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ABSTRACT Pigeon paramyxovirus type 1 (PPMV-
1), a variant of Newcastle disease virus (NDV), causes
severe Newcastle disease (ND) in pigeons. However,
there is no PPMV-1 vaccine available worldwide. In
this study, a strain of PPMV-1 was isolated from out-
breaks in a vaccinated racing pigeon (Columbia livia)
loft in China, namely, PPMV-1/pigeon/Gansu/China/
02/2020 (GS02). Experimental infection with GS02
showed mortality rates of 100% and 87.50% in 4- and
12-week-old pigeons, respectively, suggesting that
GS02 is virulent and more sensitive to young pigeons.
The whole genome of GS02 determined the fusion (F)
protein possessing virulence cleavage site
112RRQKRF117. Phylogenetic analysis indicated that
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GS02 was a subgenotype VI.2.1.1.2.2 (VIk) of Class II
NDV and more closely related to the JS/06/20/Pi
(MW271791) strain, but it was far from the genetic dis-
tance from the commercial vaccine chicken-origin La
Sota strain. Using inactivated GS02 as a vaccine candi-
date and inactivated vaccine La Sota to immunize the
pigeons, both of them provided complete protection
against GS02 challenge. The GS02 vaccine candidate
induced higher antibody titers than the La Sota vac-
cine, and cross-reactivity testing showed antigenically
slight differences between GS02 and La Sota. These
results indicated that the GS02 candidate could be a
potential pigeon-derived vaccine for the prevention
and control of PPMV-1 in pigeons.
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INTRODUCTION

Newcastle disease (ND) is one of the most serious
viral diseases in poultry worldwide (Alexander, 2001).
It is caused by Newcastle disease virus (NDV),
which belongs to the genus Orthoavulavirus in the
subfamily Avulavirinae of the family Paramyxoviridae
(Amarasinghe et al., 2019). The NDV genome is a
single-stranded, negative-sense, nonsegmented RNA
that encodes 6 structural proteins, including nucleo-
capsid protein (NP), phosphoprotein (P), matrix
protein (M), fusion protein (F), hemagglutinin-neur-
aminidase (HN), the large protein (L), and 2 non-
structural proteins, V and W (Millar and Emmerson,
1988; Steward et al., 1993). According to the updated
unified classification system of NDVs, NDV strains
can be grouped into 2 major classes: Class I and Class
II. To date, there are 21 identified genotypes of Class
II (Dimitrov et al., 2019).
Pigeon paramyxovirus type 1 (PPMV-1) is an

antigenic and host variant of NDV, most of which
belongs to Genotype VI of Class II (Ujv�ari et al.,
2003). PPMV-1 was first identified in meat pigeons
in Iraq in 1978 (Kaleta et al., 1985), and pigeons as a
medium caused the third epizootic during the 1980s
(Collins et al., 1989). PPMV-1 was introduced into
Hong Kong in 1985, subsequently spread throughout
China, and now poses a serious threat to the Chinese
pigeon breeding industry and wild bird population
(Wang et al., 2015). Outbreaks of PPMV-1 infection
in racing pigeons are common every year, especially
affecting young and unvaccinated pigeons (Teske
et al., 2013). Pigeons infected with PPMV-1 show
neurological, respiratory, and digestive symptoms,
including moderate-to-severe depression with neck
twist, ataxia, crouching, paralysis, eyelid edema, diar-
rhea, and green loose stools (Marlier and Vindevogel,
2006).
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According to the definition of the World Organization
for Animal Health, avian paramyxovirus serotype I is
judged to be strongly virulent when its intracerebral
pathogenicity index (ICPI) is higher than or equal to
0.7 (OIE 2021). However, some studies have shown that
some pigeon paramyxovirus type I strains have F pro-
tein cleavage sites (112R/K-R-Q/K/R-K/R-R-F117) but
their ICPI is lower than 0.7 (Panda et al., 2004; Kim
et al., 2008). This amino acid composition allows the F
protein to be cleaved by intracellular furan-like pro-
teases present in all tissues of the host, resulting in a
virus that can cause infection in a wide range of tissues
(Nidzworski et al., 2011).

