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Avian influenza viruses (AlVs) seriously affect the poultry industry and pose a
great threat to humans. Timely surveillance of AlVs is the basis for preparedness
of the virus. This study reported the long-term surveillance of AlVs in the live
bird market (LBM) of 16 cities in Shandong province from 2013 to 2019. A total
of 29,895 samples were obtained and the overall positive rate of AlVs was
9.7%. The H9 was found to be the most predominant subtype in most of the
time and contributed most to the monthly positve rate of AlVs as supported
by the univariate and multivariate analysis, while H5 and H7 only circulated in
some short periods. Then, the whole-genome sequences of 62 representative
HONZ2 viruses including one human isolate from a 7-year-old boy in were
determined and they were genetically similar to each other with the median
pairwise sequence identities ranging from 0.96 to 0.98 for all segments. The
newly sequenced viruses were most similar to viruses isolated in chickens
in mainland China, especially the provinces in Eastern China. Phylogenetic
analysis showed that these newly sequenced HIONZ2 viruses belonged to the
same clade for all segments except PB1. Nearly all of these viruses belonged
to the G57 genotype which has dominated in China since 2010. Finally, several
molecular markers associated with human adaptation, mammalian virulence,
and drug resistance were identified in the newly sequenced HION2 viruses.
Overall, the study deepens our understanding of the epidemic and evolution
of AlVs and provides a basis for effective control of AlVs in China.
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Introduction

The influenza A virus belongs to the Orthomyxoviridae family
and contains a negative-sense RNA genome with eight segments.
The influenza A virus is classified into different subtypes based on
the surface proteins of haemagglutinin (HA) and neuraminidase
(NA), such as H7N9, H5N1, or HIN2. The natural hosts of the
influenza A virus are wild birds including both the wild waterfowl
and sea birds (Webster et al., 1992). The avian influenza viruses
(AIVs) are influenza A viruses that mainly infect the avians
including both wild birds and poultry. The AIVs have caused
numerous epidemics in poultry globally and have seriously
affected the poultry industry (Su et al., 2015). Besides, they can
occasionally cause human infections (Mostafa et al.,, 2018). Lots of
subtypes of AIVs have been reported to infect humans in recent
years, such as H5N1, H5N6, H7N9, HON2, HI0NS, H5N8, H3NS,
and so on (Mostafa et al., 2018; Li et al., 2019b). How to effectively
control AIVs is a great challenge for humans.

China is among the countries with the most diverse AIVs as
the country has a large number of wild bird species and maintains
the largest number of poultry in the world (Liu S. et al., 2020).
Multiple subtypes of AIVs have circulated extensively in China in
the last 20 years. Among them, the subtypes of H5, H7, and H9 are
most predominant in China (Su et al., 2015; Liu S. et al., 2020).
The subtype H5 has circulated in China for more than 20 years
since several large-scale outbreaks occurred in 2001 which were
caused by the highly pathogenic avian influenza (HPAI) H5N1
virus (Peng et al., 2017). The HPAI H5N1 virus has ever been
considered to be most likely to cause global pandemics before
2009 when the HIN1 pandemic happened. It was almost the
exclusive subtype among H5 subtypes which circulated in China
before 2012 (Liu S. et al., 2020). Then, the subtypes of H5N2,
H5N6, and H5N8 emerged and replaced the HPAT H5N1 virus in
China. The subtype H7 has been widely circulating in China since
2013 when the H7N9 virus caused human infections (Jiang et al.,
2019). Until now, the H7N9 virus has caused more than 1,500
confirmed human infections and more than 500 human deaths in
China (Quan et al., 2018). The virus has caused multiple outbreaks
in chickens since it evolved into the HPAI virus in 2016.
Fortunately, the virus is now rarely detected in China because of
the simultaneous immunization of the H5+H7 vaccine among
poultry since 2017 (Li and Chen, 2021).

Compared to subtypes of H5 and H7, the H9 subtype was the
first AIV subtype that caused widespread infections in poultry in
China (Peacock et al., 2019; Liu S. et al., 2020). The HIN2 virus has
been circulating in China since the 1990s. Several large-scale
surveillance studies have shown that the HIN2 virus was the most
prevalent subtype in poultry in China (Bi et al., 2020). The virus
also caused sporadic human infections, most of which happened in
poultry workers. The HON2 virus in China could be classified into
three large clades, i.e., BJ/94, G1, and F/98 based on epidemiological
and phylogenetic analysis. Li et al. further classified the HON2 virus
in China into at least 117 genotypes by evolutionary analysis (Li
etal., 2017). Among them, the G57 genotype has become dominant
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in China since 2010 (Peacock et al., 2019). Due to the large diversity
and high prevalence in birds, the HON2 virus plays an important
role in the evolution of AIVs by providing internal genes to other
AIVs, which lead to novel AIVs (Peacock et al., 2019). For example,
the H7N9 virus which has caused human infections since 2013 was
reported to obtain all its internal genes from HIN2 viruses by
re-assortment (Wu et al., 2013).

