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ABSTRACT H5N8 and H5N1 highly pathogenic avian influenza viruses (AIVs) of clade
2.3.4.4b were isolated from dead migratory birds and fecal samples collected in Tibet,
China, in May 2021. Phylogenetic analyses showed that the viruses isolated in this study
may have spread from wintering or stopover grounds of migratory birds in South Asia.
We monitored two disparate clade 2.3.4.4b H5Nx viruses in migratory birds in Tibet dur-
ing their breeding season. The data revealed that breeding grounds may exhibit a poten-
tial pooling effect among avian influenza viruses in different migratory populations.

IMPORTANCE In this study, 15 H5N8 and two H5N1 highly pathogenic avian influenza
viruses of clade 2.3.4.4b were isolated from dead migratory birds and fecal samples in
Tibet, China. Isolates of H5N1 virus of clade 2.3.4.4b have been rarely reported in China.
Our findings highlight that breeding grounds may exhibit a potential pooling effect
among avian influenza viruses (AIVs) in different migratory populations. In addition to
intensification of the surveillance of AIVs in migratory birds in Tibet, China, international
cooperation should be strengthened.
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Clade 2.3.4 H5 highly pathogenic avian influenza viruses (HPAIVs) have undergone reas-
sortment with other neuraminidase segments since 2010 (1), which has led to the emer-

gence of clade 2.3.4.4b H5Nx viruses (e.g., H5N1, H5N2, H5N3, H5N4, H5N5, H5N6, and
H5N8) (2) (https://www.offlu.org/wp-content/uploads/2021/11/OFFLU-November2021-Final
.pdf). Significantly, H5N8 has gradually become the dominant strain across the world, result-
ing in three waves of intercontinental epidemics (3). In early 2014, clade 2.3.4.4 HPAIV H5N8
induced outbreaks in South Korea followed by extensive transmission throughout eastern
Asia, Europe, Russia, and North America via migratory birds (4). In 2016, the novel H5N8 virus
obtained gene segments from the Eurasian low-pathogenicity avian influenza viruses
(LPAIVs) reported in Eurasia (5, 6). From 2020 to 2021, multiple outbreaks of H5N8 viruses
were reported in many European and Asian countries (7–9). While clade 2.3.4.4b HPAIV
H5N8 was reported in humans in February 2021, no evidence of human-to-human transmis-
sion was found (10). The H5N8 virus had also undergone reassortment with other wild bird
influenza viruses to form new strains of HPAIV H5N1 since the autumn of 2020 (11). It subse-
quently continued to be prevalent in Africa, Europe, and Asia. In the present study, we
describe the genetic characterizations of clade 2.3.4.4b H5N8 and H5N1 HPAIVs causing out-
breaks among migratory birds in Tibet, China, 2021.

In May 2021, a number of bar-headed geese (Anser indicus) and brown-headed gulls
(Larus brunnicephalus Jerdon) were found dead in the Naqu region in northern Tibet,
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China (31.9161N, 91.5322E to 31.3028N, 91.7667E). The Naqu region is one of the most
important breeding grounds for bar-headed geese and brown-headed gulls that over-
winter in southern Tibet and South Asia (12). The organs (trachea, liver, lung, pancreas,
kidney, spleen, and rectum) or swabs (nasopharyngeal and cloacal) from dead birds
were collected. Nearby fecal samples were also collected (see Table S1 in the supple-
mental material). Next, virus isolation and genome sequencing were performed as pre-
viously described (13). A total of 15 H5N8 viruses (TB-H5N8) and two H5N1 viruses (TB-
H5N1) were isolated from the samples. All viral genome sequences were deposited
into the GISAID EpiFlu database (https://www.gisaid.org) (Table S2).

