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China is one of the highest producers of poultry meat output in the world, with a large scale of chicken rearing. Statistically
analyzed H9N2-subtype avian influenza viruses (AIVs) have become the dominant subtype in China’s live poultry market, with the
highest detection rate. Although H9N2 AIV is of low pathogenicity and tends not to cause serious disease and high mortality in
poultry, it poses a great challenge to the domestic poultry farming industry by causing a decrease in appetite, a decline in egg
production, and deaths caused by mixed infections with another pathogenic microorganism. Moreover, novel influenza viruses
(H7N9 and H3N8) infecting humans have emerged in China, and the H9N2 AIV provides all or part of the internal genes to the
new recombinant viruses, posing a potential threat to public health and safety and human health. In this research, six H9N2 AIVs
were isolated from feces or oropharyngeal swabs collected from live poultry markets and duck farms in Zhanjiang. After epidemi-
ological investigations, phylogenetic analyses, and molecular characterization, we found that the ZJ81 strain was a chicken–hu-
man–mink recombinant virus, the ML3 strain was a chicken-human recombinant virus, and all six virus strains of the virus had a
bias for the human receptor-binding site and a mutation that could cause an increase in virulence in mice. Therefore, surveillance
and control of H9N2 AIV should be strengthened to provide data support for cross-species transmission of H9N2 AIV.

1. Introduction

Avian influenza (AI) was first reported in Italy in 1878, with
outbreaks and high mortality in poultry, an event called
“avian plague.” However, it was not recognized as an influ-
enza A virus until 1955, and since then, avian influenza
viruses (AIVs) have been detected throughout the country [1].

Influenza A viruses are single-stranded, negative-stranded,
segmented RNA viruses consisting of 8 gene fragments encoding
12 proteins [2]. Hemagglutinin (HA), as a surface protein of
viruses, is one of the determinants of viral virulence, as it can
recognize host receptors and induce the fusion of viral vesicles
and cell membranes [3]. Neuraminidase (NA) and some studies
have indicated that a shorter length of the NA stem enhances the
ability of the virus to bind to the receptor and enhance the
virulence of the virus in mice [4, 5]. Influenza viruses are classi-
fied into subtypes based on their surface antigens, HA and NA.
To date, 18 HA and 11 NA subtypes have been identified from

birds and bats [2]. Nuclear proteins (NPs) are involved in the
transcription and replication of viral genomes [6]. The polymer-
ase complex proteins are composed of PA, PB1, and PB2
together. The PB1 protein is the core of the influenza virus
RNA polymerase complex. More and more studies are located
on PA protein’ host adaptation. There aremany amino acid sites
as a key on the PB2 protein, such as E627 K and D701 N, which
affect the pathogenicity, host adaptability, and transmission
capacity of the virus [5]. NS1 plays a key role in preventing
the host immune response by inhibiting Type I interferons
and influences viral replication, propagation, and virulence.
NEP plays a crucial role in the export of the viral genome
from the nucleus, regulating viral transcription and replication
[7]. The M gene encodes two proteins, M1 and M2, which,
together with the vRNP complex, carry out nuclear and cyto-
plasmic transport and play a key role in the packaging, mor-
phology, and transcription of viral particles. Another, the
M2 protein acts as an ion channel, the depolymerization of
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protein complexes, and the release of ribonucleoproteins.
Some researchers have demonstrated that M2 protein can
also affect virus replication by influencing cellular autophagy
[8]. The PB1-F2 encode in PB1 played an important role in
enhancing the virulence of H5N1 viruses. PA-X, encoded by
the PA gene, plays a role in viral replication, viral induction of
apoptosis, and virulence [9].

In 1966, the first strain of H9N2-subtype AIV was
detected from turkeys in Wisconsin, USA, and has since
become globally widespread [10]. The H9N2 virus was clas-
sified into two main branches according to epidemiologic
studies and phylogenetic analyses: the North American line-
age and the Eurasian lineage. The Eurasian lineage is further
divided into three branches: A/chicken/Beijing/1/94-like
(BJ/94-like), A/quail/HongKong/G1/97-like (G1-like), and
A/duck/HongKong/Y439/97 (Y439-like) [11]. The BJ/94-
like lineage in mainland China is predominantly found in
poultry. H9N2-subtype AIV has a wide host range. It is not
only common in poultry and wild birds but also cross-infects
mammals, especially humans [12]. In 1998, the first human
case of H9N2 AIV was observed in China. Since then, many
cases have emerged. Most importantly, H9N2 AIVs could
become a donor for other influenza viruses. That is, H9N2
AIVs provide gene fragments and recombines with other sub-
types of AIVs. Notably, human-infecting recombinant AIVs
have acquired all or part of the internal genes of H9N2 AIVs;
examples include H5N1 in 1997, H7N9 in 2013, and others
(H10N8, H5N6, H6N1 and H7N4) [13–19]. According to the
latest reports, the six internal genes of the H3N8 virus, which
causes human infection, are all derived from theH9N2AIV of
chicken origin [20].

H9N2-subtype AIV first appeared in Guangdong, China,
in 1992. This virus spread rapidly throughout China and
caused a large-scale outbreak of H9N2 in 1998, which spread
from farms throughout the country in a short time [21, 22].
In the same year, the first human was infected with H9N2
AIV in China. H9N2 is still spreading in poultry farms today
and has become one of the major influenza viruses affecting
animals on farms. According to research studies, H9N2 AIV
has been replaced H5N6 and H7N9 as the major subtypes in
China [23]. At present, there is a serious influenza epidemic
in European countries, such as AI A subtype H5. The author-
ities concerned have initiated animal culling and outbreak
investigations, and tens of thousands of poultry have been
culled. We have therefore carried out a series of work to
assess the health conditions of poultry and wild birds.

In this research, we mainly sampled the live poultry trading
market and farms in Zhanjiang City, Guangdong Province, from
2019 to 2021. The whole genomes of these H9N2 AIVs were
sequenced and analyzed by epidemiological investigations, phy-
logenetic analyses, and molecular characterization. Our study
provides strong data to support the prevention of cross-species
spread of H9=N2 AIV in domestic poultry.

2. Materials and Methods

2.1. Sample Collection and Sequence Information. We chose
to randomly collect fresh feces, oropharyngeal and cloacal

swabs from chickens, ducks, and geese at live poultry markets
in the east, south, west, and north of the Leizhou Peninsula
and assessed the health status of several representative farms.
A total of 227 samples were collected. The oropharyngeal
and/or cloacal swabs were placed into centrifuge tubes con-
taining penicillin, streptomycin, and glycerol of phosphate-
buffered saline. The sample tubes were stored at low tempera-
tures, transported immediately to the lab, and frozen in a
refrigerator at −80°C.

5742 HA sequences of the H9N2 AIVs from 2017 to July
2023 were downloaded from the GISAID database (GISAID
gisaid.org) and the NCBI database (Influenza Virus Data-
base, NCBI (nih.gov)). The repeat sequences that had the
same ID in the NCBI and GISAID databases were removed.
The retained sequences were subjected to host (wild bird,
poultry, human, and mammal) counts, isolation area counts,
and isolation time counts, and correlation charts were cre-
ated to reflect the prevalence of the H9N2 subtype of AIV.

2.2. Influenza Virus Isolation and Identification. SPF chicken
embryos of 9–11 days of age were selected, and the processed
samples were inoculated into the allantoic cavity, 0.2ml/
embryo [24]. After inoculation, the embryos were wax-sealed
and incubated in an incubator at 37°C for 72 hr. The
embryos were photographed after 24 and 48 hr, and the
dead embryos were removed and stored in a refrigerator at
4°C. After 72 hr, the chicken embryos were placed in a 4°C
refrigerator overnight. Allantoic fluid was aseptically har-
vested from chicken embryos, and 1% of chicken red blood
cells were configured for hemagglutination activity assay,
and hemagglutination-active viral fluids were preserved.
RNA extraction and viral reverse transcription of the allan-
toic fluid, and the above steps according to the instructions of
the reagent. The primers used to amplify the eight genes’
fragments of AIVs by RT-PCR will be provided upon rea-
sonable request. The whole genome sequence of AIV was
determined by second-generation sequencing. The sequenc-
ing data were merged and assembled for processing.