Shandong is a big agricultural province of China and has a
developed poultry industry which poses a high risk of AIV
outbreaks. Timely surveillance of AIV is the basis for better
preparedness of the virus. However, there was little data about the
epidemiology and evolution of AIVs in the province in recent
years. This study reported the long-term surveillance of AIVs in
the live bird market (LBM) of 16 cities in Shandong province from
2013 to 2019. The H9 was found to be the most predominant
subtype during the period. Thus, the whole-genome sequences of
62 representative HON2 viruses including 61 environmental
isolates and one human isolates were determined by the next-
generation-sequencing method. The evolution of these viruses and
the molecular markers they contained were further analyzed. The
study deepens our understanding of the epidemic and evolution
of AIVs and provides a basis for effective control of AIVs in China.

Materials and methods
Virus sampling and isolation

A total of 29,895 samples were obtained from the environments
including the surface wipe of poultry cages, chopping boards,
poultry drinking water and feces, of LBMs in 16 cities of Shandong
province, China, from 2013 to 2019. The samples were placed in the
3 ml of Viral Transport Medium (VTM), and then were centrifuged
at 3000 g for 10 min. The supernatants were used to extract RNA
with the Qiagen RNeasy Mini Kit (Lot. 74,104) according to the
manufacturer’s instructions. The real-time RT-PCR was used to
detect AIVs. If the sample was positive for AIVs, the sample was
further subtyped for H5, H7 and H9. The positive samples of H9
subtype were inoculated into the allantoic cavity of 9-day-old
specific pathogen-free embryonated chicken eggs and incubated for
72h at 37°C and chilled at 4°C overnight. The allantoic fluids were
harvested and the influenza A(H9N2) virus strains were identified
with a combination of hemagglutination assay with horse
erythrocytes and real-time RT-PCR of HON2 detection.

Human HO9N2 case finding and isolation

On April 28th, 2020, a 7-year-old boy living in Weihai, a city in
Shandong province, was taken to Weihai Municipal Hospital for
influenza-like illness. A nasopharyngeal sample obtained was tested
positive for influenza A and HIN2 at the Weihai Center for Disease
Control and Prevention. The sample was then sent to the Shandong
Provincial Center for Disease Control and Prevention,and the virus
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(A/human/shandong/01/2020) was successfully isolated in
embryonated chicken eggs and confirmed as HON2.

Genome sequencing

A total of 62 HIN2 strains including 61 environmental strains
isolated in the surveillance efforts and one human isolate mentioned
above were sequenced by the next-generation-sequencing method
(Supplementary Table S1). The total viral RNA of these strains was
extracted with the Qiagen RNeasy Mini Kit (Lot. 74,104). The RNA
was subjected to reverse transcription and amplification using the
SuperScript™ III One-Step RT-PCR System with Platinum™ Taq
High Fidelity DNA Polymerase (cat#: 12574035, Invitrogen). The
DNA library was prepared using Nextera XT DNA Preparation Kits
(cat#FC-131-1,096, Illumina). Whole-genome sequencing was then
performed on MiSeq high-throughput sequencing platform
(Mumina, Inc., San Diego, CA, United States), and the data were
analyzed using CLC Genomics Workbench software.

Phylogenetic analysis

Except for newly sequenced HIN?2 viruses, we also collected
other HON2 viruses from the public database for phylogenetic
analysis. The nucleotide sequences of HIN2 viruses were
downloaded from the database of Influenza Virus Resource on
October 25th, 2021 (Bao et al., 2008), and were clustered using
CD-HIT to create the reference sequence database (Li and Godzik,
2006). The representative viruses together with the newly
sequenced viruses were used to build phylogenetic trees.
Phylogenetic trees for all eight segments of HON2 viruses were
generated by the maximum likelihood method using MEGA X
(Kumar et al., 2018). The neighbor virus of the newly sequenced
virus on each segment was identified by querying against the
reference sequence database using BLASTN (version 2.13.0)
(Altschul et al., 1997). The virus strain with the highest bit score
was selected as the neighbor virus of the query sequence.

Genotype determination

The genotypes of newly sequenced HION2 viruses were
determined based on the phylogenetic analysis according to
previous studies (Pu et al., 2015; Li et al., 2017; Jin et al., 2020).

