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In July 2022, an outbreak of highly pathogenic avi-
an influenza A(H5N1) virus clade 2.3.4.4b occurred
among migratory birds at Qinghai Lake in China. The
virus circulated in June, and reassortants emerged af-
ter its introduction into the area. Surveillance in 2023
showed that the virus did not establish a stable pres-
ence in wild waterfowl.

inghai Lake in China, situated at the intersection

of the Central Asian and East Asian-Australasian
Flyways, is the largest lake in the Qinghai-Tibet Pla-
teau (1). This breeding and stopover area for migra-
tory birds supports >200,000 waterfowl each year (2).
Historically, 4 outbreaks of highly pathogenic avian
influenza viruses (HPAIVs) at Qinghai Lake occurred
in 2005 (3), 2009 (4), 2015 (5), and 2016 (6) during the
breeding season (May-August). Since 2015, we have
performed long-term avian influenza surveillance at
Qinghai Lake during the breeding season. Our pre-
vious studies have reported HPAIV outbreaks of
H5NT1 clade 2.3.2.1c in 2015 and H5NS8 clade 2.3.4.4b
in 2016 at Qinghai Lake (5-7). Since late 2020, H5N1
clade 2.3.4.4b viruses, which are descendant of H5N8
clade 2.3.4.4b viruses, have emerged and become the
dominant HPAIVs and caused outbreaks worldwide
(8). We describe data collected from our ongoing sur-
veillance of avian influenza in the Qinghai Lake area
and record the introduction of clade H5N1 2.3.4.4b to
Qinghai Lake birds in 2022.
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The Study

During 2019-2021, we collected fresh fecal samples
annually from the wetlands around Qinghai Lake
during the avian breeding season (Figure 1). No
HPAIV was detected in 2019-2021, and only 8 strains
of low pathogenic avian influenza viruses (LPAIVs)
were isolated (Appendix Table 1, https://wwwnc.
cdc.gov/EID/article/30/10/24-0460-Appl.pdf). In
June 2022, a highly pathogenic H5N1 virus emerged,
and 8 strains were isolated from 726 fresh fecal sam-
ples (1.1%) (Figure 2). In addition, 5 decomposed bird
carcasses were found at the sampling sites in June
2022, and H5N1 virus was isolated from a swab sam-
ple of a bar-headed goose (Anser indicus) carcass. In
July 2022, an outbreak occurred, and >200 birds died.
Our surveillance data showed the positivity rate of
H5NT1 virus in fecal samples was 0.68% (5/730) in
July 2022 (Figure 2). H5N1 viruses were also isolated
from tissue samples of the carcasses of 12 birds (Ap-
pendix Table 2).

In 2023, we collected 3,481 fecal samples during
May-September and obtained tissue samples from
9 wild bird carcasses (Appendix Table 2). No highly
pathogenic H5 viruses were isolated from fecal or tis-
sue samples in 2023, although several strains of low
pathogenicity avian influenza viruses (LPAIVs) were
isolated (Appendix Table 1). By using next-generation
sequencing, we performed whole-genome sequenc-
ing of 25 H5N1 and other subtypes of avian influenza
viruses isolated during 2022 and 2023 (Appendix).

To understand the genetic relationship between
the Qinghai Lake H5N1 viruses and other viruses,
we performed phylogenetic analysis of the 25 H5N1
strains and relevant sequences from public databases.
The phylogenetic analysis of hemagglutinin (HA)
showed that Qinghai Lake H5N1 belonged to clade
2.3.4.4b (Appendix Figure 1). Moreover, examination
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of the phylogenetic evolution trees of neuraminidase,
polymerase basic 1 and 2, polymerase acidic (PA), nu-
cleoprotein, matrix, and nonstructural protein genes
indicated that Qinghai Lake H5N1 viruses clustered
together with H5N1 strains isolated from wild birds
and poultry in China (9), Japan (10), South Korea (11),
Bangladesh (12), and Malaysia from the end of 2021
through the first half of 2023 (Appendix Figure 2).
Those findings suggest a close genetic relationship
between Qinghai Lake H5N1 viruses and strains from
countries or regions along the East Asian-Austral-
asian and Central Asian migration flyways.

Jiangxi ditch

Figure 1. Fecal sample
collection for the surveillance
of avian influenza viruses

at Qinghai Lake, China.
Sampling sites in Qinghai
Lake during the breeding
season are shown. Inset
map shows location of
Qinghai Lake (blue) and the
surrounding area in China.

0 15 30
1 km

In the phylogenetic tree of the PA gene (Ap-
pendix Figure 2), the Qinghai Lake strains fell into
2 branches and only 1 strain (A/Bar-headed goose/
Qinghai/06-225-2/2022 [H5N1]) clustered together
with the LPAIV H10 strain isolated from Qinghai
Lake in the same month, forming a separate mono-
cluster with LPAIVs from China, Japan, South Korea,
and Bangladesh. Analysis on the basis of the different
sources of the PA gene revealed 2 genotypes among
the 25 H5N1 strains (Figure 3); most H5N1 strains be-
longed to genotype G1 (n = 24) and only A/Bar-head-
ed goose/Qinghai/06-225-2/2022 (H5N1) strains
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Figure 3. Hypothetical
reassortment pathway of avian
influenza virus H5N1 and
H10N?7 isolates collected at
Qinghai Lake, China, in 2022.
Virus particles are shown as
ovals containing horizontal bars
representing 8 gene segments
(top to bottom: polymerase basic
1 and 2, polymerase acidic,
hemagglutinin, nucleoprotein,
neuraminidase, matrix, and
nonstructural). The colors

4

Wild birds H10N7-like

represent the genetic origin
of reassortments found. G1,
genotype 1; G2, genotype 2;
LPAIVs, low pathogenic avian
influenza viruses.

