ-GS motif as a linker to enable 
the simultaneous and efficient expression of two foreign genes as 
two independent transcription units in the NDV genome, which 
has the potential to develop multivalent vector vaccines, improve 
the immune protective effect of bivalent vector vaccines, or for 
tumor therapy purposes. It may also be  used in 
other mononegaviruses.

Data availability statement

The datasets generated for this study are available on request to 
the corresponding author.

Author contributions

TL: Data curation, Formal analysis, Writing – original draft. QL: 
alidation, Writing – review & editing. JG: Conceptualization, Founding 
acquisition, Methodology, Writing – review & editing. YW: Data curation, 
Formal analysis Conceptualization, Founding acquisition, Methodology, 
Writing – Writing-original draft, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This study was 
supported by the National Natural Science Foundation of China (nos. 
30800984 and 30800816).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
Alexander, D. J. (1989). “Newcastle disease” in A laboratory manual for the isolation 

and identification of avian pathogens. eds. H. G. Purchase, L. H. Arp, C. H. Domermuth 
and J. E. Pearson. 3rd ed (Kennett Square, PA: American Association of Avian 
Pathologists, Inc), 114–120.

Alexander, D. J. (1998). “Newcastle disease virus and other avian paramyxoviruses” in 
A laboratory manual for the isolation and identification of avian pathogens. eds. D. 
Swayne, J. R. Glisson, M. W. Jackwood, J. E. Pearson and W. M. Reed (Kennett Square, 
PA: American Association of Avian Pathologists), 156–163.

Baron, M. D., and Barrett, T. (1997). Rescue of Rinderpest virus from cloned cDNA. 
J. Virol. 71, 1265–1271. doi: 10.1128/JVI.71.2.1265-1271.1997

Beard, C. W., and Hanson, R. P. (1984). “Newcastle disease” in Disease of poultry. ed. 
M. S. Hofstad. 8th ed (Ames, Iowa: Iowa State University Press), 452–470.

Buchholz, U. J., Finke, S., and Conzelmann, K. K. (1999). Generation of bovine 
respiratory syncytial virus (BRSV) from cDNA: BRSV NS2 is not essential for virus 
replication in tissue culture, and the human RSV leader region acts as a functional BRSV 
genome promoter. J. Virol. 73, 251–259. doi: 10.1128/JVI.73.1.251-259.1999

Carnero, E., Li, W., Borderia, A., Moltedo, B., Moran, T., and García-Sastre, A. (2009). 
Optimization of human immunodeficiency virus gag expression by Newcastle disease 
virus vectors for the induction of potent immune responses. J. Virol. 83, 584–597. doi: 
10.1128/JVI.01443-08

Clarke, D. K., Sidhu, M. S., Johnson, J. E., and Udem, S. A. (2000). Rescue of mumps 
virus from cDNA. J. Virol. 74, 4831–4838. doi: 10.1128/jvi.74.10.4831-4838.2000

Conzelmann, K. K. (1996). Genetic manipulation of non-segmented negativestrand 
RNA viruses. J. Gen. Virol. 77, 381–389. doi: 10.1099/0022-1317-77-3-381

Conzelmann, K. K. (2004). Reverse genetics of mononegavirales. Curr. Top. Microbiol. 
Immunol. 283, 1–41. doi: 10.1007/978-3-662-06099-5_1

DiNapoli, J. M., Nayak, B., Yang, L., Finneyfrock, B. W., Cook, A., Andersen, H., et al. 
(2010). Newcastle disease virus-vectored vaccines expressing the hemagglutinin or 
neuraminidase protein of H5N1 highly pathogenic avian influenza virus protect against 
virus challenge in monkeys. J. Virol. 84, 1489–1503. doi: 10.1128/JVI.01946-09

Durbin, A. P., Hall, S. L., Siew, J. W., Whitehead, S. S., Collins, P. L., and Murphy, B. R. 
(1997). Recovery of infectious human parainfluenza virus type 3 from cDNA. Virology 
235, 323–332. doi: 10.1006/viro.1997.8697

Fodor, E., Devenish, L., Engelhardt, O. G., Palese, P., Brownlee, G. G., and 
Garcia-Sastre, A. (1999). Rescue of influenza a virus from recombinant DNA. J. Virol. 
73, 9679–9682. doi: 10.1128/JVI.73.11.9679-9682.1999