Identification of molecular markers in
HO9N2 viruses

The human-adaptation, mammalian virulence and drug-
resistance associated molecular markers in newly sequenced
HON?2 viruses were identified with FluPhenotype on July 12th,
2022 (Lu et al., 2020).
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Statistical analysis

The univariate and multivariate analysis of the monthly
positive rate of influenza viruses by subtype was conducted using
the “Im” function in R (version 3.6.1).

Results

Surveillance of AlVs in LBMs of Shandong
province

A total of 29,895 samples from the environments such as the
surface wipe of poultry cages, poultry drinking water and feces in
LBM:s of 16 cities in Shandong province, China, were obtained
from January 2013 to April 2019 (Figure 1A). Among them, 2,903
samples were positive for AIVs and the overall positive rate was
9.7%. When analyzed by city, the number of samples surveyed
ranged from 150 to 4,977 in 16 cities. The positive rate ranged
from 1 to 22% in these cities, with Binzhou, Heze and Weifang
having the highest positive rates (Figure 1A).

The overall monthly positive rate of AIVs ranged from 0 to
0.485 with a median of 0.052 from January 2013 to April 2019
(Figure 1B and Supplementary Table S2). When analyzed by HA
subtype, the monthly positive rates of H5, H7 and H9 were
calculated from 2013 to 2019. Attention to note, the positive rate
during the period of 2013-2015 may be underestimated as a large
portion of samples was un-subtyped during the period. Both the
univariate and multivariate analysis showed that the H9 subtype
contributed most to the monthly positive rate (Table 1), while
other HA subtypes or subtype combinations contributed little. The
year and month had minor positive and negative effects,
respectively, on the monthly positive rate in the univariate analysis,
although both had no statistical significance. Interestingly, they
became statistically significant in the multivariate analysis,
suggesting complex interactions between subtype, year and month.

As shown in Figure 1B, H9 was the main subtype in most of
the time (Figure 1B), which was consistent with the univariate and
multivariate analysis. It persisted circulating throughout the year
from 2013 to 2019. In general, the H9 peaked in the winters and
maintained a low level of circulation in the summers. H5 mainly
circulated during the season of 2015-2016. It caused sporadic
infections in some months. H7 circulated least compared to H5
and H9. It only dominated in the April of 2017 when 20 cases of
human infections of the H7N9 virus were reported in Shandong
province in the same year (Zhang et al., 2020), and maintained a
very low level of activity in most of the time.

Besides the positive rates of individual HA subtypes, we also
surveyed the co-occurrence of H5, H7, and H9 during the period.
As expected, most co-occurrences happened between H9 and H5
or H7, and the co-occurrences were observed when both HA
subtypes had high positive rates such as the co-occurrence of H9
and H5 observed in early 2016. Only a few co-occurrences of H5
and H7 were observed from 2013 to 2019 (Figure 1B).
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TABLE 1 Univariate and multivariate analysis of the monthly positive rate by subtype.

Univariate analysis

Multivariate analysis

Variable
Coefficient Standard Error p-value Coefficient Standard Error p-value
Subtype
HY 0.060 0.007 2.39E-16 0.061 0.007 <2.2E-16
H7 —0.005 0.008 0.509
H5 0.003 0.007 0.651
H5&H7 —0.011 0.008 0.169
H5&H9 —0.005 0.007 0.504
H7&H9 ~0.004 0.008 0.576
Year 0.0006 0.002 0.714 0.004 0.001 0.0098
Month ~0.001 0.0007 0.070 ~0.001 0.0006 0.042

Sequencing and phylogenetic analysis of
representative HON2 viruses

Since the H9 was the most dominant subtype in our
surveillance, the whole genome sequences of 62 representative
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HON2 strains including 61 environment strains and one human
isolate were obtained using the next-generation-sequencing
method for better understanding the genetic evolution of HON2
viruses in Shandong province (Supplementary Table S1). As
shown in Figure 2, for all segments, the median pairwise sequence

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1030545
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Liu et al. 10.3389/fmicb.2022.1030545
o
o_ 1 _—T _T _—T _—T _—T _—T _—T _—T
- 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
[c0) ' [ '
[o) ' [
o : .
' i
> ' |
= | |
- ll 1 '
GC.) 1 ! 1
1
T © - : :
[o)
8 o . : 8 : :
c ! : [ 1
o ' . : ' :
[0} ] ' ' : |
(%] < ' : ' '
g @ - : ' 8 ! l
' 1
S - :
O 1
1
N :
o !
o |
p— N
o
o
O). —
o
[ I I I I I I |
HA NA M NP NS PA PB1 PB2
FIGURE 2
Pairwise sequence identities of each segment between newly sequenced HON2 viruses.

identities ranged from 0.96 to 0.98. The gene M had the highest
pairwise sequence identities, while the NA gene had the lowest
pairwise sequence identities. The HA gene had pairwise sequence
identities ranging from 0.93 to 1, with a median of 0.97.