All eight gene segments of TB-H5N8 displayed a high nucleotide identity of 99.1% to
100.0%. TB-H5N1 viruses shared a 99.5% to 100.0% nucleotide identity. TB-H5N8 and TB-
H5N1 shared a high level of nucleotide similarity in the HA and M genes (98.6% to 99.4%
and 99.5% to 99.6%, respectively); however, there was a lower level of sequence identity in
the other internal gene segments (PB2, 93.0% to 93.2%; PB1, 93.5% to 93.7%; PA, 94.6% to
94.7%; NS, 91.4% to 91.8%; NP, 95.6% to 95.7%). The hemagglutinin cleavage site of 17
H5Nx viruses, sequenced as REKRRKR*GLF, indicated that they were HPAIVs. All of the recep-
tor binding sites of the isolates at positions 222 to 224 (H5 numbering) were QRG; however,
substitutions S123P, S133A, and T156A were identified in the HA gene, suggesting an
increased affinity to human-like (a2,6-linked sialic acid) receptors (14). The Q591, E627, and
D701 residues in the PB2 protein suggest that these viruses have not yet adapted to mam-
malian hosts (15) (see Table S3).

The HA phylogenic tree indicated that all H5 isolates belonged to clade 2.3.4.4b
(Fig. 1A). Our analyses suggested that the TB-H5N8 isolates were closely related to
clade 2.3.4.4b HPAIV H5N8 circulating in wild birds in China in 2020, which originated
in Russia (16). The closest genetic relatives of TB-H5N1 in the NS gene segment were
found to be LPAIVs. And, the NS gene of TB-H5N1 shared the highest nucleotide iden-
tity with that of the H10 viruses isolated in Bangladesh in ducks in 2020 (98.7% to
98.8%). The NP and PB2 genes shared the highest nucleotide identity with A/gadwall/
Chany/893/2018(H3N8) (99.1%) and A/mallard/Novosibirsk region/1894k/2019(H4N6)
(98.7%), respectively. The other five gene segments were clustered with the Eurasian
clade 2.3.4.4b H5Nx HPAIVs from 2020 to 2021. A molecular dating analysis using
BEAST 1.8.4 indicated that the ancestor of the TB-H5N8 isolates had circulated from
November 2020 to February 2021. The generation of TB-H5N1 isolates appears to have
been a complex process and was likely completed prior to May 2021.

FIG 1 Phylogenetic analysis of HA and hypothetical evolution and pathway of Tibet H5Nx virus spread. (A) Maximum-likelihood phylogenetic tree of the
HA genes of H5Nx viruses isolated in Tibet, China, and compared with the clade 2.3.4.4 reference isolates. The Tibet H5Nx isolates are marked in red.
Bootstrap supports higher than 90% are indicated. The scale bar indicates the nucleotide substitutions per site. (B) Hypothetical evolution and pathway of
influenza (H5Nx) virus spread from Tibet, China. Confirmed highly pathogenic avian influenza events in Central Asia, South Asia, China, and Russia were
available through the OIE between 2020 and May 2021. WAEAF, West Asian-East African Flyway; CAF, Central Asian Flyway; EAAF, East Asian-Australasian
Flyway. The map in Fig. 1B obtained from a website (https://365psd.com).
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Discussions and conclusions. Here, we report the emergence of clade 2.3.4.4b
H5N8 and H5N1 HPAIVs in Tibet, China, which was accompanied by serious disease in
wild migratory birds.

The maximum likelihood phylogenetic trees showed that eight gene segments of
TB-H5N8 clustered with H5N8 HPAIVs in China in 2020, which originated in Russia (see
Fig. S1 in the supplemental material). The maximum clade credibility phylogenetic
trees of eight genes revealed that the ancestral viruses of TB-H5N8 were likely circulat-
ing from November 2020 to February 2021, during the overwintering and initiation of
spring migration (see Fig. S2 and Table S4). The outbreak occurred in May, which is the
peak season for these migratory birds to breed in north Tibet. Since there are no farms
or backyard poultry located near the outbreak sites, we speculated that TB-H5N8 was
the most likely continuously circulate in wintering or stopover grounds. Thus, the com-
plex migration patterns of bar-headed geese or brown-headed gulls are likely to cause
an outbreak of TB-H5N8.