Pigeon racing is an increasingly popular sport, and
large international competitions can attract participants
from all over China (Celia, 2014). For example, the
Golden Island One-loft Race in China has a distance of
310 miles and prize money of 4 million Euros (Jerol-
mack, 2007; Proskura et al., 2014). However, racing
pigeons may be exposed to a variety of wild birds, free-
ranging poultry, and contaminated environments during
free-flight training and may become infected with
PPMV-1 (Celia, 2014). Birds from different breeders
and different regions are brought together for long-dis-
tance races, which not only promotes the spread of
pathogens, but the stress of transport often leads to vac-
cination failure (Liu et al., 2015a). The most commonly
used live vaccines La Sota and Clone-30 were Genotype
II of Class II (Liu et al., 2015a). These vaccines do not
protect vaccinated individuals from infection and viral
shedding in chickens (Kapczynski and King, 2005). The
outbreaks of ND in pigeons may be due to significant
biological, serological and genetic differences between
the prevalent NDV strain and the current vaccine strain
(Zhang et al., 2010; Liu et al., 2015a). Numerous studies
have shown that the use of vaccines genotypically
matched to prevalent strains provides better control of
ND by reducing viral shedding in infected birds (Miller
et al., 2007; Hu et al., 2009; Xiao et al., 2012; Roohani
et al., 2015; Liu et al., 2015b; Sun et al., 2017). The
immunogenicity of pigeon-derived Genotype VI of NDV
differs from the chicken-origin vaccine strain La Sota
(He et al., 2020; Xie et al., 2020). However, the protec-
tive properties of PPMV-1 as an inactivated vaccine and
commercial vaccine La Sota in pigeons are less known.
Therefore, the development of a usable PPMV-1 vaccine
has great commercial value to prevent ND in meat
pigeons as well as racing pigeons.

In this study, a GS02 strain of PPMV-1 was isolated
from a racing pigeon loft in 2020. The pathogenicity and
whole genome sequencing of GS02 were determined. An
inactivated vaccine candidate of GS02 was prepared and
compared with the inactivated vaccine La Sota in immu-
nization and challenge experiments in pigeons. Both
vaccines showed effective protection, and the GS02 can-
didate induced higher antibody titers than the La Sota
vaccine. These results suggested that inactivated
pigeon-derived Genotype VI could be a potential vaccine
for the prevention and control of PPMV-1.
MATERIALS AND METHODS

Ethics Statement

This study was carried out in strict accordance with
the recommendations in the Guide for the Care and Use
of Laboratory Animals of the Ministry of Science and
Technology of the People’s Republic of China. All ani-
mal experiments were reviewed and approved by the
Animal Ethics and Welfare Committee of Northwest
A&F University, and accords with the principles of ani-
mal protection, animal welfare and ethics, as well as the
relevant provisions of national laboratory animal welfare
ethics (Approval number: 2021022).
Cells and Animals

BHK-21 cells (ATCC CCL-10) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) (Life Tech-
nologies, United States) containing 10% fetal bovine
serum (FBS) (SeraPro, Germany) and 1% penicillin-
streptomycin (P/S). All 9-day-old specific pathogen-
free (SPF) embryonated chicken eggs and 1-day-old
SPF chickens were supplied from Yangling Green Bio-
Engineering Co., Ltd. (Yangling, China). All pigeons
were purchased from a pigeon farm in Yangling, China
and were housed in isolators throughout the experi-
ments. Adequate food and drinking water were pro-
vided. All pigeons were confirmed without antibodies
against NDV by performing hemagglutination inhibition
(HI) tests on the days before the experiments.
Virus Isolation and Identification

There were outbreaks of suspected ND in a racing
pigeon loft in Gansu Province, China, on September
2020. The brains, livers and kidneys of dead pigeons
were collected and homogenized. Then, the samples
were centrifuged after freeze−thawing 3 times to obtain
the supernatants. BHK-21 cells in 6-well plates were
infected with the supernatants to observe cytopathic
effects (CPEs), including syncytium formation. Total
RNA was extracted from the sample supernatants of
infected BHK-21 cells and allantoic fluids of 9-day-old
embryonated chicken eggs by TRI Gene Reagent (Gen-
Star, China) according to the manufacturer's instruc-
tions. The DNA was synthesized using a StarScript II
First-strand cDNA Synthesis Kit (GenStar, China). The
detection genes were amplified from the cDNA by PCR
utilizing Taq DNA Polymerase (GenStar, China), and
the primers were designed according to the conserved
sequence of PPMV-1. The sequence of the forward
primer was 5’-ATGGGCYCCAGAYCTTCTAC-3’,
and the reverse primer was 5’-CTGCCACTGC-
TAGTTGTGATAATCC-3’ (designed in the current
study). The program was as follows: 95°C for 5 min; 35
cycles of denaturation at 95°C for 30 s, annealing at 55°
C for 30 s, an extension at 72°C for 30 s, and a final
extension at 72°C for 10 min. The PCR products were
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visualized by 1% agarose gel electrophoresis and
sequenced.
Plaque Purification

To purify the isolated virus, the diluted supernatant
was infected with BHK-21 cells and then covered with
1% methylcellulose. After the plaques grew to the appro-
priate size, selected single plaques were inoculated into
the allantoic cavity of 9-day-old SPF embryonated
chicken eggs, and the above procedure was repeated
3 times. The isolate was designated PPMV-1/pigeon/
Gansu/China/02/2020 and abbreviated as GS02.
Transmission Electron Microscopy (TEM)

Allantoic fluids containing purified virus were centri-
fuged at 6000 rpm for 20 min, and 20 ml of supernatant
was used for TEM imaging. Samples were placed on par-
affin film, and 150-mesh carbon-coated copper grids
were placed over drops for 3 to 5 min. Then, they were
washed 5 times with distilled water and stained with 2%
phosphotungstic acid on a copper grid for 1 to 2 min.
The samples were covered with filter papers to absorb
excess liquids and dried at room temperature. The cup-
rum grids were observed, and images were taken under
TEM (HT7800/HT7700, HITACHI).
Biological Virulence Assessment