2.3. Model Selection and Evolutionary Dynamics. Sequence
splicing of the whole genome was performed by SeqMan in
DNASTAR 11.0 software; the sequences were analyzed by
BLAST comparison, and the top 100 sequences with the
highest nucleotide identity and the representative sequences
were downloaded as reference sequences. The six inner genes
segment sequences with the full length of the coding region
were retained to generate a genetic evolutionary tree using the
maximum likelihood (ML) method and 1,000 bootstrap
replications.

For the surface gene, multiple sequence comparisons were
performed using MAFFT, including the H9N2 sequence. The
duplicate and incomplete information sequences were deleted.
The optimal nucleotide substitution model was confirmed by
PhyloSuite (v1.2.2) software. TempEst (v.1.5.3) software was
used to evaluate the data for the presence or absence of a time
signal for molecular clock analysis [25]. The time to the most
common ancestor was evaluated using the BEAST package
(v1.8.4) with the GTR-F-R4 nucleotide substitution model for
HA sequences and the GTR-F-R3 nucleotide substitutionmodel
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for NA sequences and by choosing the appropriate clock model.
Markov chainMonte Carlo runs 50million states with sampling
every 5,000 steps, ensuring an effective sample size of more than
200 [26, 27]. Each tree ran three times independently and was
combined by Log Combiner. After a burn-in of 10%, the final
tree was summarized using TreeAnnotator. The tree was
summed using TreeAnnotator and embellished in FigTree
(v1.4.4) software [27].

2.4. Analysis of Key Amino Acid Mutation Sites of H9N2
Viruses. Sequence homology analysis was performed using the
DNASTAR 11.0 software MegAlign package, and noncoding
regions of the sequences were deleted. The H9N2 AIV protein
sequence obtained in this experiment was translated for cleavage
site and important amino acid site analysis.

2.5. Selection Analysis. Sequences downloaded from the NCBI
were processed with MEGA 11. 0, coding regions were retained,
and their non-synonymous substitutions (dN), synonymous
substitutions (dS), and dN/dS ratios were computed using the
software Launch DnaSP6.

2.6. Structural Simulation of the H9N2 AIV HA Protein. The
protein structure was predicted for A/Duck/Guangdong/
ML3/2019 AIV. The 3D structure of the HA protein of
AIV was constructed by using the Alphafold2 online site
[28], and the best model was selected. The molecular model
of HA protein was labeled with amino acid mutational sites
in different colors. The model was annotated on Pymol ver-
sion 2.6.0.

3. Results

3.1. Isolation, Identification, and Epidemiology of H9N2
AIVs. Six virus strains of AIVs subtype H9N2 were isolated
from 227 samples for a positivity rate of 2.6% in this research.
These six virus strains were named as follow: A/chicken/Guang-
dong/ZJ81/2021 (ZJ81); A/chicken/Guangdong/ZJ95/2021
(ZJ95); A/duck/Guangdong/ML3/2019 (ML3); A/ahicken/
Guangdong/DF4/2019 (DF4); A/chicken/Guangdong/ZJ92/
2021 (ZJ92); A/chicken/Guangdong/DF10/2019 (DF10). The
full-length sequencing of each of the genes PB2 (2,280nt), PB1
(2,274 nt), PA (2,151 nt), HA (1,683 nt), NP (1,497 nt), NA
(1,401 nt), M (971 nt), and NS (838 nt) were obtained by
second-generation sequencing.

Statistical analysis was done for different H9N2-subtype
AIVs worldwide from January 2017 to July 2023. The results
showed that the highest number of H9N2 AIVs were isolated
in 2018, 2,714 strains. The number of viruses isolated then
plummeted in 2019, with a trend of decreasing numbers in
subsequent years. To date, only five sequences have been
identified for 2023 (Figure 1(a)). The most significant number
of H9N2 strains were isolated in China (4,044 strains), account-
ing for 70.4% of the global isolates of H9N2 AIVs, followed by
Egypt (312 strains), Vietnam (218 strains), Uganda (227 strains),
Bangladesh (142 strains), Israel (109 strains), Pakistan (107
strains) and Indonesia (100 strains). Fewer strains have been
isolated in other countries (Figure 1(b)).

H9N2-subtype AIV has a wide host range. In the past few
years, this type of virus has been detected from a variety of

wild birds, poultry, and mammals. According to the data,
most virus strains were isolated from chickens (4,602 strains),
ducks (403 strains), geese (26 strains), pigeons (170 strains),
quail (152 strains), the environment (141 strains), wildfowl
(141 strains), humans (44 strains), bats (2 strains), 12 strains
mammals, including mink, civets, cats, badgers, swine, and
masked palm civet, and a well-defined category of poultry (51
strains), with chickens being the most susceptible to H9N2
AIV and being the primary host (Figure 1(c)). China is the
center of H9N2 AI, dividing 23 provinces into seven regions:
the Northeastern region, including Heilongjiang, Jilin, and
Liaoning; North China, including Beijing, Tianjin, Hebei,
Shanxi, and Inner Mongolia; Northwest China, including
Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang; Central
China, including Henan, Hubei, and Hunan; Eastern China,
including Shandong, Jiangsu, Anhui, Shanghai, Zhejiang,
Jiangxi, Fujian, and Taiwan; Southern China, including
Guangdong, Guangxi, Hainan, Hong Kong, and Macau;
Southwest China, including Chongqing, Guizhou, Yunnan,
Tibet, and Sichuan. These seven districts had AIV positivity
rates of 0.35%, 3.11%, 3.86%, 8.94%, 43.53%, 21.11%, and
19.56%, respectively, for the period from 2017 to July 2023.
It is worth noting that the AIV positivity rate was only 0.35%
in the northeast, with higher rates in Eastern China, Southern
China, and Southwest China, where AIV is predominantly
endemic (Figures 1(d) and 1(e)).

3.2. Phylogenetic Analysis. With the continuous evolution of
AIV, it gradually evolved into two major branches, the North
American and Eurasian branches. The six virus strains of viruses
studied are in the Eurasian lineage. The homology of genes
within each of the six AIV strains was HA: 91.7%−99.8%, NA:
94.6%−99.6%, M: 94.5%−99.8%, NS: 96.3%−99.4%, NP: 96.7%
−99.5%, PA: 94.1%−99.0%, PB1: 93.2%−99.8%, and PB2: 94.9%
−97.6%. The evolutionary tree of the HA gene showed two
major lineages, Eurasian and North American, and all six virus
strains in this research were located in the Eurasian branch.
Except for that of the ML3 strain, which formed a separate
branch, the HA genes of the other five viruses were clustered
with human AIV. The HA gene of the ZJ95 strain was 97.3%
homologous to that of the human strain (A/Jiangxi/00346/2021
(H9N2)), that of the DF10 strain was 98.3% homologous to that
of A/Guangdong/20SF15010/2020 (H9N2), that of the DF4
strain was 96.7% homologous to that of A/Guangxi/
NN10.19T-NGS/2018 (H9N2), that of the ZJ92 strain was
99.3% homologous to that of A/Guizhou/13392/2020 (H9N2),
and that of the ZJ81 strain was 98.5% homologous to that of
A/Jiangsu/602/2021 (H9N2) (Figures 2 and 3). Similarly, in the
NA evolutionary tree of H9N2 AIV, there were two major
lineages, and all six virus strains were on the Eurasian branch.
In contrast to the ML3 strain, the DF4, ZJ81, ZJ95, DF10, and
ZJ92 strains clustered with human influenza virus.