Fuerst, T. R., Niles, E. G., Studier, F. W., and Moss, B. (1986). Eukaryotic transient-
expression system based on recombinant vaccinia virus that synthesizes bacteriophage 
T7 RNA polymerase. Proc. Natl. Acad. Sci. USA 83, 8122–8126. doi: 10.1073/
pnas.83.21.8122

Garcin, D., Pelet, T., Calain, P., Roux, L., Curran, J., and Kolakofsky, D. (1995). A 
highly recombinogenic system for the recovery of infectious Sendai paramyxovirus from 
cDNA: generation of a novel copy-back non-defective interfering virus. EMBO J. 14, 
6087–6094. doi: 10.1002/j.1460-2075.1995.tb00299.x

https://doi.org/10.3389/fmicb.2024.1442551
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/JVI.71.2.1265-1271.1997
https://doi.org/10.1128/JVI.73.1.251-259.1999
https://doi.org/10.1128/JVI.01443-08
https://doi.org/10.1128/jvi.74.10.4831-4838.2000
https://doi.org/10.1099/0022-1317-77-3-381
https://doi.org/10.1007/978-3-662-06099-5_1
https://doi.org/10.1128/JVI.01946-09
https://doi.org/10.1006/viro.1997.8697
https://doi.org/10.1128/JVI.73.11.9679-9682.1999
https://doi.org/10.1073/pnas.83.21.8122
https://doi.org/10.1073/pnas.83.21.8122
https://doi.org/10.1002/j.1460-2075.1995.tb00299.x


Lan et al. 10.3389/fmicb.2024.1442551

Frontiers in Microbiology 11 frontiersin.org

Ge, J., Deng, G., and Wen, Z. (2007). Newcastle disease virus-based live attenuated 
vaccine completely protects chickens and mice from lethal challenge of homologous and 
heterologous H5N1 avian influenza viruses. J. Virol. 81, 150–158. doi: 10.1128/
JVI.01514-06

Hasan, M. K., Kato, A., Shioda, T., Sakai, Y., Yu, D., and Nagai, Y. (1997). Creation of 
an infectious recombinant Sendai virus expressing the firefly luciferase gene from the 3′ 
proximal first locus. J. Gen. Virol. 78, 2813–2820. doi: 10.1099/0022-1317-78-11-2813

He, B., Paterson, R. G., Ward, C. D., and Lamb, R. A. (1997). Recovery of infectious 
SV5 from cloned DNA and expression of a foreign gene. Virology 237, 249–260. doi: 
10.1006/viro.1997.8801

He, L., Zhang, Z., and Yu, Q. (2020). Expression of two foreign genes by a Newcastle 
disease virus vector from the optimal insertion sites through a combination of the ITU 
and IRES-dependent expression approaches. Front. Microbiol. 11:769. doi: 10.3389/
fmicb.2020.00769

Hu, H., Roth, J., and Yu, Q. (2018). Generation of a recombinant Newcastle disease 
virus expressing two foreign genes for use as a multivalent vaccine and gene therapy 
vector. Vaccine 36, 4846–4850. doi: 10.1016/j.vaccine.2018.06.055

Hu, H., Roth, J., Zsak, L., and Yu, Q. (2017). Engineered Newcastle disease virus 
expressing the F and G proteins of AMPV-C confers protection against challenges in 
turkeys. Sci. Rep. 7:4025. doi: 10.1038/s41598-017-04267-7

Huang, Z., Elankumaran, S., Yunus, A. S., and Samal, S. K. (2004). A recombinant 
Newcastle disease virus (NDV) expressing VP2 protein of infectious bursal disease virus 
(IBDV) protects against NDV and IBDV. J. Virol. 78, 10054–10063. doi: 10.1128/
JVI.78.18.10054-10063.2004

Kenichi, I., Youko, S., Ichiro, K., Toshio, I., Takeo, S., and Kinjiro, M. (2003). An 
improved method for recovering rabies virus from cloned cDNA. J. Virol. Methods 107, 
229–236. doi: 10.1016/s0166-0934(02)00249-5

Kim, S.-H., and Samal, S. K. (2016). Newcastle disease virus as a vaccine vector for 
development of human and veterinary vaccines. Viruses 8, 183–198. doi: 10.3390/
v8070183

King, A. M. Q., Adams, M. J., Carstens, E. B., and Lefkowitz, E. J. (2012). Virus 
taxonomy-Classification and nomenclature of viruses. Ninth Report of the International 
Committee on Taxonomy of Viruses, p. 31.