These viruses were further genetically characterized by the
phylogenetic analysis. For each segment of HON2 viruses, several
reference viruses of influenza H9N2 viruses were selected from the
Influenza Virus Resource database and were used in phylogenetic
analysis with the newly sequenced HIN2 viruses (see Materials
and Methods). As shown in Figure 3, for all segments except PB1,
all newly sequenced HON2 strains (colored in red) belonged to the
same clade (marked with a dashed box). For PB1, all viruses belong
to clade 5 except the viral isolate A/Environment/shandong-
dongying/08/2015 which belonged to clade 2 and was clustered
with sequences isolated from wild birds (Supplementary Figure S1).

We then investigated the possible source of the newly
sequenced HIN2 viruses since all of them except the human
isolate were isolated from the environment. For each segment of
each virus, the neighbor of the virus (defined as the most similar
virus) was obtained (see Materials and Methods), and the
composition of the host, isolation location and year of the
neighbors were analyzed (Figure 4). In terms of host, for all
segments, most neighbors were isolated from the poultry
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including chicken and ducks, especially the chicken. In terms of
isolation location, nearly all neighbors were isolated from
mainland China, especially the Shandong province and its
neighboring provinces in Eastern China such as Anhui, Jiangsu,
and Zhejiang provinces. In terms of isolation time, most neighbors
were isolated in the same year with, or 1 year before or after the
year when the virus was isolated.

The of the A/human/
shandong/01/2020 were analyzed individually. In terms of host, the

neighbors human isolate
neighbors of the human isolate were isolated from chicken for all
segments; in terms of isolation location, for five segments (HA, NA,
MP, PA and PB2), the neighbors were isolated in Anhui province,
while for NP, NS and PB1, the neighbors were isolated in Fujian,
Jiangxi and Shanxi province, respectively; in terms of isolation
time, the neighbors of the human isolate were isolated in 2018 for

all segments except NA of which the neighbor was isolated in 2019.

Genotyping of newly sequenced HON2
viruses

The genotypes of newly sequenced HIN2 viruses were
determined based on the phylogenetic analysis according to Li’s
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study (Supplementary Table S3) (Materials and Methods). All
viruses except A/Environment/shandong-dongying/08/2015
belonged to the G57 genotype which was first found in Eastern
China in 2007 and has been the predominant genotype in China
since 2010 (Li et al, 2017). The A/Environment/shandong-
dongying/08/2015 belonged to G69 genotype which has a different
PB1 clade compared to G57 and was rarely reported in China.

Molecular markers of HON2 viruses
Finally, we investigated the molecular markers associated with

human adaptation, mammalian virulence, and drug resistance in
the newly sequenced HON2 viruses using FluPhenotype (Lu et al.,
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2020) (Materials and Methods). In terms of human adaptation, 11
molecular markers that were located in 7 proteins were observed,
and 7 of them happened in more than 50 viruses (Table 2). For
example, Threonine on 180 of the HA protein that was reported
to be associated with an increase in binding to the human-like
receptor was observed in 51 of 62 newly sequenced HON2 viruses.
The human isolate A/human/shandong/01/2020 had 6 human-
adaptation associated molecular markers including HA-180T,
HA2-46E, PA-356R, PB1-368V, PB1-F2-47S and PB2-66 M.

In terms of mammalian virulence, 30 molecular markers that
were located in 6 proteins were observed and 18 of them happened
in more than 50 viruses (Table 3). For example, three markers in
the MP1 protein including 30D, 43M and 215A which were
reported to increase virulence in mammals were observed in all
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TABLE 2 The human-adaptation-related molecular markers identified in the newly sequenced H9N2 virus strains.

Protein Mutation Ratio Mutation effect

HA 180T 51/62 Increase in binding to the human-like receptor
HA2-46E 62/62 Enhanced binding to both avian-and human-type receptor

M2 19Y 2/62 The human-adaptation associated residues

NP 109V 1/62 The human-adaptation associated residues

PA 57Q 1/62 The human-adaptation associated residue
100A 2/62 The human-adaptation associated residue
356R 62/62 The human-adaptation associated residue

PB1 368V 55/62 The human-adaptation associated residue

PBI1-F2 478 62/62 The human-adaptation associated residue

PB2 66 M 61/62 The human-adaptation associated residue
89V 62/62 The human-adaptation associated residue

Those which were found in more than 50 viruses were highlighted in bold.