According to the phylogenetic tree, the PB2 genes of the
six virus strains were categorized into two groups, with ML3,
ZJ92, and ZJ95 being in the same group of PB2 genes as AIV of
human origin (A/chicken/China/A chicken Zhejiang 198 2019/
2019 (H9N2)), with more than 95% homology (Figure 4). The
PA genes of the six H9N2 AIV strains were categorized into two
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groups. Among them, the PA gene ofML3 is located in the same
group as that of the human-origin AIV (A/China/A Suzhou
GIRD01 2019/2019 (H9N2)), with 99.3% homology (Figure 4).
The NP genes of the six viral strains formed a group with more
than 96% homology to the NP genes of AIV of human origin
(A/China/A Suzhou GIRD01 2019/2019 (H9N2)). Therefore,
the ML3 strain was a chicken–human recombinant virus. The
M genes of the six virus strains of viruses in this research
belonged to three different groups, of which ZJ81 and ML3
were in the same group. The M genes of two human AIVs,
A/Changsha/26/2017 (H7N9) and A/Beijing/1/2017 (H9N2),
and A/mink/China/chick embryo/2018 (H9N2) mink AI,
belong to the same group as theM gene of ZJ81 virus (Figure 4).
The M gene of ZJ81 from the NCBI database has the highest
homology of 99.7% with that of A/Beijing/1/2017 (H9N2)
(Table 1). Thus, ZJ81 is a chicken–mink–human recombinant
virus.

The genomic origins of these six virus strains were analyzed.
The PB2, PA, HA, and NS genes of ML3 were derived from
the A/environment-air/Kunshan/NIOSH BL34 (H9N2)-
like gene pool, the PB1 and M genes were originated from the
A/chicken/Shanghai/11/2018 (H9N2)-like gene pool, and the
NP and NS genes originated from the A/chicken/China/
YBF13/2017 (H9N2)-like gene pool. The PB2, M, NA, NP,
NS, PA, and PB1 genes of DF4 were from the A/chicken/Shan-
dong/360/2021 (H9N2)-like gene pool, and the HA gene was

from the A/pigeon/Guangdong/G2169/2018 (H9N2)-like gene
pool. The PB2, HA, and NA genes of DF10 were from the
A/chicken/Guangdong/07.19_SZBJ003-C/2017 (mixed)-like
gene pool, the PB1, PA, NP, and M genes were from the
A/chicken/Dongguan/888/2022 (H3N8)-like gene pool, and
the NS genes were derived from the A/chicken/Shandong/
3424/2016 (H9N2)-like gene pool. The PB2, PA, NA, and NS
genes of ZJ81 were derived from the A/chicken/Shandong/049/
2020(H9N2)-like gene pool, the PB1, HA, and NP genes were
derived from the A/chicken/Shandong/65/2021 (H9N2)-like
gene pool, and it is worth noting that the M genes were derived
from the human-origin A/Beijing/1/2017(H9N2)-like gene pool.
ZJ92 and ZJ95 showed high homology; therefore, the PB2 gene
of both virus strains was derived from the A/chicken/Guang-
dong/28/2017(H9N2)-like gene pool, the PB1, NP, andM genes
were derived from the A/chicken/Shanxi/06.28_TGRL001-O/
2018 (H9N2)-like gene pool, and both the NS and PA genes
were derived from the A/chicken/Dongguan/14/2022 (H3N8)-
class gene pool (Figure 5).

3.3. Analysis of Key Amino Acid Mutation Site. To further
understand the potential threat of these six virus strains,
molecular markers for surface and internal genes of these
six H9N2-subtype AIVs were analyzed (Table 2). All six virus
strains of the cleavage site of the HA gene were PSRSSR/GLF,
with no contiguous multiple basic amino acids, implying that
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these H9N2 viruses had low pathogenicity. The six viruses
obtained in this research had the HA-Q226L mutation but
not the G228S mutation, indicating that the viruses have a
preference to bind to human receptors (α-2,6-SA) [29]. The
ML3 strain showed a T190Vmutation in theHA protein. This
means that the virus shows increased replication in mice, and
the rest of the virus strains do not have this mutation [30].
Additionally, all six virus strains have the D225G mutation in
the HA protein, which suggests the ability to increase trans-
mission and replication in pigs [31]. Of note is the presence of
a neck deletion in the NA gene of these six virus strains of the
virus, suggesting enhanced pathogenicity in mice [4]. Amino
acids 119, 151, 152, 224, 276, 292, and 312 of the NA protein
have been associated with protein activity and resistance to
the antiviral drugs oseltamivir and zanamivir, but the above
mutations were not observed in this study [32].

Amino acid mutations at position E627K and D701N in
the PB2 protein imply enhanced viral polymerase activity

and viral replication in mammalian cells [33]. None of the
six H9N2 viruses obtained here had these mutations. The
mutation of aspartic acid for serine at site 66 in the PB1-
F2 protein has been associated with raised viral pathogenesis
[34], and it is noteworthy that this mutation was present only
in ML3. Six virus strains of H9N2 AIVs had a K356R muta-
tion in the PA protein, which increases mammalian replica-
tion and pathogenicity, and it has been shown that the
presence of this mutation, along with the PB2-E627K muta-
tion, may enable avian H9N2 viruses to infect humans [35].
The PB1 of the six virus strains in this research was mutated
at position 622 (D622G), which enhances the toxicity of
H5N1 AIV in mice [36]. The NS1 protein had a serine muta-
tion at position 42, and the M1 protein had an Aspartate
mutation at position 30 and an Alanine mutation at position
215, implying that the viruses were more virulent inmice. The
M2-S31N indicated that these six virus strains had enhanced
drug resistance to amantadine [20]. The NS1/NS2 proteins
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A/chicken/Guangdong/8.22_HLYM009-C/2018_H9N2_2018.841
A/chicken/Yunnan/YN1352 /2018_H9N2_2018.197

A/chicken/Yunnan/10.16_DQRT001-O/2018_H9N2_2018.792
A/chicken/Vietnam/NCVD-LC2V3S2/2018_H9N2_2018.173

A/chicken/Vietnam/NCVD-LC5V2S4/2018_H9N2_2018.589

A/chicken/Vietnam/NCVD-LC4V2S1/2018_H9N2_2018.589
A/chicken/Vietnam/NCVD-18-167-19/2018_H9N2_2018.677

A/chicken/Vietnam/NCVD-18-71-1/2018_H9N2_2018.334
A/chicken/Vietnam/NCVD-NA3V3S4/2018_H9N2_2018.274

A/chicken/Vietnam/NCVD-NA3V2S5/2018_H9N2_2018.181
A/chicken/Guangxi/GX1262/2018_H9N2_2018.063
A/chicken/Guangxi/GX1261/2018_H9N2_2018.063

A/chicken/Vietnam/NCVD-18-70-12/2018_H9N2_2018.252
A/environment/Yunnan/10.16_DQWGH002-E/2018_H9N2_2018.792
A/chicken/Yunnan/10.16_DQWGH007-O/2018_H9N2_2018.792

A/chicken/Yunnan/YN2009/2018_H9N2_2018.866
A/chicken/Guangdong/1.18_SZBJ010-C/2017_H9N2_2017.049
A/chicken/Guangdong/1.18_SZBJ008-O/2017_H9N2_2017.049
A/environment/Fujian/F206/2017_H9N2_2017.101

A/chicken/China/55/2017_H9N2_2017.313
A/chicken/Jiangxi/2.28_NCDZT74K3-OC/2018_H9N2_2018.162

A/environment/Yunnan/3.20_DQSPZ027-E/2017_H9N2_2017.167
A/duck/Guangdong/ML3/2019_H9N2_2019.178

A/duck/Yunnan/12.22_DQWGH006-O/2018_H9N2_2018.975

A/chicken/Yen_Thanh/324VTC/2019_H9N2_2019.288

A/chicken/Vietnam/Raho6-18S-0774/2018_H9N2_2018.260
A/chicken/Vietnam/Raho6-18S-0775/2018_H9N2_2018.260

A/chicken/Guangxi/GX2155/2017_H9N2_2017.868
A/chicken/Guangxi/GX2095/2017_H9N2_2017.868
A/goose/Guangxi/GX2066/2017_H9N2_2017.868

A/chicken/Guizhou/Q2003/2017_H9N2_2017.795
A/goose/Guizhou/Q2311/2017_H9N2_2017.797
A/environment/Guizhou/Q2479/2017_H9N2_2017.797
A/duck/Guizhou/Q2418/2017_H9N2_2017.797

A/chicken/China/173/2018_H9N2_2018.668
A/chicken/Fuzhou/173/2018_H9N2_2018.836

A/chicken/Foshan/G403/2019_H9N2_2019.353
A/chicken/Foshan/Ga25/2019_H9N2_2019.945

