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Avian influenza A virus (H9N2) has become widespread and estab-
lished a stable lineage in domestic poultry in China since its first 
identification in Guangdong Province in 1994 (Chen et  al.,  1994). 
Sporadic spillover to humans has also been documented (Butt 
et al., 2005; Pan et al., 2018; Peiris et al., 1999). Phylogenetic anal-
ysis revealed that H9N2 viruses have undergone frequent genetic 
reassortment, leading to a high phylogenetic diversity and distinct 
lineages (Dong et al., 2009; Wang et al., 2016). Additionally, H9N2 
have facilitated the emergence of novel reassortant H7N9, H5N6 
and H10N8 viruses by providing internal genes, posing a substan-
tial threat to public health (Bi et  al.,  2016; Chen et  al.,  2014; Liu 
et al., 2015; Pu et al., 2014; Shen et al., 2016; Yu et al., 2013). These 
findings are suggestive of the ability and potential of H9N2 to gen-
erate new reassortant viruses with pandemic potential in humans.

Frequent exposure and viral transmission between wild birds and 
domestic poultry may support the continuous circulation of viruses 
in the avian reservoir. Wild birds and waterfowl are the natural hosts 
of AIVs (Alexander, 2000, 2007) distributing viruses to remote areas 
via long-distance migration. Domestic poultry may become infected 
through direct contact with infected waterfowl or other infected 

poultry, or through frequent exposure to contaminated surfaces 
(CDC, 2019).

To better understand the evolution of H9N2 viruses, 45 tracheal 
and cloacal swab samples were collected from wild birds in Suichuan 
county in Jiangxi Province, China, during the routine bird banding 
survey in 2015. These specimens were preserved in a sample solu-
tion in the fridge (4℃) and subsequently shipped to the laboratory 
and stored frozen at −80℃. Virus isolation was conducted in 9- to 
11-day-old specific pathogen-free (SPF) embryonated chicken eggs. 
Five out of 45 samples had haemagglutination activity. The viral 
RNAs of these positive samples were extracted from allantoic fluid 
with haemagglutination activity using RNeasy Mini Kit (Qiagen,). The 
superscript III reverse transcription-PCR (RT-PCR) kit (Invitrogen) 
was used for the reverse transcription synthesis viral cDNA. All 
segments were amplified using a Phusion high-Fidelity PCR sys-
tem (New England Biolabs) adhering to the manufactory guide. 
Full-genome sequencing was performed with Applied Biosystems 
Automated 3730xl DNA Analyzer. subtype. All animal works are in 
according with the Animal Care and Use Committee guidelines of 
China Agricultural University (SKLAB-B-2010-003).
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To investigate the phylogenetic characterization of H9N2 vi-
ruses, phylogenetic trees of eight genes were constructed using 
the maximum likelihood method based on the Kimura 2-parameter 
model (Kimura, 1980) in MEGA 6.0 (Tamura et al., 2013). Reference 
sequences were downloaded from the GenBank database of the 
National Centre for Biotechnology Information. The majority (>90%) 
of these sequences were isolated from poultry, whereas the rest 
were from wild birds and human beings. To classify H5N1 and H9N2 
lineages, sequences before 2000 from outside China were also in-
cluded. The representative virus of each lineage was provided in 
Table S9.

The isolation rate of H9N2 viruses was 11% (5 H9N2 positive 
samples out of 45 samples). H9N2 positive samples were col-
lected from Chinese Pond Heron (Ardeola bacchus), Yellow Bittern 
(Ixobrychus sinensis) and Striated heron (Butorides striatus). They are 
designated as A/Chinese Pond Heron/Jiangxi/K64/2015(H9N2), A/
Yellow Bittern/Jiangxi/K65/2015(H9N2), A/Striated Heron/Jiangxi/
K66/2015(H9N2), A/Chinese Pond Heron/Jiangxi/K76/2015(H9N2) 
and A/Yellow Bittern/Jiangxi/K77/2015(H9N2). Phylogenetic anal-
yses showed that all five isolates belonged to the H9N2 subtype. 
Notably, there is a distinct phylogenetic structure in each gene seg-
ment, with lineages derived from H9N2 and H5N1 (Figure 1a and b; 
Figure S1). Amongst these lineages, SH/F/98(H9N2) was the most 

prevalent lineage whose NA, PB1, PA and NP genes are closely re-
lated to the five isolated viruses in Jiangxi. Of note, M gene seg-
ment showed a close relationship with two lineages, that is HK/
G1/97(H9N2) and Gs/GD/96(H5N1) (Figure  1c). This phylogenetic 
structure suggests a more complex reassortment process of the 
five Jiangxi H9N2 isolates compared with previous H9N2 variants 
(Gu et  al.,  2019). The ability of reassortment with lineages from 
high pathogentic subtypes including H5 and H7 (Bi et al., 2016; Pu 
et al., 2014) highlighted its potential threats to public health.