62 newly sequenced HON2 viruses. The human isolate A/human/ which were reported to be associated with resistance to amantadine

shandong/01/2020 had 6 molecular markers associated with were observed in more than 60 newly sequenced HON2 strains.
mammalian virulence including MP1-30D, MP1-43M,
MP1-215A, NS1-42S, PA-224S and PB2-431 M.

In terms of drug resistance, 4 molecular markers which were Discussion

located in NA and MP2 proteins were observed

(Supplementary Table S4). The molecular marker NA-151D which The LBM has been reported to play an important role in the
was reported to be associated with resistance to oseltamivir and spreading of AIVs because numerous poultry are transported in and
zanamivir, and molecular markers of MP2-21G and MP2-31N out of LBMs (Cardona et al., 2009; Yu et al., 2014; Li et al., 2018).
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TABLE 3 The mammalian-virulence-related molecular markers identified in the newly sequenced HIN2 strains.

Gene  Mutation Ratio  Mutation effect
MP1 30D 62/62 Increased virulence in mice
43M 62/62 Contribute to the pathogenicity of HPAT H5N1 viruses in both avian and mammalian hosts
215A 62/62 Increased virulence in mice
NS1 428 61/62 Increased virulence in mice
123V 5/62 Selective advantage in replication and/or transmission of pHIN1 in humans
127N 40/62 Associated with high-virulence in mammals
PA 378 62/62 Decreased viral transcription and replication by diminishing virus RNA synsthesis activity
37&61ST 62/62 Decreased viral transcription and replication by diminishing virus RNA synthesis activity
631 62/62 Decreased viral transcription and replication by diminishing virus RNA synthesis activity
70&224VS 17/62 Reducing the virus LD50 in mice by almost 1,000-fold
1908 62/62 Reduced the virulence of H7N3 virus
2248 62/62 Enhanced polymerase activity and virulence of pHIN1 in mice
400P 62/62 Reduced the virulence of H7N3 virus
4098 2/62 Increased virus replication ability in mammalian systems
5501 62/62 Increased polymerase activity and high virulence.
PB1 13P 62/62 Enhanced polymerase activities of 270%
3171 56/62 Tat 317 in PB1 correlated with high pathogenicity.
PBI1-F2 51&56&87TVE 1/62 Increased viral polymerase activity and expression levels of viral RNA
PB2 195N 5/62 The PB2-D195N substitution increased polymerase activity by about 3.5-fold
283&526MR 3/62 Enhanced virulence of H5N8 influenza viruses in mice
292V 54/62 Higher viral polymerase activity and stronger attenuation of host IFN-I2 response
309D 62/62 Increased polymerase activity
431M 62/62 Impacts the viral replication and virulence in mice by altering the viral polymerase activity
504V 62/62 Mutational analyses demonstrated that an isoleucine-to-valine change at position 504 in PB2 was the most
critical and strongly enhanced the activity of the reconstituted polymerase complex.
526R 3/62 Increased polymerase activity/enhanced pathogenicity in mice
5351 12/62 Increased polymerase activity
5981 10/62 Increased virus replication and virulence in mice
661A 60/62 Increased polymerase activity at low temperature
702R 11/62 Increased polymerase activity / enhanced pathogenicity in mice
89&309&339&477&495&627&676  1/62 Increased virulence in mice.
VDKGVET

Those which were found in more than 50 viruses were highlighted in bold.

Studies have shown that closing the LBM had a large impact on the
human infection of AIVs such as H7N9 viruses (Yu et al., 2014; Li
et al., 2018). Besides, the LBM was also considered to be a vessel for
mixing AIVs (Cardona et al, 2009). Lots of novel viruses can
be generated in the LBM by re-assortment such as the H7N9 virus
which has caused human infections since 2013 (Wu et al., 2013). In
this study, we surveyed the ATV in LBMs of Shandong province from
2013 to 2019 and found persistent circulations of AIVs in the
province. The H9 was found to be the main subtype in most of the
time, while the H5 and H7 only dominated in some short periods.
These were consistent with previous studies which showed the
predominant role of H9 in China (Peacock et al., 2019; Liu S. et al,,
2020). Our analysis also found significant co-occurrence of H5, H7
and H9, suggesting the high risk of re-assortment of AIVs in the
LBM. Therefore, continual surveillance of AIVs in the LBM is
required for the timely identification of novel flu viruses.
Vaccination is the best way for controlling the avian influenza
virus. Large scale vaccination of poultry has been conducted in
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China for prevention and control of the avian influenza viruses
including H5, H9 and H7 (Liu S. et al., 2020). On one hand,
vaccination can greatly stop the spreading of avian influenza virus.
For example, massive vaccination of chickens with an H5/H7
bivalent avian influenza vaccine since September 2017 has
successfully controlled H7N9 avian influenza infections in poultry
(Liand Chen, 2021). Our surveillance also showed that few H5 or
H7 epidemics were found in Shandong provinces since 2018. One
the other hand, vaccination pressure can drive the antigenic
evolution of avian influenza viruses such as H5 virus (Peng et al.,
2017). More surveillance of the antigenic variation of both H5 and
H7 viruses are needed to capture the antigenic variant in time.