A/chicken/Guangdong/DF4/2019_H9N2_2019.238

A/chicken/China/8-321/2021_H9N2_2021.962
A/chicken/China/8-3-1/2021_H9N2_2021.962

A/chicken/Foshan/128/2021_H9N2_2021.030
A/Hunan/00468/2021_H9N2_2021.074

A/Guizhou/13392/2020_H9N2_2020.421

A/chicken/China/3-1/2022_H9N2_2022.003
A/Anhui-Langya/1144/2022_H9N2_2022.085

A/Fujian-siming/19/2021_H9N2_2021.011

A/Fujian-siming/1348/2020_H9N2_2020.342

A/environment/Jiangsu/0114/2021_H9N2_2021.444

A/environment/Jiangsu/1191/2020_H9N2_2020.805

A/chicken/China/D16/2022_H9N2_2022.397
A/chicken/China/2HAO/2022_H9N2_2022.260

A/chicken/China/6HAO/2022_H9N2_2022.003

A/chicken/China/4-1JN/2022_H9N2_2022.044

A/chicken/China/D2/2022_H9N2_2022.397
A/chicken/Shandong/099/2020_H9N2_2020.978

A/chickens/ShangQiu/01/2021_H9N2_2021.003

A/chicken/Anhui/10.29_YHZGS014-O/2018_H9N2_2018.827
A/chicken/Jiangxi/5.28_NCDZT41N3-OC/2018_H9N2_2018.405

A/chicken/Anhui/1.20_YHZGS017-O/2019_H9N2_2019.005
A/chicken/Jiangxi/8.28_NCDZT60X3-OC/2018_H9N2_2018.658

A/chicken/Jiangxi/7.25_NCDZT16U3-OC/2018_H9N2_2018.564
A/chicken/Jiangxi/10.31_NCDGL007-O/2018_H9N2_2018.833
A/chicken/Jiangxi/10.31_NCDGL001-O/2018_H9N2_2018.833

A/duck/Jiangxi/7.25_NCNP77U3-OC/2018_H9N2_2018.564
A/duck/Jiangxi/X2457/2018_H9N2_2018.778

A/chicken/Shandong/Taian29/2022_H9N2_2022.184
A/chicken/Shandong/Weifang31/2022_H9N2_2022.184

A/pigeon/China/146/2022_H9N2_2022.003

A/chicken/Guangdong/ZJ95/2021_H9N2_2021.022

A/duck/Guangdong/FS91/2022_H9N2_2022.924
A/environment/Xiamen/01/2021_H9N2_2021.019
A/environment/Xiamen/02/2021_H9N2_2021.022
A/environment/Xiamen/03/2021_H9N2_2021.022

A/environment/Jiangsu/zi1055/2021_H9N2_2021.244

202020152010

3.0

20052000

A/Hubei-Fangxian/218/2021_H9N2_2021.112

A/Guangdong/20SF15010/2020_H9N2_2020.615
A/Guangdong/00470/2021_H9N2_2021.090

FIGURE 2: Phylogenetic tree of the HA genes of H9N2-subtype AIVs. Evolutionary trees with Bootstrap values >70% were generated by 1,000
bootstrap replicates using Bayesian inference. Viruses are labeled with different colors depending on the host (red: chicken, orange:
environment, blue–green: duck, dark blue: pigeon, dark green: human, purple: wild bird, brown: goose, yellow: mink, light purple: cat).
The red circles and font show the six H9N2 AIV strains isolated in this study, and the green font shows human influenza (H9N2). The pink
background indicates the Eurasian branch and the blue background indicates the North American branch.
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have a mutation in N2D, suggesting increased virulence and
IFN-B antagonism [37] (Table 2).

3.4. Selection Pressure Analysis. Selection pressure is one of
the main driving forces of viral evolution. Selection pressure
acts on a virus through the host immune system when the
virus infects host cells, and the virus responds to the pressure
through gene mutation or gene recombination mechanisms.
Thus, it changes its adaptability and invasion. The evolution-
ary dynamics of the H9N2 virus were analyzed by calculating
the synonymous (dS) and nonsynonymous (dN) substitu-
tions of its eight gene segments, showing that all segments
had dN/dS< 1, implying that the H9N2 virus experienced neg-
ative selection pressure. As the dN/dS ratio approached 1,

adaptive evolution occurred. Compared with other gene seg-
ments, the PA,M2, andNS1 genes experienced stronger selec-
tion pressure, and PB1 and PB2 experienced the weakest
selection pressure. It was also found that the dN/dS of the
M2 gene> dN/dS of the M1 gene and the dN/dS of the NS1
gene> dN/dS of the NEP gene, which suggested that M2 and
NS1 underwent tachytely, in contrast to theM1 gene andNEP
gene, respectively (Table 3 and Figure 6).

3.5. The HA Protein Structure of H9N2 AIV. The protein
structure of the ML3 AIV was constructed, and the positions
of the key amino acids are marked with different colors in the
figure; they are basically located in the head of the HA pro-
tein (Figure 7).

Chicken

2000 2005 2010 2015 2020

A/environment/Jiangsu/1197/2020_H9N2|_2020.962
A/environment/Jiangsu/1190/2020_H9N2_2020.787

A/environment/Jiangsu/1239/2020_H9N2_2020.948
A/chicken/China/2088/2020_H9N2_2020.437

A/environment/Jiangsu/0114/2021_H9N2_2021.444

A/chicken/Shandong/049/2020_H9N2_2020.005

A/chicken/Guangdong/GZ12713/2019_H9N2_2019.153

A/chicken/Shandong/303/2021_H9N2_2021.625

A/environment/Xiamen/03/2021_H9N2_2021.022

A/pigeon/Fujian/3.15_FZHX0009-C/2018_H9N2_2018.203

A/chicken/Fujian/SD070/2017_H9N2_2017.164
A/chicken/Fujian/SD056/2017_H9N2_2017.164

A/chicken/Fujian/SD037/2017_H9N2_2017.164

A/chicken/Fujian/1.25_FZHX0004-0/2018_H9N2_2018.068

A/chicken/Fujian/10.23_FZHX0103-0/2018_H9N2_2018.811
A/chicken/Fujian/9.24_FZHX0099-0/2018_H9N2_2018.732

A/chicken/Fuzhou/169/2018_H9N2_2018.836
A/chicken/Fuzhou/192/2018_H9N2_2018.836

A/chicken/Fuzhou/184/2018_H9N2_2018.836
A/chicken/China/63/2019_H9N2_2019.427

A/chicken/Jiangxi/1.11_NCDZT25F2-OC/2017_H9N2_2017.030

A/chicken/Jiangxi/1.11_NCDZT28G2-OC/2017_H9N2_2017.030

A/chicken/Guangdong/GZ15274/2019_H9N2_2019.940
A/chicken/Guangdong/GZ15513/2020_H9N2_2020.022

A/chicken/Guangdong/7.18_SZBJ008-O/2018_H9N2_2018.545
A/chicken/Guangdong/7.18_SZBJ011-O/2018_H9N2_2018.545
A/chicken/Guangdong/7.18_SZBJ014-O/2018_H9N2_2018.545

A/chicken/Guizhou/06.30_ZYLJJ002-O/2018_H9N2_2018.422
A/chicken/Guangdong/9.28_SZBJ017-O/2017_H9N2_2017.742
A/chicken/Guangdong/9.28_SZBJ019-O/2017_H9N2_2017.742
A/chicken/Guangdong/9.28_SZBJ020-O/2017_H9N2_2017.742
A/chicken/Guangdong/9.28_SZBJ018-O/2017_H9N2_2017.742
A/chicken/Guangdong/9.28_SZBJ025-O/2017_H9N2_2017.742
A/chicken/Guangdong/9.28_SZBJ001-O/2017_H9N2_2017.742