The virulence of the isolate was determined by the
mean death time (MDT) test on 9-day-old SPF embry-
onated chicken eggs and ICPI tests on 1-day-old SPF
chickens according to standard assay methods (OIE,
2021). Proliferation of this virus strain in chicken
embryos was achieved by inoculating 9-day-old embryo-
nated chicken eggs with 1000 PFU. Allantoic fluids were
collected every 24 h until 72 h. The viral titers at each
time point were determined by a hemagglutination
(HA) test.
Whole Genome Sequencing

RNA was extracted from allantoic fluids containing
purified virus using TRIGene and prepared for next-gen-
eration sequencing. Briefly, reverse transcription used
random hexamers. Subsequent DNase treatment and
cleanup was followed by second-strand synthesis before
library preparation using Nextera XT reagents and
sequencing on the NovaSeq 6000 (Illumina, Yangzhou,
China). Although originally described as a consensus-
level sequencing methodology, the depth of coverage
was such that deep sequencing analysis could also be car-
ried out. Bioinformatics analysis of the data was com-
pleted using the pipeline previously described.

Read quality trimming was performed using Skewer
(https://sourceforge.net/projects/skewer) (Jiang et al.,
2014) with an additional trimming filter for unreliable
sequences after a user-specified quality score. Host read
subtraction by read-mapping was performed by using
the BWASW program (Li and Durbin, 2009) against
ribosomal RNAs (16, 18, 23, 28, 5S, and internal tran-
scribed rRNA spacers were retrieved from the following
ftp site), bacterial genome sequences and the latest host
organism genome sequences. We then used SPAdes and
MEGAHIT software to de novo assemble the reads
obtained after removal of the abovementioned contami-
nation sequence. The de novo assembly followed the A5-
miseq pipeline (Coil et al., 2015). The final scaffolds
were subjected to bwasw read mapping and a mega blast
homology search against the NCBI NT database. The
complete genome of the isolate was submitted to Gen-
Bank (ID: OM640464).
Phylogenetic Analyses

A total of 44 complete amino acid sequences of the F
and HN genes of PPMV-1 were collected from GenBank
(Supplementary Table S1). Molecular evolutionary
genetic analysis (MEGA 7.0) software was used to con-
duct multiple amino acid sequence alignment using the
ClustalW algorithm. The phylogenetic tree based on the
amino acid sequences of the F and HN genes was con-
structed by using the maximum likelihood method with
the JTT + G substitution model (Jones et al., 1992) by
using the genotype II NDV strain La Sota (GenBank:
AF077761.1) as an outgroup. The tree was drawn to
scale with branch lengths measured in the number of
substitutions per site. The statistical significance of the
phylogenetic tree was assessed with a bootstrap value of
1000. The accession numbers of these NDVs used for
phylogenetic analysis are shown in the phylogenetic
trees. Evolutionary analyses were conducted in MEGA
7.0 (Kumar et al., 2016).
Challenge Experiment and Viral Load

To further determine the pathogenicity of the virus, 4-
week-old pigeons were randomly divided into 2 groups: 8
in the infected group and 3 in the control group. Twelve-
week-old pigeons were grouped in the same way as the 4-
week-old pigeons. All infected groups were inoculated
with 106 PFU of the GS02 virus in a 100-ml volume by
intramuscular injection. Additionally, the negative con-
trol group received the same volume of phosphate-buff-
ered saline (PBS) solution at pH 7.2. Subsequently, all
pigeons were observed daily for clinical signs, and clini-
cal symptoms, mortality, and morbidity were recorded.
Oropharyngeal and cloacal swabs were collected at 3, 6,
9, 12, and 15 d postinfection (dpi) and suspended in 800
ml of PBS with 20% glycerol and antibiotics (P/S, 4000
U/ml). Virus titers were determined by tissue culture
infectious dose (TCID50) assay in BHK-21 cells. Serum
samples from all surviving pigeons at 3, 6, 9, 12, and 15
dpi were collected for serological testing by the HI test
with GS02. Tissue samples were collected and observed
for pathological changes. A portion of each tissue was
fixed with 4% paraformaldehyde fixative and made into
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paraffin sections for hematoxylin-eosin (HE) staining.
The other portion of the tissues was subjected to
TCID50 assay.
Preparation of Inactivated Vaccine
Candidates