A total of 62 HON2 viruses were sequenced in the study. They
were found to be highly similar to each other in all segments. All
of these viruses except one isolate belonged to the G57 genotype
which has been the dominant genotype of HIN2 viruses
circulating in China since 2010. This is consistent with Li’s study
which showed that all nine strains of HON2 viruses isolated in
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chicken flocks in Shandong province in 2018 belonged to the G57
genotype (Li et al., 2019a). This suggested the great advantage of
G57 compared to other genotypes in China. Most newly
sequenced HIN2 viruses were similar to those isolated in chickens
in mainland China, suggesting the prevalence of HON2 viruses
in chickens.

Molecular markers play important roles in surveillance of
emerging influenza viruses, such as monitoring the antigenic
variation, drug resistance and host adaptation of the virus (Chen
et al., 2006; Liu W. J. et al., 2020). Lots of molecular markers of
antigen, host, pathogenicity and drug-resistance have been
identified for influenza viruses (Lu et al., 2020; Peng et al., 2020).
In the study, all newly sequenced HIN2 viruses harbored several
molecular markers associated with human adaptation,
mammalian virulence and drug resistance. Although most
molecular markers have been experimentally-validated, the role
of them in the newly sequenced HIN2 viruses may be changed
due to the epistasis (Lyons and Lauring, 2018). Further
experiments are needed to validate their role in the newly
sequenced HIN?2 viruses. Interestingly, the human HIN2 isolate
did not have more molecular markers than other viruses,
suggesting that the isolate may infect humans accidentally.
Nevertheless, more strict protective measures against the HON2
infection are needed for high-risk people such as poultry worker.

Overall, this study systematically surveyed the AIVs in the LBM
of Shandong province from 2013 to 2019 and further revealed the
diversity and evolution of HON2 viruses in the province. It deepens
our understanding of the epidemic and evolution of AIVs, and
would greatly facilitate the prevention and control of AIVs in China.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

Ethics statement

The studies involving human participants were reviewed
and approved by IRB for Preventive Medicine of Shandong

References

Altschul, S. F, Madden, T. L., Schaffer, A. A., Zhang, J., Zhang, Z., et al. (1997).
Gapped BLAST and PSI-BLAST: a new generation of protein database search
programs. Nucleic Acids Res. 25, 3389-3402.

Bao, Y. M., Bolotov, P,, Dernovoy, D., Kiryutin, B., Zaslavsky, L., Tatusova, T., et al.
(2008). The influenza virus resource at the national center for biotechnology
information. J. Virol. 82, 596-601. doi: 10.1128/JV1.02005-07

Bi, Y., Li, J., Li, S., Fu, G., Jin, T., Zhang, C., et al. (2020). Dominant subtype switch
in avian influenza viruses during 2016-2019 in China. Nat. Commun. 11:5909. doi:
10.1038/541467-020-19671-3

Cardona, C,, Yee, K., and Carpenter, T. (2009). Are live bird markets reservoirs of
avian influenza? Poult. Sci. 88, 856-859. doi: 10.3382/ps.2008-00338

Frontiers in Microbiology

09

10.3389/fmicb.2022.1030545

Center for Disease Control and Prevention (reference
2021-24).

Author contributions

Conceptualization, ZK, ML, TL, and YP: Methodology, TL,
YP: Formal Analysis, YP, ML: Investigation, XL, LS and SS:
Resources, JL, SL, YH, SZ, ZL, XW and SZ: Writing — Original
Draft, TL, YP, ML: Writing - Review and Editing, ZK, TL, YP and
ML: Funding Acquisition, TL and YP. All authors listed have
made a substantial, direct, and intellectual contribution to the
work and approved it for publication.

Funding

This work was supported by Shandong provincial Natural
Science Foundation (ZR2021MH372) and the National Natural
Science Foundation of China (32170651).