A/chicken/Guangdong/4.24_SZBJ004-O/2017_H9N2_2017.312
A/chicken/Guangdong/4.24_SZBJ006-O/2017_H9N2_2017.312
A/chicken/Guangdong/4.24_SZBJ002-O/2017_H9N2_2017.312
A/chicken/Guangdong/4.24_SZBJ007-O/2017_H9N2_2017.312
A/chicken/Guangdong/5.24_SZBJ033-C/2017_H9N2_2017.395

A/chicken/Fujian/1.17_FZHX0114-O/2017_H9N2_2017.047
A/chicken/Fujian/1.17_FZHX0104-O/2017_H9N2_2017.047
A/chicken/Fujian/1.17_FZHX0102-C/2017_H9N2_2017.047
A/chicken/Fujian/1.17_FZHX0113-C/2017_H9N2_2017.047
A/chicken/Fujian/1.17_FZHX0101-C/2017_H9N2_2017.047

A/chicken/Fujian/S1XA35/2017_H9N2_2017.164
A/chicken/nantong/01/2017_H9N2_2017.249

A/chicken/Jiangsu/TM306/2017_H9N2_2017.682

A/Fujian-Sanyuan/2881/2019_H9N2_2019.847

A/Hunan/11173/2020_H9N2_2020.306

A/Guizhou/13392/2020_H9N2_2020.421
A/Sichuan/03474/2021_H9N2_2021.323

A/chicken/Guangdong/DF4/2019_H9N2_2019.238
A/chicken/Guangdong/ZJ81/2021_H9N2_2021.016
A/chicken/Guangdong/ZJ95/2021_H9N2_2021.022

A/chicken/Guangdong/DF10/2019_H9N2_2019.238

A/chicken/Guangdong/ZJ92/2021_H9N2_2021.022

A/duck/Guangdong/ML3/2019_H9N2_2019.178

A/Jiangsu/602/2021_H9N2_2021.422

A/Jiangsu/602/2021_H9N2_2021.419

A/Guangdong/00470/2021_H9N2_2021.090

A/Guangdong/20SF15010/2020_H9N2_2020.615

Environment
Duck
Human

Wild bird
Goose

Pigeon

NA

FIGURE 3: Phylogenetic tree of the NA genes of H9N2-subtype AIVs. Evolutionary trees with Bootstrap values >70% were generated by 1,000
bootstrap replicates using Bayesian inference. Viruses are labeled with different colors depending on the host (red: chicken, orange:
environment, blue–green: duck, dark blue: pigeon, dark green: human, purple: wild bird, brown: goose, yellow: mink, light purple: cat).
The red circles and font show the six H9N2 AIV strains isolated in this study, and the green font shows human influenza (H9N2). The pink
background indicates the Eurasian branch and the blue background indicates the North American branch.
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A/turkey/California/189/66 (H9N2)
A/green-winged teal/Wisconsin/228/1976 (H9N2)

A/turkey/Wisconsin/1/1966 (H9N2)
A/wild bird/Korea/8G39/2005 (H9N2)

A/mallard/California/6585/2009 (H9N2)
A/mallard/Southcentral Alaska/12ML01015/2014 (H9N2)

A/shorebird/Delaware Bay/127/2003 (H9N2)
A/northern shoveler/Interior Alaska/8BM3470/2008 (H9N2)

A/mallard/Arkansas/AI09-5649/2009 (H9N2)

North
American
lineage

A/goose/Guangdong/1/96 (H5N1)
A/Eurasian wigeon/Netherlands/3/2005 (H9N2)

A/chicken/Jiangsu/L1/2004 (H9N2)
A/guinea fowl/Hong Kong/NT101/2003 (H9N2)

A/duck/Korea/KNUDPJ09/2009 (H9N2)
A/chicken/Hebei/B1/2001 (H9N2)
A/chicken/Tianjin/B1/2004 (H9N2)

A/duck/Hong Kong/Y280/97 (H9N2)
A/swine/Henan/6/2004 (H9N2)

A/duck/Fujian/MH/2003 (H9N2)
A/chicken/Iran/RZ71/2009 (H9N2)
A/chicken/Jordan/70/2004 (H9N2)

A/quail/Hong Kong/G1/1997 (H9N2)
A/wild waterfowl/Korea/25/2008 (H9N2)

A/chicken/Korea/SL-4P/2002 (H9N2)
A/mallard/Sweden/99785/2009 (H9N2)

A/wild bird/Anhui/S102/2014 (H9N2)
A/chicken/Egypt/ABD1/2015 (H9N2)

A/chicken/Iran/TH77/1998 (H9N2)
A/chicken/Iran/TH78/1999 (H9N2)

A/chicken/Iran/TH-JP81/2002 (H9N2)
A/quail/Guangxi/198Q39/2015 (H9N2)

A/turtledove/Guangxi/49B6/2013 (H9N2)
A/canine/Guangxi/1/2011 (H9N2)

A/chicken/Guangdong/SIC1/2012 (H9N2)
A/duck/Guangdong/222/2015 (H9N2)

A/environment/Beijing/5/2016 (H9N2)
A/chicken/Zhejiang/SIC40/2015 (H9N2)

A/mink/Shandong/Z5/2015 (H9N2)
A/chicken/Shandong/903/2013 (H9N2)

A/wild bird/Anhui/BLH12/2015 (H9N2)
A/chicken/China/A chicken Zhejiang 198 2019/2019 (H9N2)

A/environment-air/Kunshan/NIOSH-BL34/2018 (H9N2)
A/duck/Guangdong/ML3/2019 (H9N2)

A/chicken/Fujian/7.20 FZHX0014-O/2017 (H9N2) Group 1
A/chicken/China/07/2016 (H9N2)

A/chicken/Hunan/1.17 YYGKK200-OC/2017 (H7N9)
A/chicken/Guangdong/10.21 SZBJ004-O/2016 (H9N2)

A/environment/Hunan/27408/2014 (H9N2)
A/chicken/Guangdong/ZJ95/2021 (H9N2)

A/chicken/Guangdong/ZJ92/2021 (H9N2)
A/chicken/Guangdong/28/2017 (H9N2)

A/chicken/China/F1922/2015 (H9N2)
A/chicken/Guangdong/07.19 SZBJ016-C/2017 (mixed)
A/chicken/Guangdong/08.29 SZBJ004-O/2017 (mixed)

A/chicken/Guizhou/12.22 ZYLJJ007-O/2018 (mixed)
A/chicken/Guangdong/5.23 SZBJ008-O/2018 (H9N2)

A/duck/China/D4/2018 (H9N2)
A/chicken/China/H1027/2017 (H9N2)
A/chicken/Guangdong/8.22 HLYM002-O/2018 (H9N2)

A/chicken/Guangdong/DF10/2019 (H9N2)
A/chicken/Shandong/049/2020 (H9N2)
A/chicken/Guangdong/ZJ81/2021 (H9N2)

A/chicken/Shandong/360/2021 (H9N2)
A/chicken/Guangdong/DF4/2019 (H9N2)

Group 2
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A/chicken/Pakistan/10RS3039-294-199/2010 (H9N2)
A/turkey/Canada/1963 (H6N8)

A/turkey/Wisconsin/1/1966 (H9N2)

A/ruddy turnstone/Delaware/1016398/2003 (H9N2)

A/ruddy turnstone/New Jersey/UGAI17-1978/2017 (H9N2)

A/ruddy turnstone/New Jersey/UGAI17-3019/2017 (H9N2)

A/duck/Hong Kong/Y439/1997 (H9N2)

North
American
lineage

A/chicken/Guangdong/01/2008 (H9N2)

A/chicken/Beijing/1/1994 (H9N2)

A/quail/Hong Kong/G1/1997 (H9N2)

A/goose/Guangdong/1/1996 (H5N1)

A/chicken/Neimonggu/nk/2002 (H9N2)

A/chicken/Henan/01/2009 (H9N2)

A/chicken/Hebei/B5/2010 (H9N2)

A/chicken/Shandong/01/2011 (H9N2)

A/chicken/Shandong/0613/2012 (H9N2)

A/chicken/Jiangxi/29132/2013 (mixed)
A/chicken/Suzhou/4833/2013 (mixed)

A/chicken/Shanxi/12.01 TGYL010-C/2016 (H9N2)
A/chickens/ShangQiu/01/2021 (H9N2)