The virus was propagated in 9-day-old SPF chicken
embryos. The allantoic fluids were collected and centri-
fuged at 6000 rpm for 20 min. The supernatants were
taken and ultracentrifuged as described below. We
added 30% sterile sucrose to the bottom of the centrifuge
tube and slowly added the allantoic fluid at a ratio of
1:2. Subsequently, the samples were centrifuged at
20,000 rpm for 2 h at 4°C. The precipitates were resus-
pended in sterile PBS, diluted tenfold and inoculated
with 100-ml of each SPF embryonated egg, with the
virus titers were determined by 50% egg infectious dose
(EID50). Formaldehyde solution was added to viral sus-
pensions (EID50 = 108.35) to make final formaldehyde
concentrations of 0.1% that were incubated at 37°C for
24 h. To test the viability of the inactivated virus, 2
blind passages were performed in 9-day-old SPF embry-
onated eggs via allantoic cavity inoculation. During
each passage, the inactivated virus was inoculated into 5
eggs. Embryonic mortality was monitored for 6 d before
harvesting allantoic fluids for the next passage or stor-
age. Under the condition that all eggs survived, the inac-
tivated viral suspensions were filtered and desterilized
through a sterile 0.22-mm needle-type filter. The inacti-
vated viral suspensions with 4% were mixed with 96%
sterilized Tween-80 solution for preparation of the aque-
ous phase. The oil phase was prepared by mixing 94%
white oil-10 and 6% Span-80, adding aluminum stearate
at a final concentration of 2%, and then sterilizing with
an autoclave. The 25% water phase and 75% oil phase
were fully emulsified by an emulsion machine. At the
same time, oil adjuvant without inactivated virus was
prepared as a negative control. All of the above formula-
tions were inoculated on different plate cultures for ster-
ilization tests. Stability testing of emulsions involves
determination of stability during long-term storage at 4°
C and 25°C. The stored vaccine was centrifuged at
3000 rpm for 30 min to observe for stratification.
The Vaccination-Challenge Trial

A total of 24 pigeons at 12-week-old were randomly
divided into 5 groups: Groups 1 to 3 were vaccinated
with 6 pigeons each, and Groups 4 and 5 were negative
control groups injected with oil adjuvant of 3 pigeons
each. On Day 0, Group 2 was vaccinated with the inac-
tivated GS02 vaccine candidate, and Group 5 was vac-
cinated with virus-free oil adjuvant. At 15 d
postvaccination (dpv), Groups 1 to 2 received inacti-
vated GS02 vaccine candidates, and Group 3 received
inactivated commercial NDV (La Sota) vaccine
(EID50 = 108.5, purchased from Yangzhou Weike Bio-
logical Engineering Co., Ltd.), and Groups 4 and 5
received virus-free oil adjuvant. All pigeons were vacci-
nated with 0.5 ml by subcutaneous injection in the
neck (He, 2012; Aljumaili et al., 2020). Groups 2 and 5
received 2 immunizations, and the remaining groups
received only a single immunization. Group 5 is the
control of Group 2. The pigeons were later challenged
with 106 PFU of GS02 by intramuscular injection at 29
dpv. The timeline of immunization and challenge is
shown in Figure 7A. All pigeons were observed daily
for clinical signs, and clinical symptoms, mortality, and
morbidity were recorded. Serum samples were collected
at 10, 14, 24, and 28 dpv and analyzed using the HI
test with 4 HA units of antigens GS02 and La Sota.
Oral and cloacal swabs were collected at 32, 35, and 38
dpv. Viral shedding was detected by TCID50 and HA
assays of allantoic fluids after inoculation of embryo-
nated chicken eggs.
Cross-Inhibition Testing

The R-value of serum cross-inhibition was calculated
using the formula from a previous report (Archetti and
Horsfall, 1950). An R-value closer to 1 indicates a
greater correlation between serotypes. An R-value
greater than 0.8 indicates the same serotype, whereas an
R-value lower than 0.1 indicates a different serotype. An
R-value between 0.8 and 0.1 indicates a different subser-
otype.
Statistical Analysis

All experimental data were analyzed by an unpaired
Student’s t test using Prism 8.0 software (GraphPad
Inc., San Diego, CA). The values were expressed as the
mean § standard deviation (SD), and the significant
differences were assigned to P values < 0.05.
RESULTS

Outbreak and Virus Isolation

In September 2020, some racing pigeons with sour liq-
uid in the mouth, green feces, crooked neck, paralyzed
legs and even death in serious cases appeared in a racing
pigeon loft in Gansu, China. The mortality rate was
10%, and morbidity was 20%, with young pigeons
accounting for most of the cases. The main pathological
changes found after the dissection of the sick and dead
pigeons were inflammation of the intestinal mucosa,
bleeding of the glandular gastric mucosa, redness and
swelling of the lungs and bleeding spots in the trachea.
Based on the clinical symptoms and pathological
changes, the disease was suspected to be ND. Then, the
observation was confirmed for NDV infection by RT-
PCR. Before this outbreak, the racing pigeons in the loft
were vaccinated with a chicken conventional inacti-
vated-vaccine La Sota, which was originally isolated
from chickens. The preliminary serological test of several
sick racing pigeons revealed that HI titers of 21 to 23