Conflict of interest

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

Publisher’'s note

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

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1030545/

full#supplementary-material

Chen, G.-W,, Chang, S.-C., Mok, C,, Lo, Y.-L., Kung, Y.-N., Huang, J.-H., et al.
(2006). Genomic signatures of human versus avian influenza a viruses. Emerg. Infect.
Dis. 12, 1353-1360. doi: 10.3201/eid1209.060276

Jiang, W., Hou, G., Li, J., Peng, C., Wang, S., Liu, S., et al. (2019). Prevalence of
H7NO9 subtype avian influenza viruses in poultry in China, 2013-2018. Transbound.
Emerg. Dis. 66, 1758-1761. doi: 10.1111/tbed.13183

Jin, X, Zha, Y., Hu, ], Li, X,, Chen, J., Xie, S., et al. (2020). New molecular evolutionary
characteristics of HON2 avian influenza virus in Guangdong Province, China. J. Mol.
Epidemiol. Evol. Genet. Infect. Dis. 77:104064. doi: 10.1016/j.meegid.2019.104064

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X: molecular
evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35, 1547-1549.

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1030545
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1030545/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1030545/full#supplementary-material
https://doi.org/10.1128/JVI.02005-07
https://doi.org/10.1038/s41467-020-19671-3
https://doi.org/10.3382/ps.2008-00338
https://doi.org/10.3201/eid1209.060276
https://doi.org/10.1111/tbed.13183
https://doi.org/10.1016/j.meegid.2019.104064

Liu et al.

Li, C,, and Chen, H. (2021). H7N9 Influenza Virus in China. Cold Spring Harb.
Perspect. Med. 11:a038349. doi: 10.1101/cshperspect.a038349

Li, W,, and Godzik, A. (2006). Cd-hit: a fast program for clustering and comparing
large sets of protein or nucleotide sequences. Bioinformatics 22, 1658-1659. doi:
10.1093/bioinformatics/btl158

Li, Y. T, Linster, M., Mendenhall, I. H., Su, Y. C. E, and Smith, G. J. D. (2019b).
Avian influenza viruses in humans: lessons from past outbreaks. Br. Med. Bull. 132,
81-95. doi: 10.1093/bmb/1dz036

Li, Y. T, Liu, M., Sun, Q,, Zhang, H., Jiang, S., et al. (2019a). Genotypic evolution
and epidemiological characteristics of HON2 influenza virus in Shandong Province,
China. Poult. Sci. 98, 3488-3495. doi: 10.3382/ps/pez151

Li, C., Wang, S., Bing, G., Carter, R. A, Wang, Z., Wang, ]., et al. (2017). Genetic
evolution of influenza HIN2 viruses isolated from various hosts in China from 1994
to 2013. Emerg. Microb. Infect. 6:¢106. doi: 10.1038/emi.2017.94

Li, Y., Wang, Y, Shen, C., Huang, J., Kang, J., and Huang, B. (2018). Closure of live
bird markets leads to the spread of H7N9 influenza in China. PloS One 13:¢0208884.
doi: 10.1371/journal.pone.0208884

Liu, W. ], Li, ], Zou, R, Pan, J,, Jin, T, Li, L., et al. (2020). Dynamic PB2-E627K

substitution of influenza H7N9 virus indicates the in vivo genetic tuning and rapid
host adaptation. Proc. Natl. Acad. Sci. U. S. A. 117, 23807-23814.

Liu, S., Zhuang, Q., Wang, S., Jiang, W,, Jin, J., Peng, C., et al. (2020). Control of
avian influenza in China: strategies and lessons. Transbound. Emerg. Dis. 67,
1463-1471. doi: 10.1111/tbed.13515

Lu, C,, Cai, Z,, Zou, Y., Zhang, Z., Chen, W,, Deng, L., et al. (2020). Flu phenotype -
a one-stop platform for early warnings of the influenza a virus. Bioinformatics. 36,
3251-3253. doi: 10.1093/bioinformatics/btaa083

Lyons, D. M., and Lauring, A. S. (2018). Mutation and epistasis in influenza virus
evolution. Viruses 10, 1-13. doi: 10.3390/v10080407

Mostafa, A., Abdelwhab, E. M., Mettenleiter, T. C., and Pleschka, S. (2018).
Zoonotic potential of influenza a viruses: a comprehensive overview. Virus. Basel
10::497. doi: 10.3390/v10090497

Frontiers in Microbiology

10

10.3389/fmicb.2022.1030545

Peacock, T. H. P, James, J., Sealy, J. E., and Igbal, M. (2019). A global perspective
on HIN2 avian influenza virus. Viruses 11:620. doi: 10.3390/v11070620