A/chicken/Guangdong/ZJ92/2021 (H9N2)

A/chicken/Guangdong/ZJ95/2021 (H9N2)

Group 1

A/chicken/Henan/DY/2009 (H9N2)

A/silkie chicken/Shenzhen/452/2013 (mixed)
A/chicken/Vietnam/H7F-LC4-371/2014(H9N2)

A/chicken/Jiangsu/DD6/2013 (H9N2)
A/chicken/Shanghai/07/2018 (H9N2)

A/chicken/China/370/2018 (H9N2)

A/chicken/Anhui/AH450/2017 (H9N2)

A/chicken/Fujian/8.24 FZHX0036-O/2017 (H9N2)

A/chicken/Shandong/9.30 TAWL009-O/2018 (H9N2)
A/chicken/Zhejiang/7.23 HZBX004-O/2018 (H9N2)

A/duck/Guangdong/ML3/2019 (H9N2)

A/chicken/Shenzhen/967/201 3(mixed)

A/chicken/Vietnam/H7F-14-CB4-29/2014 (H9N2)

A/chicken/Zhejiang/C483/2013 (H7N9)
A/swine/China/SPF embryonated chicken eggs/2015 (H9N2)

A/goose/Guangdong/Q70/2017 (H7N9)

A/chicken/Guangdong/01.18 SZBJ014-O/2017 (mixed)
A/chicken/Jiangxi/8047/2022 (H3N8)

A/chicken/Guangdong/ZJ81/2021 (H9N2)

A/chicken/Guangdong/DF4/2019 (H9N2)

A/chicken/Shandong/360/2021 (H9N2)

A/chicken/Fujian/10.23 FZHX0104-O/2018(H9N2)
A/chicken/Huizhou/209/2022 (H3N8)

A/chicken/Dongguan/3560/2021 (H3N8)
A/chicken/Dongguan/404/2022 (H3N8)

A/duck/Guangdong/FS91/2022 (H9N2)
A/chicken/Guangdong/DF10/2019 (H9N2)
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FIGURE 4: Continued.
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A/turkey/Wisconsin/1966 (H9N2)
A/wild bird/Korea/8G39/2005 (H9N2)

A/quail/Arkansas/29209-1/93(H9N2)

North
American
lineage

A/chicken/Korea/SH0902/2009 (H9N2)

A/chicken/Korea/99029/99 (H9N2)

A/watercoot/Haryana/5844/2005 (H9N2)

A/chicken/Henan/L3/2008 (H9N2)
A/duck/Korea/SH0904/2009 (H9N2)

A/duck/Korea/SH0909/2009 (H9N2)

A/duck/Korea/SH0912/2009 (H9N2)
A/duck/Hong Kong/Y439/97 (H9N2)

A/goose/Guangdong/1/1996 (H5N1)
A/Hong Kong/1073/99(H9N2)
A/quail/Hong Kong/A17/99 (H9N2)

A/quail/Hong Kong/G1/97 (H9N2)

A/chicken/Beijing/1/94 (H9N2)
A/chicken/Henan/L1/2002 (H9N2)

A/chicken/Ningxia/5/99(H9N2)

A/silky chicken/Hong Kong/SF44/99 (H9N2)

A/chicken/Hong Kong/KC12/99 (H9N2)
A/chicken/Hong Kong/SF2/99 (H9N2)

A/swine/Jiangsu/C1/2008 (H9N2)
A/guineafowl/HongKong/NT101/03(H9N2)

A/chicken/Jiangsu/L2/2005 (H9N2)
A/feces/Hunan/1-23/2007 (H9N2)

A/chicken/Hebei/7/2008 (H9N2)

A/chicken/Hunan/10.31 YYGK31C3-OC/2017 (H9N2)
A/chicken/Hunan/2.06 YYGK7J3-OC/2018 (H9N2)

A/chicken/Dongguan/584/2022 (H3N8)

A/chicken/Guangdong/ZJ95/2021 (H9N2)

A/chicken/Guangdong/ZJ92/2021 (H9N2)

Group 1
A/chicken/Anhui/LH66/2017 (H9N2)
A/chicken/Jiangsu/TM306/2017 (H9N2)

A/chicken/China/0606/2017 (H7N9)
A/chicken/Shanxi/11.30 TGRL018-O/2017 (H9N2)

A/Changsha/41/2017 (H7N9)
A/chicken/Guizhou/12.22 ZYLJJ002-C/2018 (mixed)

A/China/A Szuhou GIRD01 2019/2019 (H9N2)
A/duck/Guangdong/ML3/2019 (H9N2)

A/chicken/Guangdong/12.04 SZBJ009-O/2017 (H9N2)
A/chicken/Chongqing/9.28 RCTYH016-C/2018 (H9N2)

A/chicken/Qingyuan/zd201602/2016 (H9N2)

A/chicken/Guangdong/DF4/2019 (H9N2)
A/chicken/China/2088/2020 (H9N2)

A/chicken/Fujian/1.25 FZHX0003-O/2018 (H9N2)
A/China/CSKFQ-22-5/2022 (H3N8)

A/chicken/Guangzhou/1369/2022 (H3N8)

A/chicken/Xinjiang/09.19 WLMQXL026-O/2018 (mixed)
A/chicken/Guangdong/ZJ81/2021 (H9N2)

A/chicken/China/Guangdong 01/2022 (H6N8)

A/chicken/Dongguan/466/2022 (H3N8)
A/chicken/Guangzhou/4463/2021 (H3N8)

A/chicken/Guangdong/DF10/2019 (H9N2)
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A/turkey/California/189/66 (H9N2)
A/gadwall/Wisconsin/80/1978 (H6N1)

A/mallard/Maryland/08OS3097/2008(H10N8)
A/black scoter/New Brunswick/00003/2009 (H7N6)

A/turkey/Wisconsin/66(H9N2)
A/American oystercatcher/Chile/C1307/2015 (H9N2)

A/quail/Italy/1117/1965 (H10N8)

North
American
lineage

A/patridge/Shantou/3201/2004 (H6N1)
A/chicken/Beijing/1/94 (H9N2)

A/chicken/Hong Kong/G9/97 (H9N2)
A/chicken/Nigeria/OG-BL17-21T 19VIR8424-6/2019 (H9N2)

A/guinea fowl/Nigeria/KD-GF152-154T 19VIR8425-1/2019 (H9N2)
A/duck/Bangladesh/54974/2022 (H9N2)

A/quail/Shantou/22124/2005 (H6N1)
A/quail/Hong Kong/G1/97 (H9N2)

A/silky chicken/Shantou/2619/2001 (H9N2)
A/goose/Guangdong/1/96(H5N1)

A/duck/Hong Kong/573.4/01 (H5N1)
A/duck/Mongolia/210/2018 (H3N2)

A/duck/Hong Kong/Y439/97 (H9N2)
A/chicken/Shanghai/F/98  (H9N2)

A/environment/China/H5N6/2020 (H5)
A/chicken/Vietnam/NCVD-15A59/2015(H5N6)

A/goose/Vietnam/NCVD-15A27/2015 (H5N6)
A/chicken/China/PJ03/2012 (H9N2)

A/chicken/Qingdao/018/2014 (H9N2)
A/chicken/Guangxi/066C10/2010 (H9N2)

A/pigeon/Yunnan/1045/2013 (H9N2)
A/quail/Jiangsu/S15/2012 (H9N2)

A/chicken/China/CY09/2014 (H9N2)
A/pigeon/Ningxia/60/2012 (H9N2)
A/chicken/VungTau/0189/2014 (H9N2)

A/chicken/Taizhou/TZJF05/2015 (H9N2)
A/duck/Jiangxi/S3574/2013(H10N8)

A/chicken/Jiangxi/S3735/2013 (H10N8)
A/duck/Hunan/09.22 YYGK81A3-OC/2017 (H9N2)

A/chicken/Shandong/3424/2016 (H9N2)
A/chicken/Anhui/AH480/2017 (H9N2)

A/chicken/Anhui/10.29 YHZGS022-O/2018 (H9N2)
A/mink/China/chick embryo/2018 (H9N2)