Figure 1. Isolation and proliferation of the PPMV-1 GS02 virus. (A) Negative control of BHK-21 cells. (B) Syncytium formation (black solid
arrowhead) in brain tissue homogenates infected with BHK-21 cells 48 hpi. (C) Transmission electron microscope images of allantoic fluids of GS02
(black solid arrows). (D) HA titers of GS02 proliferation in embryonated chicken eggs. GS02, Gansu/China/02/2020; HA, hemagglutination; hpi,
hours postinfection; PPMV-1, pigeon paramyxovirus type 1.
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units showed low levels of antibody. Following infection
of BHK-21 cells with tissue homogenates from the dead
pigeons, we observed a CPE. The syncytia were obvi-
ously observed (Figures 1A and 1B). After plaque purifi-
cation 3 times on BHK-21 cells and inoculation into the
allantoic cavity of SPF embryonated chicken eggs, one
PPMV-1 strain was identified by RT−PCR assays. The
morphology of viral particles by TEM showed that
GS02 was a spherical or irregular shape with a diameter
of 100 to 400 nm and with a vesicle membrane and spikes
on the surface (Figure 1C), which was a typical para-
myxovirus particle. The proliferation of this strain in
chicken embryos reached 29.5 HA units at 72 h postinfec-
tion (hpi), as shown in Figure 1D, indicating that this
virus has the ability to effectively grow.
Sequence Analysis of the GS02 Strain

Next-generation sequencing of GS02 yielded a total
of 7,621,672 raw reads, of which 7,209,420 reads passed
quality filtering. After removing the host, bacterial and
rRNA reads and performing genome assembly,
2,508,679 reads were mapped. We used SPAdes and
MEGAHIT software to de novo assemble the reads to
obtain the whole genome sequence of the isolate, which
was designated PPMV-1/pigeon/Gansu/China/02/
2020 (GS02) under GenBank accession number
OM640464. The full-length genome of GS02 was
15,192 bp, and its gene order was 5’-NP-P-M-F-HN-L-
3’. The amino acid analysis was deduced at the F
protein cleavage site of GS02 with multiple basic amino
acids 112RRQKRF117, which is typical for virulent
NDV.
To investigate the evolutionary relationships between

isolate GS02 and other PPMV-1 strains, we performed a
genetic analysis. The phylogenetic trees were con-
structed based on the amino acid sequences of the com-
plete F and HN genes using MEGA 7.0 software.
According to the recently reported proposed NDV classi-
fication nomenclature system by Dimitrov et al. (Dimi-
trov et al., 2019), as shown in Figure 2A, GS02 was
classified into subgenotype VI.2.1.1.2.2 of Class II. It
was also classified into VIk based on another classifica-
tion system by Diel et al. (Diel et al., 2012; He et al.,
2020). Although NDV is evolving and the classification
system of Diel et al. is no longer perfect, Dimitrov et al.
updated the NDV classification system by identifying 3
new Class II genotypes and reducing the number of sub-
genotypes. According to the 2 classification systems, the
remaining 44 PPMV-1 strains in the phylogenetic trees
were shown in Supplementary Table S1. The majority of
PPMV-1 strains isolated from China after 2011 were
identified as VI.2.1.1.2.2. The evolutionary tree con-
structed from the amino acid sequences of F and HN
showed that GS02 was most closely related to the JS/
06/20/Pi (MW271791) strain (Figures 2A and 2B). The
F protein has 3 different amino acid sites, T20A, L28S
and V121I, and HN has only one amino acid site, A4V.
By comparing the amino acid sequence identities of F
and HN between GS02 and La Sota, we found 88% and
87.9%, respectively, and the GS02 strain is more



Figure 2. Phylogenetic analysis of GS02. The phylogenetic tree of the amino acid sequences of F (553 aa) (A) and HN (571 aa) (B). The trees
were constructed by the JTT + G substitution model and 1000 bootstrap replicates using the maximum likelihood method in MEGA 7.0 software.
The isolate in this study is indicated by a black solid circle. F, fusion, GS02, Gansu/China/02/2020; HN, hemagglutinin-neuraminidase.
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genetically distant from the vaccine strain La Sota com-
monly used for chickens.
Virulence and Pathogenicity of GS02

To determine the virulence of GS02, the MDT and
ICPI of the GS02 strain were 72 h and 1.36, respectively,
indicating that GS02 was moderately virulent.
Figure 3. Pathogenicity of GS02 in pigeons. (A) Survival curves of 4
pigeons. The clinical score was calculated as follows: 0, normal; 1, sick; 2, pa
per group per day are shown. (C) Serum antibody HI titers of GS02-infected
of pigeons. Swabs collected every 3 d were used for virus titration in BH
Gansu/China/02/2020; OP, oropharyngeal swabs. ns P > 0.05, *** P < 0.00
Furthermore, we infected pigeons of different ages with
GS02 to evaluate pathogenicity at a dose of 106 PFU
with daily observations, which revealed that all eight 4-
week-old pigeons died within 12 dpi, but one 12-week-
old pigeon still survived until 21 dpi, i.e., the mortality
rate was 100% for young pigeons and 87.5% for adults
(Figure 3A). In the infected group of 4-week-old pigeons,
one pigeon suddenly died, and one pigeon with severe
symptoms, such as paralysis, was observed at 4 dpi; 2
-week-old and 12-week-old pigeons. (B) Clinical scores of the infected
ralysis/torticollis/wing drop/incoordination; 3, death. The mean scores
pigeons. (D) Viral shedding of the GS02 virus in cloacal and oral swabs
K-21 cells. CL, cloacal swabs; HI, hemagglutination inhibition; GS02,
1.