To address the genetic similarity between viruses isolated from 
wild birds and domestic poultry, average genetic distance, defined 
as the number of base substitutions per site from averaging over all 
sequence pairs, was used to represent the evolutionary divergence 
between two species. Analysis were calculated using the Kimura 
2-parameter substitution model with a gamma-distributed variation 
rate among sites (shape parameter = 4).

The average genetic distance between domestic poultry and 
wild birds vary from 0.001 to 0.105 substitutions per site depend-
ing on the segment (Table 1). This minor difference is suggestive 
of a minimal evolutionary divergence between species, which may 
due partly to the frequent mutual transmissions between domes-
tic and wild birds. Note that the size of samples within wild birds 
is limited. Therefore, genetic distance within and among species 

F I G U R E  1   Phylogenetic analysis of five viruses isolated in Jiangxi, China in 2015. Molecular phylogenetic analyses for the (a) HA, (b) 
NA were conducted using the Maximum Likelihood method based on the Kimura 2-parameter model. Viruses sequenced in this study 
were marked by circles. Internal branching probabilities were determined by bootstrap analysis with 1,000 bootstrap replicates. Viruses 
formed distinct groups, that is A/chicken/Beijing/1/94(H9N2) (BJ/1/94), A/chicken/Shanghai/F/98(H9N2) (SH/F/98), A/quail/Hongkong/
G1/97(H9N2) (HK/G1/97) and A/goose/Guangdong/1/96(H5N1) (Gs/GD/96). (c) A hypothetical reassortment pattern of the novel H9N2 
virus isolates. The eight gene segments (horizontal bars), that is PB2, PB1, PA, HA, NP, NA, M and NS, were ordered from top to bottom in 
each virion. Different colours represented different virus lineages
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should be interpreted with caution. First, the small genetic dis-
tance within birds in NA gene indicates a typically high genetic 
similarity among viruses in birds. This similarity, however, should 

not be interpreted as a general characteristic of viral evolution 
with birds. Furthermore, genetic distance within birds is not com-
parable with that within poultry due primarily to the different 

Gene segment

Birds Poultry Birds-poultry

Mean SE Mean SE Mean SE

HA 0.087 0.005 0.079 0.004 0.088 0.006

NA 0.001 0.001 0.073 0.004 0.079 0.005

PB2 0.086 0.006 0.112 0.007 0.105 0.007

PB1 0.083 0.004 0.054 0.002 0.076 0.004

PA 0.089 0.006 0.097 0.006 0.095 0.006

NP 0.071 0.005 0.071 0.004 0.076 0.004

M 0.069 0.005 0.035 0.003 0.053 0.004

NS 0.037 0.005 0.065 0.006 0.064 0.006

Note: H9N2 sequences isolated in China in 2000–2015 are assigned to either domestic poultry or 
wild birds group. Evolutionary divergence is evaluated using the average genetic distance, or the 
number of base substitutions per site from averaging over all sequence pairs within or between 
groups. Standard error (SE) estimates are obtained by a bootstrap procedure with 1,000 replicates. 
Analysis is calculated using the Kimura 2-parameter substitution model with a gamma-distributed 
variation rate among sites (shape parameter = 4). All codon positions containing gaps or missing 
data are eliminated. The number of positions of each segment in the final dataset is HA: 1549, NA: 
1,343, PB2: 1,213, PB1: 2,156, PA: 1,630, NP: 1,428, M: 906 and NS: 628.

TA B L E  1   Estimates of evolutionary 
divergence over sequence pairs within and 
between groups

F I G U R E  2   Stopover site of migratory birds in Suichuan county. Migratory birds concentrated in the rice fields surrounding the house 
where domestic poultry were raised by a free-range approach, providing an environment for bird-poultry interaction and inter-species viral 
transmission
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sample size and spatial-temporal coverage of samples between 
two species.