Krishnamurthy, S., Huang, Z., and Samal, S. K. (2000). Recovery of a virulent strain 
of Newcastle disease virus from cloned cDNA: expression of a foreign gene results in 
growth retardation and attenuation. Virology 278, 168–182. doi: 10.1006/viro.2000.0618

Lamb, R. A., and Kolakofsky, D. (2001). “Paramyxoviridae: The viruses and their 
replication” in Fields virology. eds. B. N. Fields, D. M. Knipe and P. M. Howley 
(Philadelphia, PA: Lippincott Williams and Wilkins), 1305–1340.

Lamb, R. A., and Parks, G. D. (2013). “Paramyxoviridae” in Fields virology. eds. D. M. 
Knipe, P. M. Howley, J. I. Cohen, D. E. Griffin, R. A. Lamb and M. A. Marti. 6th ed 
(Philadelphia, PA: Lippincott Williams and Wilkins), 957–995.

Lawson, N. D., Stillman, E. A., Whitt, M. A., and Rose, J. K. (1995). Recombinant 
vesicular stomatitis virus from DNA. Proc. Natl. Acad. Sci. U. S. A. 92, 4477–4481. doi: 
10.1073/pnas.92.10.4477

Le Mercier, P., Jacob, Y., Tanner, K., and Tordo, N. (2002). A novel expression cassette 
of lyssavirus shows that the distantly related Mokola virus can rescue a defective rabies 
virus genome. J. Virol. 76, 2024–2027. doi: 10.1128/jvi.76.4.2024-2027.2002

Li, B.-y., Li, X.-r., Lan, X., Yin, X.-p., Li, Z.-y., Yang, B., et al. (2011). Rescue of 
Newcastle disease virus from cloned cDNA using an RNA polymerase II promoter. Arch. 
Virol. 156, 979–986. doi: 10.1007/s00705-011-0932-0

Liu, Y. L., Hu, S. L., Zhang, Y. M., Sun, S. J., Romer-Oberdorfer, A., Veits, J., et al. (2007). 
Generation of a velogenic Newcastle disease virus from cDNA and expression of the 
green fluorescent protein. Arch. Virol. 152, 1241–1249. doi: 10.1007/s00705-007-0961-x

Martin, A., Staeheli, P., and Schneider, U. (2006). RNA polymerase II-controlled 
expression of Antigenomic RNA enhances the rescue efficacies of two different members 
of the Mononegavirales independently of the site of viral genome replication. J. Virol. 
80, 5708–5715. doi: 10.1128/JVI.02389-05

McGinnes, L. W., Gravel, K., and Morrison, T. G. (2002). Newcastle disease virus HN 
protein alters the conformation of the F protein at cell surfaces. J. Virol. 76, 12622–12633. 
doi: 10.1128/jvi.76.24.12622-12633.2002

Millar, N. S., and Emmerson, P. T. (1988). “Molecular cloning and nucleotide 
sequencing of Newcastle disease virus” in Newcastle disease. ed. D. J. Alexander (Boston, 
Mass: Kluwer Academic Publishers), 79–97.

Nakaya, T., Cros, J., Park, M.-S., Nakaya, Y., Zheng, H., Sagrera, A., et al. (2001). 
Recombinant Newcastle disease virus as a vaccine vector. J. Virol. 75, 11868–11873. doi: 
10.1128/JVI.75.23.11868-11873.2001

Neumann, G., Whitt, M. A., and Kawaoka, Y. (2002). A decade after the generation of 
a negative-sense RNA virus from cloned cDNA – what have we learned? J. Gen. Virol. 
83, 2635–2662. doi: 10.1099/0022-1317-83-11-2635

Office International des Epizooties (2004). OIE manual of diagnostic tests and 
vaccines for terrestrial animals. Paris, France: Office International des Epizooties.

Ogasawara, T., Gotoh, B., Suzuki, H., Asaka, J., Shimokata, K., Rott, R., et al. (1992). 
Expression of factor X and its significance for the determination of paramyxovirus 
tropism in the chick embryo. EMBO J. 11, 467–472. doi: 10.1002/j.1460-2075.1992.
tb05076.x

Paldurai, S. H., Kim, B., Nayak, S., Xiao, H., Shive, P. L., Collins, S. K., et al. (2014). 
Evaluation of the contributions of individual viral genes to Newcastle disease virus 
virulence and pathogenesis. J. Virol. 88, 8579–8596. doi: 10.1128/JVI.00666-14