Table 1. Viral shedding in GS02-infected pigeons.

Group 3 dpi 6 dpi 9 dpi 12 dpi 15 dpi

CL OP CL OP CL OP CL OP CL OP

(1) 4-week-old with GS02 8/8 6/8 3/3 2/3 2/2 1/2 - - - -
(2) 4-week-old with PBS 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3
(3) 12-week-old with GS02 8/8 4/8 8/8 5/8 2/4 1/4 1/4 0/4 0/1 0/1
(4) 12-week-old with PBS 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3

Abbreviations: CL, cloacal swabs; dpi, day postinfection; GS02, Gansu/China/02/2020; OP, oropharyngeal swabs; -, all pigeons died.
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pigeons died, and 2 pigeons exhibited severe clinical
signs, including head tremors, crooked necks, and unilat-
eral or bilateral wing paralysis, at 5 dpi. Twelve-week-
old pigeons were first observed clinically at 5 dpi. Some
pigeons in 2 age groups showed swollen eyelids, mild
conjunctivitis, and sunken eyeballs. Seven out of eight
12-week-old pigeons died during the whole experiment,
but all 4-week-old pigeons died (Figure 3B). As
expected, no clinical signs were observed in the control
group. The results indicated that GS02 was virulent in
pigeons. To evaluate the immune responses of the
infected pigeons, serum samples were collected from
each surviving pigeon at 3, 6, 9, 12, and 15 dpi. All serum
samples were negative at 3 dpi. As shown in Figure 3C,
the HI titers of the surviving 4-week-old and 12-week-
old pigeons at 6 and 9 dpi were almost the same, after
which the antibody titers of the surviving 12-week-old
pigeons gradually increased, reaching 9.50 (log2) HI
units in the 2 surviving 12-week-old pigeons at 15 dpi.

To determine viral shedding in inoculated pigeons,
oropharyngeal and cloacal swabs were collected from all
surviving pigeons. Viral shedding could be detected in
both oropharyngeal and cloacal swabs of inoculated 4-
and 12-week-old pigeons during the early experimenta-
tion period (Table 1). At 3 dpi, the cloacal swab virus
shedding rate was significantly higher in 4-week-old
pigeons than in oral swabs in 4-week-old pigeons (P <
Figure 4. Gross lesions of the organs in the 4-week-old and 12-week-old
tion, hemorrhage and necrosis in the pancreas. Hemorrhage from the gland
Reddening and swelling of the trachea.
0.001) and significantly higher than cloacal and oral
swabs in 12-week-old pigeons (P < 0.001; Figure 3D).
Dead pigeons were used for gross pathology observa-

tion, and tissue samples were collected for histopatho-
logical analysis. On gross examination, there were foci of
hemorrhage in the brain; congestion, hemorrhage and
necrosis in the pancreas; hemorrhage from the glandular
gastric papillae; swollen and friable liver with patchy
hemorrhage; and reddening and swelling of the trachea
(Figure 4). The pigeons in the control group did not
exhibit gross lesions. Histopathological results indicated
that GS02 caused the following moderate to severe tis-
sue pathological changes in 5 sampled tissues: perivascu-
lar lymphocytic cuffing in the cerebral and cerebellum
cortex; degeneration and necrosis of pancreatic cells;
vacuolar degeneration of intestinal villous epithelial
cells; and hemorrhage, degeneration and necrosis of
glandular gastric connective tissue (Figure 5). The age
of the pigeon did not seem to be strongly associated with
the types of tissue lesions. The tissue samples of 4- and
12-week-old pigeons from the cerebrum, cerebellum, tra-
chea, lungs, heart, liver, spleen, kidney, glandular stom-
ach, pancreas and duodenum were used to determine
the virus titers (Figure 6). Tissue virus titers in the cere-
bellum (P < 0.01), trachea (P < 0.05), kidneys (P <
0.01), glandular stomach (P < 0.05), and duodenum
(P < 0.05) were significantly higher in 4-week-old
pigeons. Lesions are as follows: Foci of hemorrhage in the brain. Conges-
ular gastric papillae. Swollen and friable liver with patchy hemorrhage.