The phylogenetic diversity of H9N2 isolates reflected the 
role that migratory birds played in viral evolution and transmis-
sion. It is recognized that China provides a suitable condition for 
gene exchange among different host species and regions, giving 
rise to novel H3N8 and H5N6 Clade 2.3.2.1c reassortants (Li 
et  al.,  2019; Zhang et  al.,  2019). The diverse natural ecological 
landscape in Suichuan county contributes to the congregation and 
hence gene exchange among different bird species along the East 
Asia-Australia migratory flyway (Xiao et al., 2006). Moreover, the 
traditional free-range backyard approach of poultry raising has 
created an ideal situation for the exposure to the infected birds or 
environment and viral transmission to poultry (Figure 2). Likewise, 
previous studies of bird migration across Qinghai and Poyang 
Lake uncovered the linkage between wild migratory birds and 
the spread of H5N1 viruses (Cui et al., 2011; Prosser et al., 2011; 
Takekawa et al., 2010).

Overall, the isolation of novel H9N2 reassortants in wild birds 
highlighted that extensive surveillance of H9N2 should be imple-
mented to improve the early warning of the emergence of novel re-
assortants with pandemic potential.

ACKNOWLEDG EMENTS
We sincerely acknowledge the authors and submitting laboratories 
of the sequences deposited in GenBank database, on which the phy-
logenetic analysis of this research is based.

CONFLIC T OF INTERE S T
We do not have any financial or other relationships that may pose 
conflicts of interest.

AUTHOR CONTRIBUTION
Tao Zhang: Data curation; Investigation; Methodology; 
Writing-original draft; Writing-review & editing. Ruiyun Li: 
Conceptualization; Methodology; Writing-original draft; Writing-
review & editing. Pinghua Zhong: Data curation; Investigation. 
Jianyu Chang: Data curation; Investigation; Supervision. Bing Xu: 
Conceptualization; Supervision; Writing-original draft; Writing-
review & editing.

PEER RE VIE W
The peer review history for this article is available at https://publo​
ns.com/publo​n/10.1002/vms3.391.

DATA AVAIL ABILIT Y S TATEMENT
Sequence data have been deposited into the GISAID platform (http://
platf​orm.gisaid.org/) with the accession numbers of EPI1485062-
EPI1485079 and EPI1485083-EPI1485104.

ORCID
Ruiyun Li   https://orcid.org/0000-0001-8927-9965 

R E FE R E N C E S
Alexander, D. J. (2000). A review of avian influenza in different bird spe-

cies. Veterinary Microbiology, 74(1–2), 3–13. https://doi.org/10.1016/
S0378​-1135(00)00160​-7

Alexander, D. J. (2007). An overview of the epidemiology of avian in-
fluenza. Vaccine, 25(30), 5637–5644. https://doi.org/10.1016/j.vacci​
ne.2006.10.051

Bi, Y., Chen, Q., Wang, Q., Chen, J., Jin, T., Wong, G., Quan, C., Liu, 
J., Wu, J., Yin, R., Zhao, L., Li, M., Ding, Z., Zou, R., Xu, W., Li, 
H., Wang, H., Tian, K., Fu, G., … Gao, G. F. (2016). Genesis, evo-
lution and prevalence of H5N6 avian influenza viruses in China. 
Cell Host & Microbe, 20(6), 810–821. https://doi.org/10.1016/j.
chom.2016.10.022

Butt, K. M., Smith, G. J. D., Chen, H., Zhang, L. J., Leung, Y. H. C., Xu, 
K. M., Lim, W., Webster, R. G., Yuen, K. Y., Peiris, J. S. M., & Guan, 
Y. (2005). Human Infection with an avian H9N2 influenza A virus in 
Hong Kong in 2003. Journal of Clinical Microbiology, 43(11), 5760–
5767. https://doi.org/10.1128/JCM.43.11.5760-5767.2005

CDC (2019). Avian influenza in birds. Retrieved from https://www.cdc.
gov/flu/avian​flu/avian​-in-birds.htm

Chen, B., Zhang, Z. J., & Chen, W. B. (1994). Isolation and preliminary se-
rological characterization of type A influenza viruses from chickens. 
Chinese Journal of Veterinary Medicine, 20, 3–5. [in Chinese]

Chen, H. Y., Yuan, H., Gao, R., Zhang, J., Wang, D., Xiong, Y., Fan, G. 
Y., Yang, F., Li, X., Zhou, J., Zou, S., Yang, L., Chen, T., Dong, L., 
Bo, H., Zhao, X., Zhang, Y. E., Lan, Y. U., Bai, T., … Shu, Y. (2014). 
Clinical and epidemiological characteristics of a fatal case of avian 
influenza A H10N8 virus infection: A descriptive study. Lancet, 
383(9918), 714–721. https://doi.org/10.1016/S0140​-6736(14)60​
111​-2

