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Introduction: Newcastle Disease Virus (NDV) is a highly adaptable virus with large
genetic diversity that has been widely studied for its oncolytic activities and potential
as a vector vaccine. This study investigated the molecular characteristics of 517
complete NDV strains collected from 26 provinces across China between 1946-2020.

Methods: Herein, phylogenetic, phylogeographic network, recombination,
and amino acid variability analyses were performed to reveal the evolutionary
characteristics of NDV in China.

Results and discussions: Phylogenetic analysis revealed the existence of two major
groups: Gl, which comprises a single genotype Ib, and Gll group encompassing eight
genotypes (I, II, 1, VI. VII. VIII, IX and XII). The Ib genotype is found to dominate China
(34%), particularly South and East China, followed by VII (24%) and VI (22%). NDV
strains from the two identified groups exhibited great dissimilarities at the nucleotide
level of phosphoprotein (P), matrix protein (M), fusion protein (F), and haemagglutinin-
neuraminidase (HN) genes. Consistently, the phylogeographic network analysis
revealed two main Network Clusters linked to a possible ancestral node from Hunan
(strain MH289846.1). Importantly, we identified 34 potential recombination events
that involved mostly strains from VIl and Ib genotypes. A recombinant of genotype
Xll isolated in 2019 seems to emerge newly in Southern China. Further, the vaccine
strains are found to be highly involved in potential recombination. Therefore, since
the influence of recombination on NDV virulence cannot be predicted, this report’s
findings need to be considered for the security of NDV oncolytic application and the
safety of NDV live attenuated vaccines.

Newcastle disease virus, recombination, phylogeography, oncolytic, attenuated vaccine

1. Introduction

Oncolytic virotherapy is a novel approach to cancer treatment that has demonstrated
promising benefits (1). Oncolytic viruses replicate selectively in the tumor cells and engender
an anti-tumoral effect through direct oncolysis or indirect enhancement of bystander effects via
cytokine production, leading to tumor cell death (1). In the last decades, several viruses have
been evaluated for clinical trials as oncolytic virotherapy, among which is the aetiological agent
of new castle disease.
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Newecastle disease (ND) is a highly infectious avian viral disease
affecting a wide range of birds (2). ND was first identified in 1926 in
Indonesia and in 1927 in New Castle upon Tyne, England (3). Since
then, extensive ND outbreaks have been reported in many countries,
including Korea, the Philippines, India, Sri Lanka, and Japan. ND is
caused by Newcastle disease virus (NDV), a member of the Avian
orthoavulavirus 1 (AOAV-1) species from the Orthoavulavirus genus
of the Avulavirinae subfamily within the Paramyxoviridae family
[International Committee on Taxonomy of Viruses (ICTV), 2019'] (4).

NDV is an enveloped, non-segmented, negative-sense, single-
stranded RNA genome of approximately ~15,000 nucleotides (nt) in
length (5). NDV genome possesses six main genes encoding
nucleoprotein (NP), phosphoprotein (P), matrix protein (M), fusion
protein (F), haemagglutinin-neuraminidase (HN), and large polymerase
protein (L) (6), in addition to two non-structural proteins (V and W) in
virus-infected cells generated by RNA editing of P gene (7). The P gene
encodes three proteins (P, V;, and M), while the remaining five genes
encode a single major protein (8-10). HN and F are surface
glycoproteins mainly implicated in NDV pathogenesis. HN is involved
in receptor binding and is in charge of activating the F protein to induce
membrane fusion and facilitate virus entry (11, 12). HN is responsible
of the virus attachment to the sialic-acid-containing receptors to prevent
viral self-aggregation (13). The expression of the HN protein alters the
conformation of the NDV F protein that is responsible for virus budding
(14, 15). HN protein has been reported to determine the tropism (16).
NDV virulence depends on amino acid differences in the HN protein
(16). Therefore, HN-F proteins are implicated in determining the
virulence of NDV (16, 17).