Since H5N1 virus of clade 2.3.4.4b was reported in 2020 (11), it has subsequently contin-
ued to be prevalent in Africa, Europe, and Asia. The closest genetic relatives of the NS gene
segment of TB-H5N1 were LPAIVs in Bangladesh in 2020. The NP and PB2 genes shared the
highest nucleotide identity with the LPAIVs in Russia. The other five gene segments of TB-
H5N1 clustered with the Eurasian clade 2.3.4.4b H5Nx viruses from 2020 to 2021. Among
them, only NA, PA, and NP were clustered with clade 2.3.4.4b H5N1 from the Netherlands in
2020 (see Fig. S1). Therefore, TB-H5N1 and H5N1 in the Netherlands in 2020 had a different
evolutionary trajectory. The estimation of the most recent common ancestor of TB-H5N1
indicated that the isolates might have entered Tibet between January and May 2021 when
the bar-headed geese migrated in the spring and bred (see Fig. S2 and Table S4). The migra-
tion routes of bar-headed geese along the Central Asian flyway have been identified (12). In
the spring, a large number of migrating birds arrive at their breeding grounds in northern
Tibet from their wintering grounds in southern Tibet and South Asia (i.e., India, Nepal, and
Bangladesh). Although no sequences for HPAIV H5N1 in South Asia have been submitted to
GISAID or GenBank, in January 2021, the World Organization for Animal Health (OIE)
reported sporadic outbreaks of H5N1 in bar-headed geese in India (https://wahis.oie.int). As
a consequence, we inferred that the reassortment between LPAIVs and clade 2.3.4.4b H5Nx
HPAIVs occurred in wintering or stopover grounds in South Asia (i.e., India). Subsequently,
the TB-H5N1 viruses spread to Tibet during spring migration through migratory birds
(Fig. 1B). The long branch lengths from some segments of TB-H5N1 to their closest relatives
suggested that these viruses had been circulating undetected for the intervening period
and complex reassortment may have occurred. Therefore, it is particularly important to
strengthen the active surveillance of avian influenza in wintering and stopover regions of
bar-headed geese (e.g., Indian Peninsula and Bay of Bengal region). It is necessary to
strengthen the international cooperation related to influenza surveillance, which will facili-
tate viral tracing and an early warning system.

Tibet, located mainly on the Central Asian Flyways, which is the first stop for the
wintering birds of the Indian Peninsula and Bay of Bengal region migrating to China.
AIVs are carried by wild migratory waterfowl across migratory flyways. To determine
the strains of circulating AIVs that may pose a risk to poultry and humans, regular sur-
veillance studies of wild birds must be performed. However, due to limitations of a
high altitude and harsh natural environment, active surveillance of avian influenza
among wild birds in the region remains incomplete. Therefore, there is a need to carry
out continued active surveillance of avian influenza activity before and after spring
and autumn migration in Tibet as an early warning system.

Data availability. All viral genome sequences have been deposited into the
GISAID EpiFlu database (https://www.gisaid.org) under the GISAID accession numbers
EPI_ISL_8215653, EPI_ISL_8215654, EPI_ISL_8215655, EPI_ISL_8215656, EPI_ISL_8215657,
EPI_ISL_8215658, EPI_ISL_8215659, EPI_ISL_8215660, EPI_ISL_8215661, EPI_ISL_8215662,
EPI_ISL_8215663, EPI_ISL_8215684, EPI_ISL_8215685, EPI_ISL_8215686, EPI_ISL_8215687,
EPI_ISL_8215688, and EPI_ISL_8215689.

A(H5Nx) in Tibet, China, 2021 Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.00643-22 3

https://wahis.oie.int
https://www.gisaid.org
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00643-22


SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 4.7 MB.

ACKNOWLEDGMENTS
This study was financed by the National Natural Science Foundation of China (grant

no. 31970501). This work was also funded by the Surveillance of Wildlife Diseases from
the National Forestry and Grassland Administration.

We thank the authors and submitting laboratories of the sequences from the Global
Initiative on Sharing All Influenza Data (GISAID) EpiFlu database.

We thank International Science Editing (http://www.internationalscienceediting
.com) for editing the manuscript.

We have no conflicts of interest to declare.

REFERENCES
1. Gu M, Zhao G, Zhao K, Zhong L, Huang J, Wan H, Wang X, Liu W, Liu H,

Peng D, Liu X. 2013. Novel variants of clade 2.3.4 highly pathogenic avian
influenza A(H5N1) viruses, China. Emerg Infect Dis 19:2021–2024. https://
doi.org/10.3201/eid1912.130340.