Cui, P., Hou, Y., Xing, Z., He, Y., Li, T., Guo, S., Luo, Z. E., Yan, B., Yin, Z., 
& Lei, F. (2011). Bird migration and risk for H5N1 transmission into 
Qinghai Lake, China. Vector-Borne and Zoonotic Diseases, 11(5), 567–
576. https://doi.org/10.1089/vbz.2009.0240

Dong, G., Luo, J., Zhang, H., Wang, C., Duan, M., Deliberto, T. J., Nolte, 
D. L., Ji, G., & He, H. (2009). Phylogenetic diversity and genotyp-
ical complexity of H9N2 influenza A viruses revealed by genomic 
sequence analysis. PLoS One, 6(2), e17212. https://doi.org/10.1371/
journ​al.pone.0017212

Gu, M., Xu, L., Wang, X., & Liu, X. (2019). Current situation of H9N2 sub-
type avian influenza in China. Veterinary Research, 48, 49. https://doi.
org/10.1186/s1356​7-017-0453-2

Kimura, M. (1980). A simple method for estimating evolutionary rate of 
base substitutions through comparative studies of nucleotide se-
quences. Journal of Molecular Evolution, 16(2), 111–120. https://doi.
org/10.1007/BF017​31581

Li, R., Zhang, T., Xu, J., Chang, J., & Xu, B. (2019). Novel reassortant avian 
influenza A(H3N8) virus isolated from a wild bird in Jiangxi, China. 
Microbiology Resource Announcements, 8(46), e01163-19. https://doi.
org/10.1128/MRA.01163​-19

Liu, M., Li, X., Yuan, H., Zhou, J., Wu, J., Bo, H., & Shu, Y. (2015). Genetic 
diversity of avian influenza A (H10N8) virus in live poultry markets 
and its association with human infections in China. Scientific Reports, 
5, 7632. https://doi.org/10.1038/srep0​7632

Pan, Y., Cui, S., Sun, Y., Zhang, X., Ma, C., Shi, W., Peng, X., Lu, G., Zhang, 
D., Liu, Y., Wu, S., Yang, P., & Wang, Q. (2018). Human infection with 
H9N2 avian influenza in northern China. Clinical Microbiology and 
Infection, 24(3), 321–323. https://doi.org/10.1016/j.cmi.2017.10.026

Peiris, M., Yuen, K. Y., Leung, C. W., Chan, K. H., Ip, P., Lai, R., Orr, W. 
K., & Shortridge, K. F. (1999). Human infection with influenza 
H9N2. Lancet, 354(9182), 916–917. https://doi.org/10.1016/S0140​
-6736(99)03311​-5

Prosser, D. J., Cui, P., Takekawa, J. Y., Tang, M., Hou, Y., Collins, B. M., 
Yan, B., Hill, N. J., Li, T., Li, Y., Lei, F., Guo, S., Xing, Z., He, Y., Zhou, 

https://publons.com/publon/10.1002/vms3.391
https://publons.com/publon/10.1002/vms3.391
http://platform.gisaid.org/
http://platform.gisaid.org/
https://orcid.org/0000-0001-8927-9965
https://orcid.org/0000-0001-8927-9965
https://doi.org/10.1016/S0378-1135(00)00160-7
https://doi.org/10.1016/S0378-1135(00)00160-7
https://doi.org/10.1016/j.vaccine.2006.10.051
https://doi.org/10.1016/j.vaccine.2006.10.051
https://doi.org/10.1016/j.chom.2016.10.022
https://doi.org/10.1016/j.chom.2016.10.022
https://doi.org/10.1128/JCM.43.11.5760-5767.2005
https://www.cdc.gov/flu/avianflu/avian-in-birds.htm
https://www.cdc.gov/flu/avianflu/avian-in-birds.htm
https://doi.org/10.1016/S0140-6736(14)60111-2
https://doi.org/10.1016/S0140-6736(14)60111-2
https://doi.org/10.1089/vbz.2009.0240
https://doi.org/10.1371/journal.pone.0017212
https://doi.org/10.1371/journal.pone.0017212
https://doi.org/10.1186/s13567-017-0453-2
https://doi.org/10.1186/s13567-017-0453-2
https://doi.org/10.1007/BF01731581
https://doi.org/10.1007/BF01731581
https://doi.org/10.1128/MRA.01163-19
https://doi.org/10.1128/MRA.01163-19
https://doi.org/10.1038/srep07632
https://doi.org/10.1016/j.cmi.2017.10.026
https://doi.org/10.1016/S0140-6736(99)03311-5
https://doi.org/10.1016/S0140-6736(99)03311-5


1046  |     ZHANG et al.