M protein is responsible for the virion assembly at the host cell
membrane (18, 19). The N protein guards against nucleases in the
genome and forms the nucleocapsid structure (20). P protein is
essential for viral transcription and replication (viral RNA synthesis)
and helps maintain the L protein’s stability in the P-L complex (20). In
virulence, the P protein depends on the type of cell and NDV strain
(20); the L protein influences NDV virulence and controls the rate of
viral RNA synthesis during replication (21). Based on the clinical signs
and pathogenicity in chicken, NDV is categorized into four pathotypes
ranging from severe with a 100% mortality rate to asymptomatic
forms: velogenic, mesogenic, lentogenic, and asymptomatic enteric
(22), causing significant economic losses worldwide (23). A correlation
between the pathogenic and oncolytic properties of NDV has been
reported, where velogenic and mesogenic strains replicate more
efficiently in human tumor cells.

Historically, NDV was phylogenetically classified based on the
complete F gene sequences into two main classes: class I and class II
(24). The NDV class I was further divided into nine genotypes, and
class IT into eighteen (I-XVIII) genotypes. Recently, in 2019, Dimitrov
et al. proposed a unified updated NDV classification system in which
Class I encompasses a single genotype subdivided into three further
subgenotypes (1.1.1, 1.1.2, and 1.2), contrary to Class II, which is more
diverse with twenty genotypes (I to XXI) and containing most of the
ND outbreak reported strains (25, 26).

In China, the first ND outbreak occurred probably at the same time
as the initial ND global epidemic, dating back to the 1920s; however,

1 https://ictv.global/taxonomyinternational
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the cause was not identified until 1946 (27). Since the third ND
pandemic in late 1970 to 1980, eight genotypes of Class II, including I,
I1, 111, VI, VII, VIIL, IX and XIJ, have been isolated in China. According
to the epidemiological data, the VII genotype has been strongly linked
to large outbreaks in China, particularly between 2000 and 2015 (28).

Since the first observation of the NDV oncolytic effects in 1965
(29), the virus has been tested in various animal and human models
for anti-tumor activity (30-33). Currently, NDV is well known to
be used as a potent Oncolytic virotherapy (OV). NDV has been
reported as a genetically stable, easy to manipulate, modular genome,
and low recombination rate, making it a promising vaccine vector for
veterinary and human pathogens (34).

Up to now, NDV is one of the four species of OV anti-tumor
agents that were most used in China, in addition to Herpes Simplex
virus (HSV), adenovirus, and Alphavirus M1 stain (35, 36). However,
despite decades of in vitro and in vivo research studies on the NDV
oncolytic virotherapy advantages against cancer, few have been
accepted for clinical trials in China compared to other countries in
Europe and the US (37-39). Therefore, to close the translational gap
and help Lab knowledge reach the bed-side, we reviewed, using
bioinformatics, the genetic characteristic and genomic stability of
China NDV complete sequences reported between 1946 and 2020, and
uncover patterns of potential recombination in China-NDV strains
evolution and transmission during the last decades across 26 provinces.

2. Materials and methods
2.1. Dataset compilation

To track the evolution of China NDV strains and their genetic
diversity, we generated an updated complete genome sequence of all
China NDV strains dataset available on the NCBI GenBank database
where all available full-length genome sequences of ~15,000 nt in length
were collected. After alignment, all identical sequences and missing
sequences have been discarded. We evaluated a total of 517 China NDV
full-length sequences identified from 26 different regions between 1946
and 2020. 133 out of 517 viruses were identified during 2001-2010 and
368 during 2011-2020. The NDV strains were recognized by their
GenBank accession number, virus name, year, and country/region.

2.2. Construction of phylogenetic tree

All China-NDV complete sequences (517) were aligned with
ClustalW using the Molecular Evolutionary Genetics Analysis 11
software (MEGA11) (40) and edited using BioEdit v 7.2.5. A
Maximum Likelihood (ML) phylogenetic tree was constructed using
the IQ-TREE multicore version 1.6.12 with the best-fitting model
GTR+F+I+G4 and 1,000 bootstraps (41). The final dataset of the ML
method consisted of 15,235 positions. The tree was visualized and
modified using FigTree v1.4.