Peng, Y., Li, X., Zhou, H., Wu, A,, Dong, L., Zhang, Y., et al. (2017). Continual
antigenic diversification in China leads to global antigenic complexity of avian
influenza H5N1 viruses. Sci. Rep. 7:43566. doi: 10.1038/srep43566

Peng, Y., Zhu, W,, Feng, Z., Zhu, Z., Zhang, Z., Chen, Y., et al. (2020). Identification
of genome-wide nucleotide sites associated with mammalian virulence in influenza
aviruses. Biosaf. Health 2, 32-38. doi: 10.1016/j.bsheal.2020.02.006

Pu, J., Wang, S., Yin, Y., Zhang, G., Carter, R. A., Wang, J., et al. (2015).
Evolution of the HIN2 influenza genotype that facilitated the genesis of the
novel H7N9 virus. Proc. Natl. Acad. Sci. U. S. A. 112, 548-553. doi: 10.1073/
pnas.1422456112

Quan, C,, Shi, W,, Yang, Y., Liu, X., Xu, W, Li, H., et al. (2018). New threats from
H7N9 influenza virus: spread and evolution of high-and low-pathogenicity variants
with high genomic diversity in wave five. J. Virol. 92:¢00301-18. doi: 10.1128/
JVI.00301-18

Su, S., Bi, Y., Wong, G., Gray, G. C., Gao, G. E, and Li, S. (2015). Epidemiology,

evolution, and recent outbreaks of avian influenza virus in China. J. Virol. 89,
8671-8676. doi: 10.1128/JVI1.01034-15

Webster, R. G., Bean, W. J., Gorman, O. T., Chambers, T. M., and Kawaoka, Y.
(1992). Evolution and ecology of influenza a viruses. Microbiol. Rev. 56, 152-179.
doi: 10.1128/mr.56.1.152-179.1992

Wu, A, Su, C., Wang, D., Peng, Y., Liu, M., Hua, S., et al. (2013). Sequential
reassortments underlie diverse influenza H7N9 genotypes in China. Cell Host
Microb. 14, 446-452. doi: 10.1016/j.chom.2013.09.001

Yu, H., Wy, J. T., Cowling, B. J., Liao, Q., Fang, V. ]., Zhou, S., et al. (2014). Effect
of closure of live poultry markets on poultry-to-person transmission of avian
influenza a H7N9 virus: an ecological study. Lancet 383, 541-548. doi: 10.1016/
S0140-6736(13)61904-2

Zhang, S.-Y,, Song, S.-X., Liu, T, Sun, L., Wu, J.-L., He, Y.-],, et al. (2020).
Epidemiological characteristics of human infection with avian influenza a(H7N9)
virus in Shandong province from 2013 to 2017. Modern Prevent. Med. 47:7.

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1030545
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1101/cshperspect.a038349
https://doi.org/10.1093/bioinformatics/btl158
https://doi.org/10.1093/bmb/ldz036
https://doi.org/10.3382/ps/pez151
https://doi.org/10.1038/emi.2017.94
https://doi.org/10.1371/journal.pone.0208884
https://doi.org/10.1111/tbed.13515
https://doi.org/10.1093/bioinformatics/btaa083
https://doi.org/10.3390/v10080407
https://doi.org/10.3390/v10090497
https://doi.org/10.3390/v11070620
https://doi.org/10.1038/srep43566
https://doi.org/10.1016/j.bsheal.2020.02.006
https://doi.org/10.1073/pnas.1422456112
https://doi.org/10.1073/pnas.1422456112
https://doi.org/10.1128/JVI.00301-18
https://doi.org/10.1128/JVI.00301-18
https://doi.org/10.1128/JVI.01034-15
https://doi.org/10.1128/mr.56.1.152-179.1992
https://doi.org/10.1016/j.chom.2013.09.001
https://doi.org/10.1016/S0140-6736(13)61904-2
https://doi.org/10.1016/S0140-6736(13)61904-2

	Surveillance of avian influenza viruses in live bird markets of Shandong province from 2013 to 2019
	Introduction
	Materials and methods
	Virus sampling and isolation
	Human H9N2 case finding and isolation
	Genome sequencing
	Phylogenetic analysis
	Genotype determination
	Identification of molecular markers in H9N2 viruses
	Statistical analysis

	Results
	Surveillance of AIVs in LBMs of Shandong province
	Sequencing and phylogenetic analysis of representative H9N2 viruses
	Genotyping of newly sequenced H9N2 viruses
	Molecular markers of H9N2 viruses

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

