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Abstract

The risk-based active surveillance for Newcastle disease virus (NDV) was carried out in
China from 2011 to 2020. A total of 110,018 swabs were collected from 28 provinces. 2,389
class | NDVs were isolated and identified by RT-PCR and sequencing. The average annual
positivity rate of class | NDVs from 2011 to 2020 was 2.17%. In the last 10 years, the positiv-
ity rate was highest in 2011 (4.76%), and has since decreased. Most viruses were isolated
from chickens, while others were collected from ducks, geese and pigeons, as well as from
the environment. The positivity rates for class | NDVs in poultry ranged from 0.55% to
2.40%. The viruses were isolated from 373 sampling sites in 24 provinces, mainly in East,
Central, South and Southwest China. The positivity rates of NDVs in wholesale markets
(51.58%) and retail markets (42.83%) were much higher than those in poultry farms (7.14%)
and slaughterhouses (3.85%). Phylogenetic analyses showed that most isolates belonged
to sub-genotype 1.1.2, while only 22 viruses belonged to sub-genotype 1.2, indicating the
viruses in sub-genotype 1.1.2 were the predominant strains in China. The F and HN genes
of six strains in the two sub-genotypes were sequenced and analyzed. The cleavage sites of
F protein in the six viruses were ""2ERQER/L'"”, ""ERQGR/L""” or ""2GRQERL""", which
were typical of low virulence NDV. Several mutations were identified in the functional
domains of F and HN proteins, including fusion peptide, heptad repeat region, transmem-
brane domains and neutralizing epitopes. This study revealed the distribution, genetic and
phylogenetic characteristics of class | NDVs in China, and could help us to better under-
stand the epidemiological context of class | NDVs in China.

Introduction

Newcastle disease virus (NDV), also termed as Avian paramyxovirus 1, belongs to the genus
Avian orthoavulavirusl (formerly designated as Avian avulavirus 1) in the family
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Paramyxoviridae [1]. NDV is an enveloped RNA virus with non-segmented, negative sense,
single stranded RNA genome, which includes at least three lengths: 15,186, 15,192 and 15,198
nucleotides [2]. The genome contains six genes coding for six structural proteins, including
nucleocapsid protein (NP), phosphoprotein (P), matrix protein (M), fusion protein (F), hem-
agglutinin neuraminidase protein (HN), RNA polymerase protein (L) and two nonstructural
proteins, V and W, which are encoded by RNA editing during P gene transcription [2,3].

Based on the viral virulence, NDVs can be classified into three groups, lentogenic, meso-
genic and velogenic strains [4]. The mesogenic and velogenic strains are defined as virulent
NDVs, while lentogenic strains are referred to as low virulence NDVs [5]. According to the
unified phylogenetic classification system, NDVs have been divided into two classes (class I
and class II) [1]. Class I strains have been condensed into a single genotype with at least three
sub-genotypes, with most viruses in class I classified as low virulence; only one virulent strain
was identified in an outbreak affecting laying hens in Republic of Ireland in 1990 [6]. The first
class INDV was isolated from France in 2003, then, the viruses appeared in waterfowl, wild
birds and subsequently spread to poultry [5,7]. Class II strains contain at least 21 genotypes,
including virulent and a range of low virulence strains. The common vaccine strains and the
virulent viruses causing the ND pandemics all belong to Class II.

In mainland China, class I NDV was first isolated in 2008 [8]. A retrospective investigation
showed that class I viruses were detected in domestic ducks in live bird markets (LBMs) in
East China from 2002 to 2007, indicating Class I NDVs have existed in China before 2008 [9].
However, although most class I NDV's have low virulence, the low virulence strains had the
ability to enhance virulence through consecutive passages in chickens [10-12]. In China, class
I NDVs widely existed in poultry and had the chance to acquire genetic variation, which may
have led to the increase in viral virulence. Therefore, it is of great significance to strengthen the
surveillance of class I NDVs in poultry and understand the viral distribution, prevalence status
and genetic characteristics to provide an early warning on the emergence of genetic variants.
In this study, 110,018 samples were collected from poultry in 28 provinces from 2011 to 2020,
and 2,389 class I NDV's were isolated, in which six viruses isolated in recent years were
sequenced and analyzed. Our study revealed the distribution and phylogenetic characteristics
of class I NDVs in China, and showed the amino acid mutations in functional domains of the
F and HN proteins.