2.3. Similarity analysis

Genomic similarities between China NDV genotypes were
determined using fourteen China NDV representative full-length
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genome sequences for each genotype of the two identified groups: GI
and GII. The virus NDV/ Guangdong/05/2011 (GenBank ID:
MT4478740) was involved as a Query strain. The genomic similarity
plot was carried out using SimPlot ver.3.5.1 1 (42).

2.4. Phylogeographic network analysis

The phylogeographic network of the full-length genomic
sequences of NDVs was inferred using the Minimum Spanning
Network (MSN) implemented by PopArt v1.7 (43). The
phylogeographic network included strains reported from 26 different
regions of China (Table 1).

2.5. Recombination analysis

After alignment, the NDV full-length genome sequences (~
15,000nt) were imported into the RDP4 software package. The

TABLE 1 Geographic distribution of NDV genotypes in China during
1946-2020.

NDV viL Xie ve o vie i IxXeo 1 I Ib
genotype

Hunan 18 2 10 1 2 1 4 5
Hubei 8 9 1 1
Jiangxi 3 6 1 1 4
Shandong 11 14 3 2 5 4
Jiangsu 6 1

Taiwan 12 3 1 2
Shanghai 4 8 6 2 2 4
Fujian 2 1 2
Anhui 22 13 1 3 5 22
Zhejiang 1 1 1
Beijing 1

Hebei 4 1 2 1
Tianjin 7 21 1 1 3 3 5
Heilongjiang 6 1 1 4 1

Jilin 2 6 1 5 1
Liaoning 3 2 1
Shaanxi 2 2

Gansu 1 1 5
Qinghai 5 4 2 7
Ningxia 5 4

Xinjiang 2 1 5 1 1
Yunnan 2

Guizhou 2 2
Sichuan 2 1
Guangxi 10 1 61
Guangdong 5 5 52
Total 123 10 112 5 7 18 36 31 174

Central China (N=82), East China (N=196), North China(N=41), Northeast China
(N=81), Northwest China (N=32), Southwest China (N=17), South China (N=69).
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occurrence of recombination was explored using the seven algorithms
implemented in the RDP4 package, including RDP, GENECONY,
Bootscan, MaxChi, Chimera, SiScan and 3seq. A recombination event
was considered positive when supported by at least four of the
aforementioned algorithms. The parental sequences and mapping of
possible breakpoints were screened using SimPlot version 3.5.1. The
authenticity of recombination was further verified using

phylogenetic analysis.
2.6. Amino acids variability analysis

We retrieved separately the complete sequences of NDV ORFs
encoding the E HN, M, NP, P, and L proteins and were aligned
separately with ClustalW using the MEGA11 software (40). The
sequences were manually translated and edited using BioEdit v 7.2.5.
The amino acids variability map was determined using the Wu-Kabat
variability coefficient, implemented by the Protein Variability Server
(PVS) (44), using the formula V = N*k/n, where V is the variability, n
corresponds to the time that the most commonly recognized amino
acid at that position is available, k represents the number of different
amino acids at a given position and N is the number of sequences in
the alignment (45).

Vil
F xu
GII
vi
v
JX193078.1
= Ib GI

100

— 100 _
0.06

FIGURE 1

Phylogenetic analysis of the Newcastle disease viruses circulating in

China. Phylogenetic relationship among 517 NDV strains was based

on the complete genomic nucleotide sequences collected between

1946 and 2020. The NDV sequences were obtained from the NCBI

GenBank database and the tree construction was done using the ML

method with the best-fitting model GTR+F+1+G4 in the IQ-TREE

multicore version 1.6.12 after 1,000 bootstrap replication.
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Map showing the geographical distribution of NDV genotypes in China based on the full-length genomes. The pie charts demonstrate the relative
percentage of NDV genotypes for each of the 26 provinces. The pie charts in the left corner indicates the relative percentage of NDV genotypes
included in this analysis. NDV genotypes are color coded. Provinces names and borders are shown. Ib genotype is found to dominate China (34%),
followed by VII (24%) and VI (22%). Hunan province has the highest genotypic diversity with eight reported genotypes (VII, XII, VI, Ill, IX, 1, Il, and Ib).