A/chicken/Shandong/12.26 TAWL023-O/2018 (mixed)
A/duck/Guangdong/ML3/2019 (H9N2)
A/China/A Szuhou GIRD01 2019/2019 (H9N2)
A/chicken/China/71/2019 (H9N2)

A/chicken/China/1101/2019 (H9N2)
A/chicken/Shandong/98/2018 (H9N2)

A/chicken/Guangdong/ZJ95/2021 (H9N2)
A/chicken/Guangdong/ZJ92/2021 (H9N2)

A/chicken/Anhui/8.28 YHZGS019-O/2018 (H9N2)
A/pigeon/Fujian/3.15 FZHX0009-C/2018 (H9N2)
A/chicken/Shandong/01.26 TAWL014-C/2019 (H9N2)

A/chicken/Shandong/65/2021 (H9N2)
A/chicken/Shandong/360/2021 (H9N2)
A/chicken/Guangdong/ZJ81/2021 (H9N2)

A/chicken/Guangdong/DF4/2019 (H9N2)
A/chicken/South Korea/N20-132/2020 (H9N2)

A/chicken/Shandong/062/2020 (H9N2)
A/chicken/Guangdong/DF10/2019 (H9N2)

A/silkie chicken/Dongguan/971/2022 (H3N8)
A/chicken/Dongguan/416/2022 (H3N8)

Group 1
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FIGURE 4: Continued.

10 Transboundary and Emerging Diseases



4. Discussion

Although H9N2 AIV has low pathogenicity, due to its wide
range of hosts, it is capable of breaking through the host
barrier and infecting humans and other mammals through
genetic mutation and recombination. Poultry infected with
H9N2 AIV, especially poultry in live poultry markets, have
been shown to be incubators for novel human influenza
viruses and are capable of facilitating the spread and evolu-
tion of novel human influenza [38]. Therefore, epidemiologic
investigation of AIV in live poultry markets is necessary. The
worldwide AIV-positive detection rate continued to decline
from 2019 to July 2023, especially from January to July 2023,
when only five H9N2 AIVs were detected. This may be due to
the government’s stricter management of live poultry mar-
kets, withmeasures such as regular closures and daily cleaning
and disinfection, which have reduced the spread of AIV [23].

Phylogenetic analysis showed that two virus strains, ZJ81
and ML3, were differentially recombined with human influ-
enza viruses. The M gene of the two viruses had the highest
homology to that of the human influenza virus. Therefore, ZJ81
is a chicken–human–mink recombinant virus, and ML3 is a
chicken–human recombinant virus. In October 2018, an H9N2
AIV infection was detected among chicken, cat, and human
populations at a backyard in Guangxi. A human-infecting AIV
strain, A/Guangxi/NN10.19T-NGS/2018 (H9N2), and a cat-
infecting AIV strain, A/cat/Guangxi/NN10.19H-NGS/2018
(H9N2), from this study were on the same subbranch as the
DF4 strain isolated in this study, with homologies of 96.7% and
96.8%, and the homology with ZJ92 and ZJ81 was approxi-
mately 95%. This suggests that H9N2 AIV may be transmitted
to humans or cats through chickens, increasing the risk of
H9N2 AIV infection in humans, and shows that proactive
prevention and control measures are warranted [39].
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A/environment/New Jersey/UGAI16-2627/2016 (H10N8)

A/shorebird/Delaware Bay/379/2008 (H10N8)
A/mallard/Sweden/21/2002 (H5N2)

A/goose/Guangdong/1/96 (H5N1)

North
American
lingeage

A/muscovy duck/Viet Nam/QN-0223/2013(H9N2)
A/chicken/Viet Nam/QN-0133/2013 (H9N2)

A/duck/Hong Kong/Y439/97 (H9N2)
A/duck/Hong Kong/86/76(H9N2)

A/turkey/Wisconsin/66 (H9N2)
A/ruddy turnstone/New Jersey/UGAI17-2731/2017 (H9N2)
A/ruddy turnstone/New Jersey/UGAI17-1978/2017 (H9N2)
A/environment/South Carolina/UGAI17-2216/2017 (H9N2)

A/quail/Hong Kong/G1/97 (H9N2)
A/pheasant/Hong Kong/SSP11/99 (H9N2)
A/Hong Kong/1073/99 (H9N2)

A/chicken/Beijing/1/94 (H9N2)
A/chicken/Henan/1/01(H9N2)

A/chicken/Hong Kong/FY20/99 (H9N2)
A/silky chicken/Hong Kong/SF44/99 (H9N2)
A/pigeon/Nanchang/2-0461/2000 (H9N2)
A/quail/Hong Kong/NT28/99 (H9N2)

A/duck/Hong Kong/Y280/97 (H9N2)
A/chicken/Hong Kong/G9/97 (H9N2)

A/quail/Shantou/2614/2004 (H6N1)
A/partridge/Shantou/5028/2004 (H6N1)
A/chukkar/Shantou/13393/2005 (H6N1)

A/chicken/Hong Kong/KC12/99(H9N2)
A/duck/Nanchang/7-092/2000 (H9N2)
A/chicken/Hong Kong/SF2/99 (H9N2)

A/chicken/Shanghai/F/98 (H9N2)
A/duck/Viet Nam/TN-2898/2016 (H9N2)
A/duck/Viet Nam/TN-2886/2016 (H9N2)
A/chicken/Viet Nam/LS-0187/2013(H9N2)
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A/duck/Viet Nam/HN-2589/2015 (H9N2)

A/chicken/Viet Nam/QN-0523/2013 (H9N2)
A/chicken/Huizhou/168/2022 (H3N8)
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A/chicken/Huizhou/2524/2021 (H3N8)

A/silkie chicken/Shantou/349/2022 (H3N8)
A/chicken/Guangdong/ZJ95/2021(H9N2)
A/chicken/Guangdong/ZJ92/2021 (H9N2)

Group 1

A/chicken/China/G861/2016 (H9N2)
A/chicken/China/07/2016 (H9N2)
A/chicken/Vietnam/H7F-14-CB4-2/2014 (H9N2)

A/raccoon dog/China/G41/2016 (H9N2)
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A/chicken/Guangdong/ZJ81/2021 (H9N2)
A/chicken/Shandong/360/2021 (H9N2)
A/chicken/Shandong/303/2021 (H9N2)
A/chicken/Jiangxi/6485/2022 (H3N8)
A/chicken/Guangdong/DF4/2019 (H9N2)
A/chicken/Guangdong/DF10/2019 (H9N2)

A/swine/Shandong/TA009/2019 (H9N2)
A/chicken/China/1102/2019 (H9N2)

A/environment-air/Kunshan/NIOSH-BL34/2018 (H9N2)
A/duck/Guangdong/ML3/2019 (H9N2)
A/chicken/Zhejiang/198/2019 (H9N2)
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A/gadwall/Wisconsin/80/1978 (H6N1)
A/turkey/Wisconsin/66(H9N2)

A/eq/Alaska/1/91 (H3N8)
A/eq/Yvelines/2136/89 (H3N8)

A/mallard/Alberta/127/00 (H3N8)
A/mallard/Alberta/242/98 (H3N8)

North
American
lineage

A/chicken/Vietnam/HU1-976/2014 (H9N2)
A/duck/Hokkaido/K04/2014 (H9N2)

A/Dk/ST/5048/2001 (H3N8)
A/dove/Korea/S14/03(H9N2)

A/chicken/Korea/99029/99(H9N2)
A/goose/Guangdong/1/96 (H5N1)

A/chicken/Guangdong/5/97 (H9N2)
A/chicken/Heilongjiang/35/00 (H9N2)

A/chicken/Beijing/1/94 (H9N2)
A/swine/Shandong/fZC/2003 (H9N2)

A/chicken/Korea/S16/03 (H9N2)
A/duck/Nanjing/1/97 (H9N2)

A/chicken/Shenzhen/9/97 (H9N2)
A/chicken/Ningxia/5/99 (H9N2)

A/chicken/China/Guangxi1/2000 (H9N2)
A/chicken/Henan/43/02 (H9N2)

A/quail/Shanghai/8/96 (H9N2)
A/chicken/Henan/5/98 (H9N2)