2. Aji D, Chang N, Zhang C, Du F, Li J, Yun F, Shi W, Bi Y, Ma Z. 2021. Rapid
emergence of the reassortant 2.3.4.4b H5N2 highly pathogenic avian
influenza viruses in a live poultry market in Xinjiang, Northwest China.
Avian Dis 65:578–583. https://doi.org/10.1637/aviandiseases-D-21-00075.

3. Li Y, Liu HJ, Li X, Lv XR, Chai HL. 2022. Global epidemiology of H5N8 sub-
type highly pathogenic avian influenza virus. Acta Microbiol Sin 62:10–23.

4. Global Consortium for H5N8 and Related Influenza Viruses. 2016. Role for
migratory wild birds in the global spread of avian influenza H5N8. Science
354: 213–217. https://doi.org/10.1126/science.aaf8852.

5. Li M, Liu H, Bi Y, Sun J, Wong G, Liu D, Li L, Liu J, Chen Q, Wang H, He Y, Shi
W, Gao GF, Chen J. 2017. Highly pathogenic avian influenza A(H5N8) virus
in wild migratory birds, Qinghai Lake, China. Emerg Infect Dis 23:637–641.
https://doi.org/10.3201/eid2304.161866.

6. Lee DH, Sharshov K, Swayne DE, Kurskaya O, Sobolev I, Kabilov M,
Alekseev A, Irza V, Shestopalov A. 2017. Novel reassortant clade 2.3.4.4
avian influenza A(H5N8) virus in wild aquatic birds, Russia, 2016. Emerg
Infect Dis 23:359–360. https://doi.org/10.3201/eid2302.161252.

7. Li X, Lv X, Li Y, Peng P, Zhou R, Qin S, Ma E, Liu W, Fu T, Ma P, An Q, Li Y,
Hua Y, Wang Y, Lei C, Chu D, Sun H, Li Y, Gao Y, Chai H. 2021. Highly path-
ogenic avian influenza A(H5N8) virus in swans, China, 2020. Emerg Infect
Dis 27:1732–1734. https://doi.org/10.3201/eid2706.204727.

8. Li X, Lv X, Li Y, Xie L, Peng P, An Q, Fu T, Qin S, Cui Y, Zhang C, Qin R, Qu F, Zhao
Z, Wang M, Xu Q, Li Y, Yang G, Chen G, Zhang J, Zheng H, Ma E, Zhou R, Zeng
X, Wang Y, Hou Z, Wang Y, Chu D, Li Y, Chai H. 2022. Emergence, prevalence,
and evolution of H5N8 avian influenza viruses in central China, 2020. Emerg
Microbes Infect 11:73–82. https://doi.org/10.1080/22221751.2021.2011622.

9. Cui P, Zeng X, Li X, Li Y, Shi J, Zhao C, Qu Z, Wang Y, Guo J, Gu W, Ma Q,
Zhang Y, Lin W, Li M, Tian J, Wang D, Xing X, Liu Y, Pan S, Zhang Y, Bao H,
Liu L, Tian G, Li C, Deng G, Chen H. 2022. Genetic and biological character-
istics of the globally circulating H5N8 avian influenza viruses and the pro-
tective efficacy offered by the poultry vaccine currently used in China. Sci
China Life Sci 65:795–808. https://doi.org/10.1007/s11427-021-2025-y.

10. Pyankova OG, Susloparov IM, Moiseeva AA, Kolosova NP, Onkhonova GS,
Danilenko AV, Vakalova EV, Shendo GL, Nekeshina NN, Noskova LN,

Demina JV, Frolova NV, Gavrilova EV, Maksyutov RA, Ryzhikov AB. 2021.
Isolation of clade 2.3.4.4b A(H5N8), a highly pathogenic avian influenza
virus, from a worker during an outbreak on a poultry farm, Russia, Decem-
ber 2020. Euro Surveill 26:2100439. https://doi.org/10.2807/1560-7917.ES
.2021.26.24.2100439.

11. Lewis NS, Banyard AC, Whittard E, Karibayev T, Al Kafagi T, Chvala I, Byrne
A, Meruyert Akberovna S, King J, Harder T, Grund C, Essen S, Reid SM,
Brouwer A, Zinyakov NG, Tegzhanov A, Irza V, Pohlmann A, Beer M,
Fouchier RAM, Akhmetzhan Akievich S, Brown IH. 2021. Emergence and
spread of novel H5N8, H5N5 and H5N1 clade 2.3.4.4 highly pathogenic
avian influenza in 2020. Emerg Microbes Infect 10:148–151. https://doi
.org/10.1080/22221751.2021.1872355.