Peeters, B. P., de Leeuw, O. S., Koch, G., and Gielkens, A. L. (1999). Rescue of 
Newcastle disease virus from cloned cDNA: evidence that cleavability of the fusion 
protein is a major determinant for virulence. J. Virol. 73, 5001–5009. doi: 10.1128/
JVI.73.6.5001-5009.1999

Radecke, F., Spielhofer, P., Schneider, H., Kaelin, K., Huber, M., Dotsch, C., et al. 
(1995). Rescue of measles viruses from cloned DNA. EMBO J. 14, 5773–5784. doi: 
10.1002/j.1460-2075.1995.tb00266.x

Ramp, K., Veits, J., Deckers, D., Rudolf, M., Grund, C., Mettenleiter, T. C., et al. (2011). 
Coexpression of avian influenza virus H5 and N1 by recombinant Newcastle disease 
virus and the impact on immune response in chickens. Avian Dis. 55, 413–421. doi: 
10.1637/9652-011111-Reg.1

Römer-Oberdörfer, A., Mundt, E., Mebatsion, T., Buchholz, U. C., and Mettenleiter, T. 
(1999). Generation of recombinant lentogenic Newcastle disease virus from cDNA. J. 
Gen. Virol. 80, 2987–2995. doi: 10.1099/0022-1317-80-11-2987

Samal, S. K. (2011). “Newcastle disease and related avian paramyxoviruses” in The 
biology of paramyxoviruses. ed. S. K. Samal (Wymondham: Caister Academic 
Press), 69–114.

Schnell, M. J., Mebatsion, T., and Conzelmann, K. K. (1994). Infectious rabies viruses 
from cloned cDNA. EMBO J. 13, 4195–4203. doi: 10.1002/j.1460-2075.1994.tb06739.x

Steward, M., Vipond, I. B., Millar, N. S., and Emmerson, P. T. (1993). RNA editing 
in Newcastle disease virus. J. Gen. Virol. 74, 2539–2547. doi: 
10.1099/0022-1317-74-12-2539

Sun, W., Leist, S. R., McCroskery, S., Liu, Y., Slamanig, S., Oliva, J., et al. (2020). 
Newcastle disease virus (NDV) expressing the spike protein of SARS-CoV-2 as a live 
virus vaccine candidate. EBioMedicine 62:103132. doi: 10.1016/j.ebiom.2020.103132

Tayeb, S., Zakay-Rones, Z., and Panet, A. (2015). Therapeutic potential of oncolytic 
Newcastle disease virus: a critical review. Oncolytic Virother 4, 49–62. doi: 10.2147/
OV.S78600

Volchkov, V. E., Volchkova, V. A., Muhlberger, E., Kolesnikova, L. V., Weik, M., 
Dolnik, O., et al. (2001). Recovery of infectious Ebola virus from complementary DNA: 
RNA editing of the GP gene and viral cytotoxicity. Science 291, 1965–1969. doi: 10.1126/
science.1057269

Wang, J., Wang, C., Feng, N., Wang, H., Zheng, X., Yang, S., et al. (2015). Development 
of a reverse genetics system based on RNA polymerase II for Newcastle disease virus 
genotype VII. Virus Genes 50, 152–155. doi: 10.1007/s11262-014-1137-x

Wen, G., Chen, C., Guo, J., Zhang, Z., Shang, Y., Shao, H., et al. (2015). Development 
of a novel thermostable Newcastle disease virus vaccine vector for expression of a 
heterologous gene. J. Gen. Virol. 96, 1219–1228. doi: 10.1099/vir.0.000067

Xiao, S., Nayak, B., Samuel, A., Paldurai, A., Kanabagattebasavarajappa, M., 
Prajitno, T. Y., et al. (2012). Generation by reverse genetics of an effective, stable, live-
attenuated Newcastle disease virus vaccine based on a currently circulating, highly 
virulent Indonesian strain. PLoS One 7:e52751. doi: 10.1371/journal.pone.0052751

Xu, X., Sun, Q., Mei, Y., Liu, Y., and Zhao, L. (2018). Newcastle disease virus co-
expressing interleukin 7 and interleukin 15 modified tumor cells as a vaccine for cancer 
immunotherapy. Cancer Sci. 109, 279–288. doi: 10.1111/cas.13468

Zhang, Z., Zhao, W., Li, D., Yang, J., Zsak, L., and Qingzhong, Y. (2015). Development 
of a Newcastle disease virus vector expressing a foreign gene through an internal 
ribosomal entry site provides direct proof for a sequential transcription mechanism. J. 
Gen. Virol. 96, 2028–2035. doi: 10.1099/vir.0.000142