LPAIVs
H5N1 viruses circulated
in Eurasia 2020-2023
Qinghai Lake Qinghai Lake H10N7

H5N1-G1 (n = 24) H5N1-G2 (n =1)

belonging to genotype G2 (n = 1). In the phylogenetic
trees of 6 internal protein genes, H10N7 strain A/
Bar-headed goose/Qinghai/06-JXG-1/2022, isolated
from Qinghai Lake in June 2022, clustered together
with the Qinghai Lake H5N1 strains (Appendix Fig-
ure 2), indicating reassortment between H5N1 and
H10N7 viruses. The phylogenetic results showed that,
after H5N1 virus was introduced into Qinghai Lake,
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A/Bar-headedgoose/Qinghai/SHK-1/2022 (H5N1)-G1
A/Bar-headed goose/Qinghai/225-2/2022 (H5N1)-G2
A/Bar-headed goose/Qinghai/X402/2015 (H5NG)
A/Bar-headed Goose/QH-B44/2016 (H5N8)

A/Great black-headed Gull/Qinghai/Y06/2015 (H5N1)

* A/Bar-headed goose/Qinghai/SHK-1/2022 (H5N1)-G1
= A/Bar-headed goose/Qinghai/225-2/2022 (H5N1)-G2
+ A/Bar-headed goose/Qinghai/X402/2015 (H5N6)

v A/Bar-headed goose/QH-B44/2016 (H5N8)

AlGreat black-headed gull/Qinghai/Y06/2015 (H5N1)

reassortment occurred with LPAIVs in local wild
birds. Of note, HSN1 acquired the PA gene from the
low pathogenicity strain, leading to the emergence of
a new genotype strain. The HI0ON7 strain obtained
all 6 internal genes from H5N1 through reassortment
(Figure 3).

Amino acid sequence analysis showed that all
the 25 H5N1 viruses isolated in June and July 2022

Figure 4. Mouse models of
replication and pathogenicity
of highly pathogenic H5 avian
influenza viruses isolated from
wild birds at Qinghai Lake,
China. Each group of mice
was inoculated intranasally

at a dose of 10° EID of

H5N1 (3 strains), H5N8, and
H5NG viruses. Mice in the
control group were inoculated
with PBS. A) Kaplan—Meier
survival curve. B) Organ viral
titers determined at 3 days
postinoculation by measuring
EID,, in organ tissue from
infected mice. Three mice from
each group were euthanized for
organ tissue collection. EID,
50% egg infectious dose; PBS,
phosphate-buffered saline.
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were HPAIVs (Appendix Table 3). Those viruses
contain multiple basic amino acids (REKRRKR/G)
at the HA protein cleavage site. The HA proteins
of those viruses had T160A mutations that were as-
sociated with enhanced binding ability to the a-2,6
receptor (13). In addition, amino acid mutations as-
sociated with increased virulence and replication in
mammals have been identified in multiple proteins
(Appendix Table 3).

We evaluated the pathogenicity of Qinghai Lake
isolates in BALB/c mice. The isolates included
were 2022 H5N1 (clade 2.3.4.4b), 2015 H5N1 (clade
2.3.2.1c), 2015 H5NG6 (clade 2.3.4.4), and 2016 H5N8
(clade 2.3.4.4) strains isolated by our group during
surveillance and previous outbreaks. Inoculation
with the Qinghai Lake genotype G1 H5N1 strain from
2022 resulted in a #43% mortality rate (3/7) in mice,
whereas all mice in the genotype G2 infection group
survived (Figure 4, panel A), indicating differences
in the pathogenicity of G1 and G2 genotype strains.
After inoculation with the 2016 H5N8 and 2015 H5N1
strains, 1/7 mice died, whereas the 2015 H5N®6 strain
caused death in all inoculated mice (Figure 4, panel
A). We performed a virus titer analysis of multiple
organs and found the Qinghai Lake viruses could
replicate in the lungs, nasal turbinates, and spleens
of mice. The viruses could also replicate in mouse
brains, except for the 2015 H5N1 (clade 2.3.2.1c) strain
(Figure 4, panel B).

Conclusions

Our surveillance data showed H5N1 clade 2.3.4.4b
virus emerged in summer 2022 in the Qinghai Lake
area. Because there is no poultry in the vicinity of
Qinghai Lake, the virus was likely spread because of
migratory birds, similar to the case for H5N8 in 2016
(6). In 2023, the H5N1 clade 2.3.4.4b virus was not
detected, suggesting that this virus does not exhibit
sustained circulation among wild birds at Qinghai
Lake. Because the H5N1 clade 2.3.4.4b virus contin-
ues to circulate in other regions (14), it is possible for
reintroduction to Qinghai Lake to cause an outbreak.
Therefore, continuous surveillance of avian influenza
virus in wild birds at Qinghai Lake is necessary.

The H5N1 clade 2.3.4.4b viruses isolated in this
study had amino acid mutations associated with in-
creased virulence and replication in mammals. Our
animal experiment also demonstrated that genotype
G1 of the H5N1 strain resulted in death in mice, sug-
gesting that the virus has the potential to spill over
to nonhuman mammals. Many livestock (mainly
sheep, goats, and yaks) graze around Qinghai Lake,
and wild birds and livestock often graze on the same
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grassland. A risk for transmission of H5N1 clade
2.3.4.4b virus from infected birds to livestock at Qin-
ghai Lake exists, similar to bird-to-cow transmission
of H5N1 clade 2.3.4.4b previously reported in the
United States (15). Avian influenza virus surveillance
should include livestock around Qinghai Lake.
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