Materials and methods
Ethics statement

This study was conducted according to the guidelines of animal welfare of the World Organi-
zation for Animal Health and approved by the Animal Welfare Committee of China Animal
Health and Epidemiology Center (Permit number: 2011-CAHECAW-02). Swabs collected
from the poultry in LBMs and poultry farms were approved by the owners of LBMs and poul-
try farms.

Virus isolation and identification

The 107,838 tracheal and cloacal or fecal swabs from poultry and 2,180 environmental swab
samples (waste water in LBMs) were collected randomly from 28 provinces in China during
the active surveillance program from 2011 to 2020. All swabs were collected by our group and
put into collection tubes with 1 mL of phosphate-buffered saline containing 2,000 U/mL peni-
cillin and 2,000 pg/mL streptomycin. All samples were inoculated into 9 to 11-day-old spe-
cific-pathogen-free (SPF) eggs for 72 h. The allantoic fluid was collected and identified by
standard hemagglutination assay and reverse transcription polymerase chain reaction
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Table 1. RT-PCR primers used for class I NDVs identification.

Name Sequence (5’—3’) Amplified product (bp)
CI-F ATGGATCCCAAGCCYTCTAC 433
CI-R TGGCTTGTATGAGKGCAGA

https://doi.org/10.1371/journal.pone.0264936.t001

(RT-PCR). The primers used to identify class I NDVs are shown in Table 1. The RT-PCR posi-
tive samples were sequenced at Beijing Genomics Institute, Beijing, China. Six strains isolated
in recent years were selected and purified through three passages in 9 to 11-day-old SPF eggs.

RNA extraction, RT-PCR and sequencing

Viral genomic RNA was extracted using High Pure Viral RNA Kit (Roche Applied Science,
Indianapolis, USA). The F and HN genes of six class  NDVs isolated from different provinces
were amplified by RT-PCR with SuperScript III One-Step RT-PCR Platinum Taq HiFi (Invi-
trogen) with primers (pairs 3-6) that have been described previously [13]. The amplified prod-
ucts were sequenced at Beijing Genomics Institute, Beijing, China.

Sequence analysis and phylogenetic studies

The F and HN gene nucleotide sequence assembly, editing, prediction of amino acid
sequences, alignments, and analyses were conducted with the Lasergene sequence analysis
software package (DNAStar, Madison, WI, USA). The consensus amino acid sequence was
derived from NDV strains of different genotypes or NDV vaccine strains, as described previ-
ously [14]. For phylogenetic analysis, the sequences of the F gene open reading frame (ORF) of
class INDVs were aligned using the Clustal W multiple alignment algorithm in MEGA. The
phylogenetic tree was constructed by the neighbor-joining method with 1000 bootstrap repli-
cates. The sequences used for phylogenetic analysis were downloaded from GenBank, and the
GenBank accession numbers are shown in the phylogenetic trees.

Results
Virus isolation and identification

A total of 110,018 swabs were collected from 28 provinces in China from 2011 to 2020 and
2,389 class I NDVs were isolated from 24 provinces and identified by RT-PCR and sequencing
(Fig 1). The class I NDVs mainly isolated from East, Central, South and Southwest China.

Distribution of class I NDVs

The average annual positivity rate of class  NDVs from 2011 to 2020 was 2.17%. Positivity rate
peaked at 4.76% in 2011, and then from 2012 to 2015, the positivity rate ranged from 1.90% to
3.03%. Over the last 5 years, positive rate was less than 2.00%. The numbers of samples, isolates
and positivity rates of class I NDV's for each year are shown in Table 2.

The class I NDVs were widely distributed, with most viruses (1839 NDVs) were isolated
from chickens, and the others from ducks, geese, pigeons and the environment. The positivity
rates of class I NDVs in poultry ranged from 0.55% to 2.40%, while the positivity rate in the
surrounding environment of LBMs attained up to 5.46% (Fig 2 and Table 3).

The 2,389 NDVs were collected from 373 sampling sites including 93 wholesale markets,
259 retail markets, 18 poultry farms and 3 slaughterhouses. The positivity rate of class I NDVs
in wholesale markets (51.58%) and retail markets (42.83%) were much higher than those in
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Fig 1. The provinces where class  NDVs were isolated.

https://doi.org/10.1371/journal.pone.0264936.9001

poultry farms (7.14%) and slaughterhouses (3.85%). The 373 positive sampling sites were pri-
marily located in East, Central, South, Southwest and Northwest China.