3. Results

3.1. Newcastle disease virus Genotype Ib
dominates East and Central China

The ML phylogenetic tree based on full-length genomes showed
that NDV strains isolated in China during 1946-2020 from different
species, including chicken and duck, pigeon, Rough-legged Buzzard,
White-fronted Goose, Wild bird, and swine, cluster into two major
clades, GI and GII, where GI encompasses a single sub-clade Ib, while
GII comprises eight sub-clades (I, II, III, VI. VIL VIIL, IX and XII;
Figure 1; Supplementary Figure S1). The genotype Ib within GI clade,
and VII and VI genotypes within GII clade revealed the highest number
of strains, with N=174, 123, and 112 strains, respectively, indicating that
Ib genotype dominates China, particularly the Central and East China
(Hunan=61 and Jiangxi =52 strains, respectively; Table I; Figure 2). In
contrast, the VIII genotype is identified to be uncommonly distributed
in China with only 3 strains in Jiangsu: QH1(GenBank ID: F]751918),
QH4 (GenBank ID: FJ751919), and HR09 (GenBank ID: MF285077),
one strain in Guangxi: GXGB2011 (GenBank ID: MH715892), and one
(GenBank ID: EU293914;
Supplementary Figure S1). Furthermore, the VI genotype is shown with

in Shaanxi: Italien Table 1;
a large geographical distribution and has been identified in twenty-one
provinces, followed by VII in twenty provinces, and Ib in seventeen
provinces. Hunan province (Central China), Heilongjiang (Northeast),
and Jiangxi (East China) represent the geographical regions where most

of the NDV strains were isolated (N=72, 65, and 62, respectively),

Frontiers in Veterinary Science

whereas Hunan province shows the greatest NDV diversity among the
twenty-six provinces by having eight NDV genotypes (VII, XII, VL, I1I,
IX, I, I, and Ib) except the VIII genotype (Table 1; Figure 2). The Ib
genotype is found to dominate China (34%), particularly South and
East China, followed by VII (24%) and VI (22%; Figure 2).

3.2. Genomic characteristics of the China
NDV strains

Genomic sequence comparison of NDV strains circulating in
China revealed that F, HN, M and P gene sequences exhibit the lowest
genetic similarity levels, while the L gene encoding large polymerase
protein is shown to be the most stable with the greatest similarity
levels (Figure 3). Consistent with the phylogenetic tree results, the
full-length genomic sequences of the NDV strains collected in China
fell separately into two distinct groups: GI and GII (Figure 3).

3.3. The phylogeographic network analysis
of full-length genomes of China NDV,
1946-2020

We inferred the phylogeographic network of all the 517 full-length
NDV sequences to map the regional spread of NDV's during 1946-
2020. In agreement with our ML phylogenetic tree, the
phylogeographic analysis also showed two distinct mutational

frontiersin.org
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FIGURE 3

fourteen other representative strains from China.

Nucleotide position

SimPlot- Query: MT447874.1:NDV/Guangdong/05/2011(Guangdong-2011)
— KT760568.1:chicken/Guizhou/1032/2012(Guizhou-2012)

MK616244.1:goose/CH/GD/E115/2017(Guangdong-2017-XIl)
KC853020.1:NDV/crested ibis/China/Shaanxi10/2010(Shaanxi-2010)
MG840660.1:pigeon/Yunnan/1453/2017(Yunnan-2017)
MH715892.1:GXGB2011(Guangxi-2011-VIII)
EF201805.1:Mukteswar(Gansu-2006)
KC934169.1:Blackbird/China/08(Shaanxi-2008)
HM063422.1:D3(Guangdong-2007-1)
KP001164.1:Du/CH/HLJ/0214-2/2011(Heilongjiang-2011)
MH289853.1:NDV/Chicken/CN/JX/37A2/2016(Jiangxi-2016-11)
MN632515.1:Anseriformes/Taiwan/AHRI67/2011(Taiwan-2011)
KF361507.1:mallard/Jilin/2011(Jilin-2011)
KT223819.1:NDV/pigeon/China/Qinghai-02/2014(Qinghai-2014-1b)
MH289945.1:NDV/Chicken/CN/JX/17H2/2016(Jiangxi-2016-1b)