Figure 5. Histopathology of GS02-infected pigeons. Pigeon tissues were fixed with 4% paraformaldehyde fixative, sectioned and stained with
hematoxylin and eosin. The histological lesions were as follows: perivascular lymphocytic cuffing in the cerebral and cerebellar cortex (black arrows).
Degeneration and necrosis of pancreatic cells. Vacuolar degeneration of intestinal villous epithelial cells. Hemorrhage, degeneration and necrosis of
glandular gastric connective tissues. GS02, Gansu/China/02/2020.
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pigeons than in 12-week-old pigeons. The results indi-
cated that the virus could effectively replicate in differ-
ent tissues of pigeons, and the virus proliferates faster in
young pigeons.
Protective Effects of the Inactivated GS02
Vaccine Candidate

To prepare the inactivated GS02 vaccine, the virus
was incubated with 0.1% formaldehyde for 24 h. The
Figure 6. Viral loads in different organs of GS02-infected pigeons. Virus
were quantified by serial end-point dilution in 96-well plates using BHK-21
between 4- and 12-week-old pigeons. * P < 0.05, ** P < 0.01. GS02, Gansu/C
inactivated virus was monitored by inoculated embry-
onic mortality. The inactivated vaccine fully emulsified
the water phase with the oil phase and passed the steril-
ity test. The water/oil vaccine preparation formed an
emulsion that remained intact for more than 3 months
at 25℃ or 4℃. These results indicate the stability of the
inactivated vaccine emulsified in the oil phase.
Groups 1 and 2 were vaccinated with the GS02 vac-

cine candidate, Group 3 was vaccinated with inacti-
vated La Sota vaccine, and Groups 4 and 5 were
vaccinated with oil adjuvant. Groups 2 and 5 were
titers of different tissues from dead pigeons (log10 median TCID50/ml)
cells. The asterisk indicates a significant difference in tissue virus titers
hina/02/2020; TCID50, tissue culture infectious dose.



Figure 7. Protective effects of inactivated GS02 vaccination on pigeons. (A) The timeline of immunization with different vaccines and chal-
lenges with the GS02 strain. (B) Survival curve of immunized pigeons after challenge with the GS02 virus. (C) HI titers of pigeons immunized with
different vaccines (with 4 HA units of antigens GS02). GS02, Gansu/China/02/2020; HA, hemagglutination; HI, hemagglutination inhibition.

Table 2. Viral shedding in GS02 postchallenged pigeons.

32 dpi 35 dpi 38 dpi

Group CL OP CL OP CL OP

(1) GS02 single dose 0/6 0/6 0/6 0/6 0/6 0/6
(2) GS02 double dose 0/6 0/6 0/6 0/6 0/6 0/6
(3) La Sota single dose 0/6 0/6 0/6 0/6 0/6 0/6
(4) Adjuvant single dose 3/3 1/3 3/3 3/3 1/2 0/2
(5) Adjuvant double dose 3/3 2/3 3/3 1/3 - -

Abbreviations: CL, cloacal swabs; dpi, day postinfection; GS02, Gansu/China/02/2020; OP, oropharyngeal swabs; -, all pigeons died.
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vaccinated twice, and the remaining groups were vacci-
nated once. After vaccination of pigeons by subcutane-
ous injection in the neck, no local or systemic reactions
were observed in Groups 1 to 5 of the pigeons. Impor-
tantly, all pigeons vaccinated with inactivated vaccine
(Groups 1−3) were healthy after the challenge
(Figure 7B), and none were found to shed the virus, as
shown in Table 2. These results indicated that the inac-
tivated vaccine provided full immune protection. The
pigeons in Groups 4 and 5 infected with virus-free oil
adjuvant showed obvious clinical signs, and the mortal-
ity rates were 66.7% and 100%, respectively, after the
challenge (Figure 7B). High levels of antibody titers in
Groups 1 to 3 were induced according to results of HI
test using GS02 antigen after vaccination (Figure 7C).
Importantly, inactivated GS02 vaccination induced
higher antibody titers than the commercial inactivated
La Sota vaccine, suggesting that the PPMV-1-matched
vaccine could elicit a better humoral response. Pigeons
in Group 2 showed an antibody titer of 28.20 after 2
immunizations with the GS02 candidate, showing a
higher antibody level compared to Group 1, but all had
a 100% survival rate after the challenge, which indi-
cated that our candidate vaccine was able to induce a
positive immune response. The serum cross-inhibition
test confirmed a modest difference in antigenicity
between GS02 and La Sota, as the R-value was 0.5,
indicating an antigenic difference between GS02 and
La Sota viruses within one serotype.
DISCUSSION