A/chicken/Guangdong/10/00 (H9N2)
A/chicken/HongKong/NT366/03 (H9N2)

A/HK/2108/2003 (H9N2)
A/chicken/Saudi Arabia/532/99 (H9N2)
A/quail/Hong Kong/G1/97 (H9N2)

A/chicken/Vietnam/HU1-1050/2014 (H9N2)
A/chicken/Huizhou/209/2022 (H3N8)

A/chicken/Guangdong/DF10/2019 (H9N2)
A/chicken/Fujian/3.15 FZHX0022-O/2018 (H9N2)
A/duck/Jiangxi/09.22 NCDZT59Z3-OC/2018 (mixed)

A/chicken/Fujian/S1XA35/2017 (H9N2)
A/chicken/Fujian/S4215/2014 (H7N9)
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A/chicken/Shandong/049/2020 (H9N2)
A/chicken/Guangdong/DF4/2019 (H9N2)
A/chicken/Guangdong/ZJ92/2021 (H9N2)
A/chicken/Guangdong/ZJ95/2021 (H9N2)

Group 2

A/Duck/China/F1206/2015 (H9N2)
A/Changsha/26/2017 (H7N9)

A/Beijing/1/2017 (H9N2)
A/chicken/Guangdong/ZJ81/2021 (H9N2)

A/duck/Hunan/1.17 YYGKK95-OC/2017 (H9N2)
A/mink/China/chick embryo/2018 (H9N2)

A/chicken/Jiangxi/1.11 NCDZT12F2-OC/2017 (H9N2)
A/duck/Guangdong/ML3/2019 (H9N2)
A/chicken/Hebei/HS8/2019 (H9N2)
A/chicken/Shandong/12.26 TAWL016-O/2018 (H9N2)

A/chicken/Shandong/1844/2019 (H9N2)
A/broiler/South Korea/N20-89/2020 (H9N2)
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Eurasian
lineage

100

91

100

87

96

87
95

92

89

100

96

99

70
96

99

99

75

0.02

99

72

89
76

78
80

76

86
71

100

ðfÞ
FIGURE 4: Maximum likelihood-based phylogenetic analysis of the inner genes of H9N2-subtype AIVs isolated from 2019 to 2021: (a) PB2
gene, (b) PB1 gene, (c) PA gene, (d) NP gene, (e) NS gene, and (f ) M gene. H9N2 viruses isolated in this study are shown in red. The
sequences inside the gray box are from human-infecting AIVs, and those inside the yellow box are from mink-infecting AIVs.
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Molecular characterization showed that the HA protein
of six virus strains had Q226L mutation, implying that the
H9N2 strain is shifting from a predilection for avian to
human receptors [29]. These six virus strains have three
amino acid deletions in their NA protein stems. It has
been indicated that NA protein stalk deletion of H9N2
AIV extends the host range, enhances infection of mice,
and leads to the generation of mutations in amino acid 627
of the PB2 protein [40]. No amino acids associated with
tolerance to anti-influenza drugs such as oseltamivir were
found in the NA protein, showing that anti-influenza drugs
are still effective against these six virus strains of H9N2 AIV
[32]. Statistical analysis of eight gene segments with key
amino acid site mutations in H9N2-subtype-AIVs worldwide
from January 2017 to July 2023. Mutations at the Q226L site
are common in the H9N2 AIV HA protein, suggesting that
avian-origin H9N2 viruses generally can bind the human
receptor, increasing the public health risk of human infec-
tions. Moreover, the M1-N30D and M1-T215A mutations,
theM2-S31Nmutation, and theNS1-P43Smutation are prev-
alent in H9N2 AIV, with a mutation rate of more than 88%
(Figure 8). All these mutations increase viral pathogenicity in
mice, suggesting a potential risk of H9N2 virus infection in
humans.

To further analyze the mutation rules of key amino acid
sites, the key amino acid mutations in 2017, 2018, 2019,
2020, 2021, and 2022 were counted, and it was found that
the PB1-F2 protein of H9N2 AIV had a lower mutation rate
of N66S in each year, except for 2020, which is associated
with viral pathogenicity [34]. This mutation was present only
in ML3, a chicken–human recombinant virus, among the
viruses sequenced in this study. Notably, the rate of NA
protein neck deletions and the mutation rate of PA protein
K356R have decreased since 2019 (Figure 9), which may be
associated with a decrease in the detection rate of AIV after
2019. Therefore, the analysis of mutation trends at key amino
acid sites can support early warnings regarding H9N2 AIV.

H9N2 AIV can infect a wide range of hosts, with differ-
ent evolutionary rates among species. Proteins are consid-
ered positively selected when dN is greater than dS, and dN/
dS< 1 indicates a more conserved protein sequence [41]. A
higher dN/dS signifies the accumulation of adaptive muta-
tions in new hosts [42]. The selection pressure on M2 in this
study was greater than that on M1. This means that the
positive selection site for M2 is larger than that for M1. It
has been suggested that most of the positive selection sites for
M2 are located in the extracellular domains and that anti-
bodies recognize the extracellular domains and acquire

A/Chicken/Shandong/
360/2021 (H9N2)

A/pigeon/Guangdong/
G2169/2018 (H9N2)

DF4  (H9N2)

A/environment-
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A/chicken/Shanghai/
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A/chicken/China/YBF
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A/chicken/Dongguan/
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A/chicken/Guangdong/07.19_SZBJ003-C/2017 (mixed)
ZJ92 (H9N2)

A/chicken/China/2088/2020 (H9N2) ZJ95 (H9N2)

FIGURE 5: The eight single-stranded RNA fragments expressing the eight genes, namely PB2, PB1, PA, HA, NP, NA, M, and NS (shown by
different colored curved lines from top to bottom, respectively). The different colored gene fragments within the virus strains indicate the
genetic origin of the virus with the different virus strains.
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protective immunity, so the host’s immune response may
result in higher selective pressure for M2 than for M1 [43].
Selection pressure was greater for NS1 than for NEP, proba-
bly because positive selection sites were mainly concentrated
on NS1. It has been reported to confirm that the positive

selective sites of H1N1 subtype AIV are mostly in the NS1
region, except for the equine lineage [44]. In China, prophy-
lactic vaccination is the main method of controlling the
H9N2 virus, but AIV is currently susceptible to antigenic
drift due to the rapid evolution of AIV and long-term use

TABLE 3: Results of the dn/ds calculations.

Mean dn/ds dn ds dn/ds

HA 0.04066 0.29433 0.13814
NA 0.05527 0.33989 0.16261
PB1 0.01229 0.36571 0.03361
PB2 0.01065 0.36470 0.02920
PA 0.01249 0.33364 0.22927
NP 0.01162 0.33032 0.17097
M1 0.01438 0.22980 0.06258
M2 0.03461 0.12572 0.27529
NS1 0.04548 0.22706 0.20030
NEP 0.02176 0.25260 0.08614

NEPNS1M2M1NPPAPB2PB1NAHA
0.0

0.1

0.2

0.3

Gene

dn
/d
s

FIGURE 6: Comparative analysis of the dN/dS ratio for each gene
segment of H9N2 based on the completed alignments.
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FIGURE 7: Localization of amino acids related to the antigenicity of
H9N2 influenza virus on a 3D map of A/duck/Guangdong/ML3/
2019 (H9N2).
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of vaccines under immune pressure. It has been shown that
some antigen-associated amino acid substitutions, which could
cause antigenic drift, challenge vaccine efficacy, and the emer-
gence of a new immune-evasion mutant of H9N2 AIV was
reported in southern China in 2020 [45, 46]. Continuous sur-
veillance of H9N2 AIV is, therefore, necessary to aid in the
selection of more effective vaccine strains.

5. Conclusion

The continued prevalence of AIV of the H9N2 subtype in
poultry not only seriously jeopardizes the live poultry mar-
kets but also threat to public health security. Furthermore,
complex viral recombination may pose a threat to poultry
and humans. This study further confirms the prevalence of
H9N2-subtype AIV strains worldwide and thus further
emphasizes the requirement for the importance of real-
time monitoring and control of H9N2 AIV transmission
and its importance in poultry farming and human health.
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