Similarity map of fifteen China NDV full-length representative strains. (A) Schematic diagram of the complete NDV genomic structure. From the 5" end
to the 3’ end are the ORFs encoding NP, P, M, F, HN, and L (large polymerase protein). (B) SimPlot similarity analysis results using SimPlot ver.3.5.1. The
virus NDV/Guangdong/05/2011(GenBank ID:MT447874.1) identified in Guangdong province in 2011 was used as the query sequence to compare with

Network Clusters (Figure 4). The network analysis suggests that NDV
strains in China are possibly radiated from strains reported in Hunan,
especially the NDV strain Anser_fabalis_ CN_HN_F2-119-2_2016_I
(GenBank ID: MH289846.1) isolated in Hunan in 2016. The Network
Cluster 1 (GI) is connected by four strains, e.g., R8_Guangdong-
2005-1 (GenBank ID: HM063424.1), CN_JX_13M_2016_Jiangxi-
2016-1b (GenBank ID: MH289917.1), pf CH_LHLJ_131047_
HeiLongJiang-2013 (GenBank ID: KJ607171.1) and Du_CH_
LFJ_104_2011_HeiLongJiang-2011 (GenBank ID: KM885159.1). On
the other hand, cluster 2 (GII) was shown to have high diversity with
multiple short and long mutational branches, where three strains,
La_Sota_C5_Shanghai-2011 (GenBank ID: KC844235.1), Md_CH_
LGD_1_2005_HeiLongJiang-2005 (GenBank ID: KM885167.1) and
Pigeon_China_su_2019_Beijing-2019-XXI (GenBank 1D:
MZ277623.1) connect most of the branches (Figure 4).

3.4. Potential recombination among China
NDV strains

Genetic recombination is known to be one of the main driving
forces behind the viral evolution and genetic diversity of pathogens
over time, impacting their virulence and Spatio-Temporal spread.
Given the possible effects of recombination on the security of NDV
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as an oncolytic virus and attenuated vaccine, we attempted screening
genetic exchanges and recombination patterns among our dataset
(whole genome sequences of 517 China NDVs). We identified 34
potential recombination events between 1946 and 2020, of which 17
were intragenotype and 15 were intergenotype, while only two
occurred between GI/GII clades: Events 1 and 4 (type Ib vs. I;
Table 2). Five recombination events occurred between strains of the
GI clade (Ib vs. Ib, Events 14, 16, 17, 18, 25); meanwhile, 27 other
events occurred between strains of the GII clade, twelve of which
were intragenotype (Events 20, 23, 24, and 26-34), and fifteen
intergenotype (Events 2, 3, 5-13, 15, 19, 21, and 22). Importantly,
our findings indicate that genotype VII is the most frequently
involved in potential recombination. Further, we have observed that
potential recombination involved strains from different species,
dominated by chicken and duck, in addition to pigeon, Rough-
legged Buzzard, White-fronted Goose, Wild bird, and swine
(Table 2).

We mapped the breakpoints of the identified recombination
events across the complete genomes and observed that ten of them
occurred within the large polymerase protein ORF (L protein),
including Events 1, 3, 5, 19, 23, 28, 29, 30, 31, 34 (Figure 5), six within
the NP protein (Events 4, 16, 17, 18, 21, 32), four within the F protein
(Events 7, 8, 20, 24), one within M protein (Event 9) and one involved
both M and F coding regions (Event 14; Figure 5). Therefore, the L
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FIGURE 4
Phylogeographic network analysis of China NDV complete genomic sequences. The phylogenetic network of 517 full-length genomes of NDVs was
inferred using the Minimum Spanning Network (MSN) implemented by PopArt v1.7. NDV strains collected from 26 provinces in China were grouped
into two major Network Clusters corresponding to Gl and Gll groups, with further sub-branches. The distance is proportional to the number of
mutations. Colors represent different provinces of China.

protein appears to be a hotspot for the genetic exchanges in China
NDV genomes.