In recent years, outbreaks of PPMV-1 have commonly
occurred in racing pigeon lofts in China. We isolated the
PPMV-1 strain GS02 from an NDV-vaccinated loft in
Gansu Province and GS02 showed pathogenicity to
pigeons. GS02 belonged to subgenotype VIk and subge-
notype VI.2.1.1.2.2 of Class II classified by phylogenetic
analysis that differed from the commercial vaccine strain
La Sota of Genotype II. Although the prepared inacti-
vated vaccine candidate GS02 and commercial vaccine
La Sota effectively protected against GS02 challenge in
pigeons, the antibody level induced by the GS02 candi-
date was higher than that induced by the La Sota vac-
cine. The difference in the antigenicity of GS02 and La
Sota implied that the development of a genotype-
matched vaccine has potential for use in pigeons.
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Despite the La Sota vaccine used in the outbreak of
ND in a racing pigeon loft in Gansu Province, PPMV-1
still caused morbidity and mortality in this study. The
reasons might be due to low antibody levels against
PPMV-1. The low antibody level (21−23 HI units)
could be influenced in practice by individual differences
in pigeons, local inoculation operation, vaccine valid-
ity, dosage, etc. The commonly used vaccine La Sota is
genotype II, but PPMV-1 belongs to Genotype VI.
Comparing the immune efficacies of the La Sota vac-
cine and GS02 vaccine candidates, the GS02 candidate
induced a higher level of antibody in pigeons than the
La Sota vaccine. The serum cross-reactivity assay
showed an R-value of 0.5, indicating slight antigenic
differences between GS02 and La Sota. Previous stud-
ies showed insufficient protection rates of the commer-
cial La Sota inactivated vaccine against PPMV-1
ND32 strain with 50% (Ye et al., 2012) and PL strain
with 65% (He, 2012) in 5-week-old young pigeons, but
the protection rates of PPMV-1 candidate vaccines
were 100% (He, 2012; Ye et al., 2012). In addition,
numerous studies have shown that antigenic matching
between vaccine strains and prevalent strains can
increase the effectiveness of the vaccine in chickens
(Kim et al., 2008; Hu et al., 2009; Liu et al., 2015a).
Thus, using a genotype-matched vaccine is a potent
choice for the prevention and control of PPMV-1 in
pigeons. Here having a conflict that we found the La
Sota vaccine providing fully protection in pigeons com-
paring to previous reports (He, 2012; Ye et al., 2012).
Several factors might account for the differences in pro-
tection rate of La Sota vaccine between our study and
previous reports: age of pigeon, challenge route, chal-
lenge dose and the strain. We speculated that the age
of pigeons might be an important role in the protection
rate. The challenge experiments in 4-week-old young
pigeons or various age pigeons need to be investigated
to clarify this hypothesis in future.

The assessment of NDV virulence usually follows the
OIE protocol in chickens. PPMV-1, a pigeon-derived
pathogen, may not be suitable for assessment in chick-
ens. The MDT and ICPI of the GS02 strain were 72 h
and 1.36, respectively, indicating that it is moderately
virulent to chickens. However, the GS02 strain was
found to be virulent to pigeons based on challenge tests.
This suggests that the virulence of NDV strains is deter-
mined by MDT and ICPI, and clinical studies of hosts
susceptible to the genotype to accurately characterize
viral pathogenicity. This is consistent with previous
studies showing that the pathogenicity of PPMV-1
varies between pigeons and chickens. Highly virulent
PPMV-1 isolated from pigeons often shows weak or even
nonvirulence in chickens (Guo et al., 2014; Heiden et al.,
2014; Wang et al., 2017). However, the PPMV-1 strain
became more virulent when tested for pathogenicity and
clinical symptoms after successive passages in chickens
that caused ND (Alexander, 2011; Dortmans et al.,
2011). These studies, including our study, concluded
that pigeons should be used for pathogenicity testing of
PPMV-1 to assess real virulence. Moreover, the pathoge-
nicity of PPMV-1 could be age-dependent in pigeons
(Guo et al., 2014; Ren et al., 2017; Xiang et al., 2019).
Our study analyzed the differences in PPMV-1 pathoge-
nicity in different-aged pigeons, and the mortality rates
of young pigeons and adults were 100% and 87.5%,
respectively, indicating that the GS02 strain is more sus-
ceptible and pathogenic for young pigeons, which is con-
sistent with the clinical cases appearing in racing pigeon
lofts in Gansu.
In past decades, the genotypes of the known transmit-

ted NDV strains have undergone major shifts, although
they remain as a single serotype (Kapczynski et al.,
2013). The main subgenotypes of PPMV-1 affecting the
pigeon breeding industry in China are VI.1 and
VI.2.1.1.2.2. These viruses were originally identified in
China in 2005 and have been isolated in at least 20 prov-
inces (He et al., 2020). These 2 subgenotypes of PPMV-
1 could have been introduced into China from Europe
(Cai et al., 2011; Kapczynski et al., 2013; He et al.,
2020). According to Figures 2A and 2B, the GS02 strain
was genetically closest to the strains isolated in East
China, suggesting that PPMV-1 may have spread from
East China to Northwest China. Migration of birds,
phylogeographic analysis, and monitoring of PPMV-1 in
wild birds will contribute to a more detailed study of
PPMV-1 epidemiology.
In conclusion, we isolated a VIk subgenotype of the

PPMV-1 strain from a racing pigeon loft in Gansu Prov-
ince that was virulent in pigeons. Four-week-old young
pigeons could be susceptible to GS02 infection. The
immunization experiments of a prepared inactivated
GS02 vaccine candidate and La Sota vaccine in pigeons
showed effective protection, and the GS02 candidate
could induce high levels of antibodies. This study pro-
vides a potential application for the development of a
genotype-matched vaccine to prevent PPMV-1 in
pigeons.
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