Zhao, H., and Peeters, B. P. H. (2003). Recombinant Newcastle disease virus as a viral 
vector: effect of genomic location of foreign gene on gene expression and virus 
replication. J. Gen. Virol. 84, 781–788. doi: 10.1099/vir.0.18884-0

Zhao, W., Zhang, Z., Zsak, L., and Yu, Q. (2015). P and M gene junction is the optimal 
insertion site in Newcastle disease virus vaccine vector for foreign gene expression. J. 
Gen. Virol. 96, 40–45. doi: 10.1099/vir.0.068437-0

https://doi.org/10.3389/fmicb.2024.1442551
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/JVI.01514-06
https://doi.org/10.1128/JVI.01514-06
https://doi.org/10.1099/0022-1317-78-11-2813
https://doi.org/10.1006/viro.1997.8801
https://doi.org/10.3389/fmicb.2020.00769
https://doi.org/10.3389/fmicb.2020.00769
https://doi.org/10.1016/j.vaccine.2018.06.055
https://doi.org/10.1038/s41598-017-04267-7
https://doi.org/10.1128/JVI.78.18.10054-10063.2004
https://doi.org/10.1128/JVI.78.18.10054-10063.2004
https://doi.org/10.1016/s0166-0934(02)00249-5
https://doi.org/10.3390/v8070183
https://doi.org/10.3390/v8070183
https://doi.org/10.1006/viro.2000.0618
https://doi.org/10.1073/pnas.92.10.4477
https://doi.org/10.1128/jvi.76.4.2024-2027.2002
https://doi.org/10.1007/s00705-011-0932-0
https://doi.org/10.1007/s00705-007-0961-x
https://doi.org/10.1128/JVI.02389-05
https://doi.org/10.1128/jvi.76.24.12622-12633.2002
https://doi.org/10.1128/JVI.75.23.11868-11873.2001
https://doi.org/10.1099/0022-1317-83-11-2635
https://doi.org/10.1002/j.1460-2075.1992.tb05076.x
https://doi.org/10.1002/j.1460-2075.1992.tb05076.x
https://doi.org/10.1128/JVI.00666-14
https://doi.org/10.1128/JVI.73.6.5001-5009.1999
https://doi.org/10.1128/JVI.73.6.5001-5009.1999
https://doi.org/10.1002/j.1460-2075.1995.tb00266.x
https://doi.org/10.1637/9652-011111-Reg.1
https://doi.org/10.1099/0022-1317-80-11-2987
https://doi.org/10.1002/j.1460-2075.1994.tb06739.x
https://doi.org/10.1099/0022-1317-74-12-2539
https://doi.org/10.1016/j.ebiom.2020.103132
https://doi.org/10.2147/OV.S78600
https://doi.org/10.2147/OV.S78600
https://doi.org/10.1126/science.1057269
https://doi.org/10.1126/science.1057269
https://doi.org/10.1007/s11262-014-1137-x
https://doi.org/10.1099/vir.0.000067
https://doi.org/10.1371/journal.pone.0052751
https://doi.org/10.1111/cas.13468
https://doi.org/10.1099/vir.0.000142
https://doi.org/10.1099/vir.0.18884-0
https://doi.org/10.1099/vir.0.068437-0

	A novel approach for efficient co-expression of two foreign genes based on the reverse genetic system of Newcastle disease virus
	1 Introduction
	2 Materials and methods
	2.1 Cells and viruses
	2.2 Construction of the full-length cDNA clone of NDV from RT-PCR products
	2.3 Construction of rMuk-based cDNA clones containing the EGFP gene and EGFP/CFP genes, respectively
	2.4 Construction of three helper plasmids
	2.5 Transfection and recovery of recombinant viruses
	2.6 Biological characteristics of the rescued rMuk, rMuk-EGFP, and rMuk-E/C
	2.7 Examination and comparison of EGFP and CFP fluorescence intensities

	3 Results
	3.1 Construction of the full-length genome cDNA clone of the Mukteswar strain and recombinant full-length plasmids containing the EGFP and EGFP/CFP, respectively
	3.1.1 Generation of infectious recombinant NDV from full-length cDNA clone
	3.1.2 Biological characteristics of recombinant viruses
	3.1.3 Comparison of exogenous gene expression levels

	4 Discussion

	References