12. Takekawa JY, Heath SR, Douglas DC, Perry WM, Javed S, Newman SH,
Suwal RN, Rahmani AR, Choudhury BC, Prosser DJ, Yan B, Hou Y, Batbayar
N, Natsagdorj T, Bishop CM, Butler PJ, Frappell PB, Milsom WK, Scott GR,
Hawkes LA, Wikelski M. 2009. Geographic variation in bar-headed geese
Anser indicus: connectivity of wintering areas and breeding grounds
across a broad front. Wildfowl 59:100–123. https://wildfowl.wwt.org.uk/
index.php/wildfowl/article/viewFile/1216/1216.

13. Chai H, Li X, Li M, Lv X, Yu W, Li Y, Sun J, Li Y, Sun H, Tian J, Xu Y, Bai X,
Peng P, Xie L, Qin S, An Q, Zhang F, Zhang H, Du J, Yang S, Hou Z, Zeng X,
Wang Y, Richt JA, Wang Y, Li Y, Ma J. 2022. Emergence, evolution, and
pathogenicity of influenza A(H7N4) virus in shorebirds. J Virol 96:e01717-
21. https://doi.org/10.1128/JVI.01717-21.

14. Yang ZY, Wei CJ, Kong WP, Wu L, Xu L, Smith DF, Nabel GJ. 2007. Immuniza-
tion by avian H5 influenza hemagglutinin mutants with altered receptor bind-
ing specificity. Science 317:825–828. https://doi.org/10.1126/science.1135165.

15. Yamada S, Hatta M, Staker BL, Watanabe S, Imai M, Shinya K, Sakai-Tagawa Y,
Ito M, Ozawa M, Watanabe T, Sakabe S, Li C, Kim JH, Myler PJ, Phan I,
Raymond A, Smith E, Stacy R, Nidom CA, Lank SM, Wiseman RW, Bimber BN,
O’Connor DH, Neumann G, Stewart LJ, Kawaoka Y. 2010. Biological and struc-
tural characterization of a host-adapting amino acid in influenza virus. PLoS
Pathog 6:e1001034. https://doi.org/10.1371/journal.ppat.1001034.

16. Xiong J, Zhou H, Fan L, Zhu G, Li Y, Chen G, Zhang J, Li J, Zheng H, Feng W,
Chen J, Yang G, Chen Q. 2021. Emerging highly pathogenic avian influenza
(H5N8) virus in migratory birds in Central China, 2020. Emerg Microbes Infect
10:1503–1506. https://doi.org/10.1080/22221751.2021.1956372.

A(H5Nx) in Tibet, China, 2021 Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.00643-22 4

http://www.internationalscienceediting.com
http://www.internationalscienceediting.com
https://doi.org/10.3201/eid1912.130340
https://doi.org/10.3201/eid1912.130340
https://doi.org/10.1637/aviandiseases-D-21-00075
https://doi.org/10.1126/science.aaf8852
https://doi.org/10.3201/eid2304.161866
https://doi.org/10.3201/eid2302.161252
https://doi.org/10.3201/eid2706.204727
https://doi.org/10.1080/22221751.2021.2011622
https://doi.org/10.1007/s11427-021-2025-y
https://doi.org/10.2807/1560-7917.ES.2021.26.24.2100439
https://doi.org/10.2807/1560-7917.ES.2021.26.24.2100439
https://doi.org/10.1080/22221751.2021.1872355
https://doi.org/10.1080/22221751.2021.1872355
https://wildfowl.wwt.org.uk/index.php/wildfowl/article/viewFile/1216/1216
https://wildfowl.wwt.org.uk/index.php/wildfowl/article/viewFile/1216/1216
https://doi.org/10.1128/JVI.01717-21
https://doi.org/10.1126/science.1135165
https://doi.org/10.1371/journal.ppat.1001034
https://doi.org/10.1080/22221751.2021.1956372
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00643-22

	Outline placeholder
	Discussions and conclusions.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