Y., Douglas, D. C., Perry, W. M., & Newman, S. H. (2011). Wild bird 
migration across the Qinghai-Tibetan Plateau: A transmission route 
for highly pathogenic H5N1. PLoS One, 6, e17622. https://doi.
org/10.1371/journ​al.pone.0017622

Pu, J., Wang, S., Yin, Y., Zhang, G., Carter, R. A., Wang, J., Xu, G., Sun, 
H., Wang, M., Wen, C., Wei, Y., Wang, D., Zhu, B., Lemmon, G., Jiao, 
Y., Duan, S., Wang, Q., Du, Q., Sun, M., … Webster, R. G. (2014). 
Evolution of the H9N2 influenza genotype that facilitated the gen-
esis of the novel H7N9 virus. Proceedings of the National Academy of 
Sciences of the United States of America, 112(2), 548–553. https://doi.
org/10.1073/pnas.14224​56112

Shen, Y.-Y., Ke, C.-W., Li, Q., Yuan, R.-Y., Xiang, D., Jia, W.-X., Yu, Y.-D., Liu, 
L. U., Huang, C., Qi, W.-B., Sikkema, R., Wu, J., Koopmans, M., & Liao, 
M. (2016). Novel reassortant avian influenza A(H5N6) viruses in hu-
mans, Guangdong, China, 2015. Emerging Infectious Diseases, 22(8), 
1507–1509. https://doi.org/10.3201/eid22​08.160146

Takekawa, J. Y., Newman, S. H., Xiao, X., Prosser, D. J., Spragens, K. A., 
Palm, E. C., Yan, B., Li, T., Lei, F., Zhao, D., Douglas, D. C., Muzaffar, S. 
B., & Ji, W. (2010). Migration of waterfowl in the East Asian Flyway 
and spatial relationship to HPAI H5N1 Outbreaks. Avian Diseases, 
54(1 Suppl), 466–476. https://doi.org/10.1637/8914-04300​9-Reg.1

Tamura, K., Stecher, G., Peterson, D., Filipski, A., & Kumar, S. (2013). 
MEGA6: Molecular evolutionary genetics analysis version 6.0. 
Molecular Biology and Evolution, 30(12), 2725–2729. https://doi.
org/10.1093/molbe​v/mst197

Wang, H., Zhang, Z., Chen, Z., Zhang, Y., Lv, Q., An, X., Tong, Y., Carr, M. 
J., Sun, S., & Shi, W. (2016). High genetic diversity and frequent ge-
netic reassortment of avian influenza A(H9N2) viruses along the East 
Asian-Australian migratory flyway. Infection, Genetics and Evolution, 
39, 325–329. https://doi.org/10.1016/j.meegid.2016.02.013

Xiao, F., Li, M., Jiang, Y., & Liu, L. (2006). Uncover passageway of mi-
gratory birds in Suichuan county. Chinese Wildlife, 27(1), 38–39. [in 
Chinese]

Yu, H., Cowling, B. J., Feng, L., Lau, E. H. Y., Liao, Q., Tsang, T. K., Peng, 
Z., Wu, P., Liu, F., Fang, V. J., Zhang, H., Li, M., Zeng, L., Xu, Z., Li, Z., 
Luo, H., Li, Q., Feng, Z., Cao, B., … Leung, G. M. (2013). Human infec-
tion with avian influenza A H7N9 virus: An assessment of clinical se-
verity. Lancet, 382(9887), 138–145. https://doi.org/10.1016/S0140​
-6736(13)61207​-6

Zhang, T., Li, R., Zhu, G., Chang, J., & Xu, B. (2019). First detection of a 
novel reassortant avian influenza A(H5N6) clade 2.3.2.1c virus, iso-
lated from a wild bird in China. Microbiology Resource Announcements, 
8, e00797–e00819. https://doi.org/10.1128/MRA.00797​-19

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

https://doi.org/10.1371/journal.pone.0017622
https://doi.org/10.1371/journal.pone.0017622
https://doi.org/10.1073/pnas.1422456112
https://doi.org/10.1073/pnas.1422456112
https://doi.org/10.3201/eid2208.160146
https://doi.org/10.1637/8914-043009-Reg.1
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1016/j.meegid.2016.02.013
https://doi.org/10.1016/S0140-6736(13)61207-6
https://doi.org/10.1016/S0140-6736(13)61207-6
https://doi.org/10.1128/MRA.00797-19