Phylogenetic analysis

Among the 2,389 isolates, a total of 2,367 viral isolates belonged to sub-genotype 1.1.2, while
only 22 viral isolates belonged to sub-genotype 1.2, indicating the isolates in sub-genotype
1.1.2 were the predominant class I strains in China. The accession numbers of 2,389 class I
NDVs are shown in S1 Table. Six viruses isolated from different provinces were selected and
purified, and their F and HN genes were sequenced. The phylogenetic tree based on the F gene
OREF showed that the five viruses isolated from Guangdong, Guangxi, Jiangxi, Sichuan and

Table 2. Pathogenic detection results of class I NDVs during 2011 to 2020.

Year Sample Positive sample Positivity rate (%) (95%CI)
2011 4,659 222 4.76 (4.15-5.38)
2012 9,678 184 1.90 (1.63-2.17)
2013 8,510 219 2.57(2.24-2.91)
2014 15,443 468 3.03 (2.76-3.30)
2015 14,885 379 2.55 (2.29-2.80)
2016 10,483 100 0.95 (0.76-1.14)
2017 13,934 278 2.00 (1.77-2.23)
2018 8,915 168 1.88 (1.60-2.16)
2019 12,126 166 1.37 (1.16-1.58)
2020 11,385 205 1.80 (4.52-5.00)
Total 110,018 2,389 2.17 (2.08-2.26)

https://doi.org/10.1371/journal.pone.0264936.t002
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Fig 2. The positive rate of class I NDVs in different hosts.
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Fujian provinces belonged to sub-genotype 1.1.2, while the virus isolated from the Ningxia
province belonged to sub-genotype 1.2 (Fig 3).

F and HN gene characteristics

Six class  NDVs isolated from different provinces and belonging to different sub-genotypes
were selected, purified, and their complete F and HN genes were amplified and sequenced

(detailed information shown in Table 4).
The cleavage sites of F protein in six viruses were ' '’ERQER/L'", "> ERQGR/L""” or

">GRQERL"", which were typical of low virulence NDV. In addition, there were six potential
glycosylation sites, Asn-X-Ser/Thr (N-X-S/T), in the F protein, which were highly conserved
in most NDVs. Analysis of amino acids in the functional domain of the F protein showed that
NX2209 had two amino acid mutations in fusion peptide, while the other five viruses had only
one amino acid mutation. For the heptad repeat region (HR), four mutations were identified

Table 3. Host distribution of class I NDVs.

Year Positivity rate (%) (positive samples / total samples)

Chicken Duck Goose Pigeon Environment
2011 6.14 (205/3,337) 1.40 (15/1,075) 0.83 (1/121) 1.82 (1/55) 0(0/71)
2012 2.09 (138/6,613) 1.56 (36/2,310) 0.54 (2/367) 2.07 (8/386) 0(0/2)
2013 2.82 (145/5,134) 1.50 (28/1,879) 2.15 (6/279) 0.84 (8/949) 11.90 (32/269)
2014 3.85(356/9,244) 1.49 (33/3,794) 1.64 (17/1,038) 0.64 (3/466) 6.55 (59/901)
2015 3.20 (338/10,571) 1.01 (31/3,060) 0.46 (2/433) 0 (0/624) 4.06 (8/197)
2016 1.03 (73/7,055) 1.03 (23/2,243) 0.90 (4/445) 0 (0/694) 0 (0/46)
2017 1.74 (201/11,535) 3.23 (53/1,641) 0.78 (2/255) 0.81 (2/248) 7.84 (20/255)
2018 1.71 (117/6,857) 3.58 (48/1,342) 0.55(1/182) 0.38 (2/524) 0 (0/10)
2019 1.39 (119/8,553) 1.98 (41/2,070) 1.47 (4/273) 0.25 (2/801) 0 (0/429)
2020 1.92 (147/7,650) 1.74 (51/2,926) 1.12 (6/537) 0.50 (1/201) 0 (0/0)
Total 2.40 (1,839/76,549) 1.61 (359/22,340) 1.15 (45/3,930) 0.55 (27/4,948) 5.46 (119/2,180)

https://doi.org/10.1371/journal.pone.0264936.t003
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Fig 3. Phylogenetic analysis based on the F gene ORF of six NDVs in class I. The assembly of the matrix sequences was performed using the Clustal W
algorithm in MEGA 6.05. The phylogenetic tree was constructed using a neighbor-joining method with 1000 bootstrap replicates. The GenBank accession

numbers and the sub-genotypes are shown in the tree.

https://doi.org/10.1371/journal.pone.0264936.9003

Table 4. Related information of six class I strains.