Further, we substantiated the putative recombinant events by
generating phylogenetic trees based on different genomic
fragments. As shown in Supplementary Figures S2, S3, the
phylogenetic trees are not superimposed. In Event 3, the
recombinant GQ994433 in the fragment nt 13,000-15,000 based
phylogenetic tree is genetically closer to the minor parent QG/
Hebei07 (Supplementary Figure S2A). However, in the fragment
nt 5,100-6,400-based phylogenetic tree, the recombinant
GQY994433 is genetically closer to the major parent NDV/Duck/
CN/JX/75C2/ 2016 (Supplementary Figure S3A). The analysis of
other recombination events revealed similar results, confirming
the authenticity of the identified recombinants. Furthermore,
Simplot genomic similarity analysis using corresponding
recombinant as a query also corroborated the recombination
events (Supplementary Figure 54).
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3.5. Amino acids variability of NDV proteins

We assessed the amino acids variability landscape by
implementing the Wu-Kabat variability coefficient, provided by
the Protein Variability Server (PVS), and acquired the consensus
sequences of the NDV ORFs encoding the NP, P, M, F, HN, and L
proteins. The consensus sequence of NP protein was 489 aa, P
protein 399 aa, M 364aa, F 553 aa, and HN protein was 571 aa long
(Figures 6A-E), whereas the consensus sequences of L protein
were shown in Figures 7A-C. The P protein was identified to
be the most variable protein of NDV (Figure 6B), followed by the
HN (Figure 6E), F protein (Figure 6D) and NP protein
(Figure 6A), while the M protein (Figure 6C) was found to
be relatively conserved. Fragment aa 1,501-2,204 (Figure 7C) is
identified as highly variable compared to fragment aa 1-750
(Figure 7A) and fragment aa 751-1,500 (Figure 7B) of the
L protein.
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4. Discussion

complete genome sequences (34/517). Further, we have observed that
NDV potential recombination might occur between strains from

Recombination is an important evolutionary event of pathogens
that continuously shapes virus population variability; however, its role
in the evolution of negative-sense RNA viruses, particularly NDV, has
been debated. Herein, we assessed the evolution diversities among 517
complete genome sequences of China NDV strains. Although
recombination in negative-sense genome RNA viruses has been
reported to occur at a low rate (46), in this study, we identified a great
number of recombination events occurring among China NDVs’
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different species, particularly (chicken vs. duck), and provided
evidence that potential recombination also may occur between NDV
strains of swine and chicken lineages. Multiple potential recombinants
were identified to be resulting from different parental strains, such as
recombinant JX193078 (Events 1, 4, 19), recombinant GQ994433
(Events 2 and 3), recombinant AY225110 (Events 6 and 9),
recombinant, JF930146 (Events 11, 12, and 13) X193083 (Events 20,
21, and 22), recombinant MT301959 (Events 26 and 28), and
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The landscape of amino acid variation in China NDV strains during 1946-2020 determined by Wu-Kabat amino acids variability plotting. (A) NP protein,
(B) P protein, (C) M protein, (D) F protein, and (E) HN protein. Y-axes indicate the Wu-Kabat variability coefficient values, where the estimation limit was

“1." Above the threshold of "> 1" are variations. X-axes indicate the amino acid positions relative to the corresponding proteins.

recombinant KJ600786 (Events 30 and 34). The aforementioned
identified potential recombinants result from at least three different
parental sequences, which might indicate the high susceptibility of
some NDV strains to recombine with more viruses, thus generating
more new lineages. However, the recombination events identified in
this report were resulted from the bioinformatic analysis without
further confirmation by successful isolation of the recombinant
viruses from the single plaque clonal seletion, thus, the existence of
possibility of sequencing-based artificial recombination cannot
be completely exluded.