Isolates Abbreviation Accession number Province Time Cleavage site
F gene HN gene

duck/Ningxia/2209/2016 NX2209 MZ152805 MZ152811 Ningxia 2016 "2ERQERL'Y
chicken/Guangdong/1165/2019 GD1165 MZ152800 MZ152806 Guangdong 2019 '2ERQERL'Y
duck/Guangxi/1335/2019 GX1335 MZ152803 MZ152809 Guangxi 2019 ""ERQGRL"”
chicken/Jiangxi/1391/2019 JX1391 MZ152801 MZ152807 Jiangxi 2019 '?ERQERL"
chicken/Sichuan/1038/2019 SC1038 MZ152802 MZ152808 Sichuan 2019 "?ERQERL'
duck/Fujian/1046/2020 FJ1046 MZ152804 MZ152810 Fujian 2020 "">GRQERL"”

https://doi.org/10.1371/journal.pone.0264936.t004
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Table 5. Amino acid substitutions in the functional domains of the F protein.

Strains Fusion

peptide (117-

141 aa)

118 139
Consensus” I A
duck/Ningxia/2209/2016 \% S
chicken/Guangdong/1165/2019 | - S
duck/Guangxi/1335/2019 - S
chicken/Jiangxi/1391/2019 - S
chicken/Sichuan/1038/2019 - S
duck/Fujian/1046/2020 - S

HRa (143-185 aa) HRD (268-299 aa) HRc (471-500 aa) Transmembrane domain (501-521 aa)

153 156 170 270 472 482 |489 |509 511 513 514 516 517

<
>

A AR | R AR |
v}
ZU)U)(/!U!U}U
N ;v ;v »m v ;o
SRR R R R R ES

Z\|Z|Z\|Z |z

SR A<
> e |
olojloloolo|=
<l < IR I< << |

* The consensus amino acid sequence was derived from NDV strains of different genotypes.

b . . . .
Same amino acid as the consensus amino acid sequence.

https://doi.org/10.1371/journal.pone.0264936.t005

in NX2209 and more mutations were found in the other five viruses. The six isolates all had six
mutations in the transmembrane domain when compared with the consensus amino acid
sequence derived from NDV strains of different genotypes (Table 5).

The HN protein of GX1335 consisted of 585 amino acids, while for the other five isolates,
the HN protein consisted of 616 amino acids. The sialic acid binding sites and cysteine resi-
dues in the six viruses were completely conserved as in most NDVs. Five potential glycosyla-
tion sites at positions 49 (NAS), 119 (NSS), 341 (NDT), 433 (NKT) and481 (NHT) were
identified in the HN protein of GX1335, and one more potential glycosylation site at position
600 (NQT) was identified in the other five isolates. Analysis of the ten neutralizing epitopes in
the HN protein identified a total of six amino acid substitutions in NX2209 and 7-9 amino
acid substitutions in the other isolates belonging to sub-genotype 1.1.2 (Table 6).

Discussion

Lentogenic NDVs belonging to class I are commonly isolated from apparently healthy wild
birds and domestic poultry, and numbers of class I viruses obtained from poultry are increas-
ing in these years [7,13,15]. As reported, some lentogenic strains have the potential to become
virulent through circulation in poultry [12,16]. Therefore, it is necessary to monitor the class I
NDVs in poultry and understand their prevalence status and genetic characteristics. In this

Table 6. Amino acid constituting the neutralizing epitopes of the HN protein.

Strains 193-201
Consensus® LSGCRDHSH
duck/Ningxia/2209/2016 b
chicken/Guangdong/1165/2019 | R197K
duck/Guangxi/1335/2019 R197K
chicken/Jiangxi/1391/2019 R197K
chicken/Sichuan/1038/2019 R197K
duck/Fujian/1046/2020 R197K

263 287 321 332-333 346-353 356 494 513-521 569
N D K GK DEQDYQIR K G/D RITRVSSSS D
Q - - K333Q D349E 1352V R353K - - 1514V

R - - K333Q Q348H D349E 1352V - - 1514V K
R - - K333Q Q348H D349E - - R513P 1514V R516T K
R - - K333Q Q348H 1352V - - 1514V K
R - - K333Q Q348H D349E 1352V - - 1514V K
R - - K333Q Q348H D349E 1352V - - 1514V K

* The consensus amino acid sequence was derived from NDV vaccine strains.

b . . . .
Same amino acid as the consensus amino acid sequence.

https://doi.org/10.1371/journal.pone.0264936.t006
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study, the risk-based active surveillance of class I NDVs was carried out from 2011 to 2020,
and six viruses isolated from different provinces in recent years were characterized
genotypically.

Waterfowl are considered to be potential reservoir of NDVs, and both class I and class II
NDVs with different genotypes have been isolated from waterfowl [15,17,18]. In China, the
class I NDVs were mainly isolated from waterfowl before 2010 [7,9]. In our study, from 2011
to 2020, the positivity rates of class I NDVs in ducks and geese were 1.61% and 1.15%, respec-
tively. Prior studies have shown that waterfowl could play an important role in the evolution of
NDVs [15,16,19]. Therefore, it is necessary to carry out the surveillance of NDVs in waterfowl
to better understand the evolution of NDVs.

Aside from waterfowl, the class I NDVs were also isolated from other poultry, such as
chickens and pigeons. The positivity rate of class I NDVs in chickens was 2.40%, which was
higher than in waterfowl. The phylogenetic analysis showed that the viruses isolated from
waterfowl, chickens and pigeons all had high homology, indicating the class I viruses have
transmitted from waterfowl to terrestrial birds and were established in them. Furthermore,
some class I NDVs were isolated from samples collected from the environment in LMBs, with
the positivity rate attaining 5.46%. The high viral load of class I NDVs in the environment of
LBMs may be one of the important reasons for the virus steadily circulating and spreading in
poultry.

Based on the analysis of the F protein cleavage site, the six class I viruses were characterized
as lentogenic strains. Several amino acid substitutions were found in the functional domains of
the F gene, including the fusion peptide, HR region, transmembrane domain, and some muta-
tions such as 1118V, A139S, R153K, D170S, T270S, V509T, S511A, V5131, F514C and 1517V,
were also identified in other class I NDVs [13]. As reported, amino acid substitutions occur-
ring at the fusion peptide and HR region, or replacement of the transmembrane domain of
NDYV, could affect the fusion activity of F the protein [14].

For the HN protein, at least six different sizes (572, 574, 580, 581, 585 and 616 amino acids)
were identified in class I NDVs [13], and in our study, most isolates had an HN protein com-
posed of 616 amino acids, whereas only one virus was 585 amino acids. The size of the HN
protein was considered to be related to the genotype of NDVs in class II [20], but no relation-
ship was identified between HN protein size and sub-genotype in class I NDVs. When com-
pared with the commonly used vaccine strains, the strain in sub-genotype 1.2 had 6 amino
acid substitutions in the neutralizing epitopes, while the other five strains in sub-genotype
1.1.2 had 7-9 amino acid substitutions, in which the R197K, Q348H, R513P and R516T were
not observed in isolates belonged to sub-genotype 1.1.2 in China [13]. The amino acids in neu-
tralizing epitopes played an important role in the formation of antigenic epitopes, and muta-
tion in these positions could result in neutralizing escape variants [21,22]. Typically, NDVs
contain six potential glycosylation sites at positions 119, 341, 433, 481, 508 and 538 [23]. How-
ever, our six isolates all lacked the potential glycosylation sites at positions 508 and 538, and
had another one or two potential glycosylation sites at position 49 or 600. The effect of amino
acid substitutions in neutralizing epitopes and potential glycosylation sites of HN protein of
class INDVs needs to be further studied.

In summary, this study described the distribution and phylogenetic characteristics of class I
NDVs in China. The F and HN genes of six viruses were sequenced and several substitutions
were observed. Our study indicated that class I NDVs were widely distributed in China, and
had established a stable lineage in poultry. It is necessary to enhance the active surveillance of
class I NDVs and strength the biosecurity measures in LBMs and poultry farms, in case of
virus shedding and further spreading.
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