Given the substantial economic losses to the industry, intensive
vaccination against NDV is the main adopted control strategy (47).
However, the available inactivated and live attenuated NDV

Frontiers in Veterinary Science

vaccines are reported to decrease and prevent clinical ND but are
unable to reduce the virus shedding (48). Consistently, our results
have identified that potential recombination among China NDV
involves vaccine strains and occurs between circulating and vaccine
NDYV viruses. The recombinant JX193083 (Event 22) is found to
be resulting from recombination between the attenuated vaccine
strain LaSota (JF950510.1), the most widely applied vaccine (49),
and a circulating strain duck/China/Guangxi20/ 2010 (JX193081)
as major and minor parental sequences, respectively. The same
recombinant JX193083 is found resulting from different parental
strains in Event 20 and Event 21. Furthermore, the live attenuated
vaccine strain “V4” (AY225110) (49) is found to be involved in the
recombinant Event 11 as a minor parental sequence, and itself is a

10 frontiersin.org
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The landscape of amino acid variation in the L protein of China NDV strains during 1946-2020 determined by Wu-Kabat amino acids variability plotting.
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recombinant in Event 6 resulting from recombination between
chicken/China/ SD0901/2009 (KR338979) and JL-1(EU546165.2),
and in Event 9 resulting between chicken/ China/ SD0901/2009
(KR338979.1) and Du/CH/LAH/209/2011(KM885165.1) as minor
and major parental sequences, respectively. Therefore, we provided
evidence that NDV potential recombination between China NDV
circulating viruses and NDV vaccines may occur and suggest that
immunity imposed by the applied vaccination might be the driving
force of NDV recombination and one of the reasons behind the
NDV’s continuous evolution.

To better understand the epidemiology of China NDV strains,
we generated a phylogenetic tree based on the full-length genomes of
517 NDV strains and have found that China strains cluster into two
main groups GI comprising a single genotype and GII group subdivided
into eight further genotypes. Previously, it has been reported based on
the F gene phylogenetic tree of NDV that the VII genotype is prevalent
in China and that VIIc and VIId subgenotypes exist in China (50-52).
Our report identified genotype Ib as the most dominant, followed by
VII and VI. Viral adaptation to new environments and new hosts
depends highly on the ability to rapidly generate genetic diversity (53),
and the evolution of prevalent genotypes tends to be influenced by
vaccine immune pressure (54). Therefore, these findings need more
experimental exploration to deeply explain the mechanisms.
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Here, Shandong province in East China shows the greatest NDV
diversity, while Hunan province, Heilongjiang, and Jiangxi represent
the geographical regions where most NDV strains were reported. The
XII genotype comprising virulent viruses is identified as emerging in
Guangdong and is found to encompass recombinant strains: Event
28 (MT301959) collected in 2019 and resulting from recombination
between a major (MT301957) and a minor (MT301960) parental
sequences collected in 2019 alarming new lineages. The largest
economic circles of China, the Yangtze River Delta located in the East
and the Pearl] River Delta in the South (55), are regions of the highest
poultry population and farming and transportation network, which
might explain in part the distribution and genetic exchanges among
NDV strains. Further, we reconstructed the China NDV infection
paths using the phylogeographic network analysis to the evolutionary
scenario. NDV strains follow two major Network Clusters, with a
possible ancestral node from Hunan: strain CN_HN_F2-119-
2_2016_I (MH289846.1), corroborating the phylogenetic tree results.

Recently, oncolytic virotherapy has been known to have
tremendous advances in recent years. As a virotherapeutic agent,
NDV has demonstrated efficacious oncolytic activities in both
preclinical and clinical studies (30-32). The previous phylogenetic
analysis has reported that the virulent and oncolytic NDV Italien
strain (EU293914), cytotoxic to tumor cells within 24 h, is classified
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in the IV genotype (56). However, the EU293914 Italien strain seems
to be independent within genotype III of the GII group, genetically
close to the NDV vaccine Mukteswar strain (JF950509). Therefore,
our results revealed that NDV genomes may not be stable as it was
thought. Our report findings suggest that with extensive
recombination of the NDV genetic material, the risk of generating
strains with an unstable genome exists and that during replication of
NDV within tumor cells as an oncolytic virus might produce new,
less efficient progeny or might revert to the wild form. The identified
recombinants, especially genetic exchanges within F and HN coding
regions together, might complicate the virulence and complicate
research studies on both the oncolytic effect of NDV's and the vaccine
design against NDVs.

In summary, it has to be considered that avian co-infection with
NDV vaccine strains and NDV circulating strains may influence viral
virulence and the emergence of NDV outbreaks. Therefore, it is
necessary to thoroughly review the relationship between NDV
vaccination and circulating strains.
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