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The continuous evolution of avian influenza viruses
(AlVs) of subtype H3 in China and the emergence of
human infection with AIV subtype H3N8 highlight their
threat to public health. Through surveillance in poultry-
associated environments during 2009-2022, we isolat-
ed and sequenced 188 H3 AlVs across China. Perform-
ing large-scale sequence analysis with publicly available
data, we identified 4 sublineages of H3 AlVs established
in domestic ducks in China via multiple introductions
from wild birds from Eurasia. Using full-genome analy-
sis, we identified 126 distinct genotypes, of which the
H3N2 G23 genotype predominated recently. H3N8 G25
viruses, which spilled over from birds to humans, might
have been generated by reassortment between H3N2
G23, wild bird H3N8, and poultry HON2 before February
2021. Mammal-adapted and drug-resistance substitu-
tions occasionally occurred in H3 AlVs. Ongoing surveil-
lance for H3 AlVs and risk assessment are imperative
for potential pandemic preparedness.

vian influenza viruses (AIVs) of subtype H3 are

highly prevalent among waterfowl globally,
causing mild or no apparent signs of illness in birds
(1-5). H3 AIV has shown the potential for cross-spe-
cies transmission and was the origin of other animal
influenza viruses, which caused epidemics in horses,
dogs, seals, and pigs (6-9). In 1968, H3 AIV contribut-
ed its hemagglutinin (HA) gene to the human influen-
za (H3N2) pandemic viruses, and it is still unknown
whether an intermediate host was involved (10).
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In April 2022, the first human infection with AIV
(H3N8) was reported; the case was in a 4-year-old
boy whose family reared chickens and silky fowls in
Henan Province, China (11). After infection, the pa-
tient exhibited recurrent fever and severe pneumonia.
In May 2022, a second case was identified in 5-year-old
boy with mild influenza symptoms, who had visited
the live poultry market (LPM) in Hunan Province, Chi-
na (12). Those cases raised concern over whether H3N8
AlVs will cause a major public health threat (13).

In China, H3 AIVs have been dynamically cir-
culating in poultry and wild birds across multiple
regions (14). H3 combinations with multiple neur-
aminidase (NA) subtypes (N1-N8) were reported,
among which H3N2 and H3N8 predominated (14-
16). Phylogenetically, those viruses belonged to
the Eurasian lineage, which is widespread in wild
birds across Eurasia (3,14,17,18). Reassortment
events often occurred at LPMs (16,19-22). During
2009-2022, we conducted country-level AIV sur-
veillance in poultry-associated environments and
performed a large-scale genetic analysis to provide
a comprehensive picture of the evolution of H3
AlVs in China.

Methods

During January 2009-June 2022, we collected environ-
mental samples monthly from avian-linked environ-
ments across 31 provinces in the China mainland ac-
cordingto AlVsurveillanceguidelineof Chinese Center
for Disease Control and Prevention. We isolated and
sequenced 188 H3 viruses (32 have been previously
published [15]). The sequences were deposited in the
GISAID EpiFlu database (https://www.gisaid.org;
accession nos. EP12210281-1516) (Appendix Table 1,
https://wwwnc.cdc.gov/EID/article/29/6/
22-1786-Appl.pdf).
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We performed sequence alignments with avail- the full genomes from 185 of the isolates (Appendix
able sequences from the GISAID EpiFlu database as Table 1).
of June 25, 2022, by using MAFFT version 7.222 (23).
We reconstructed maximum-likelihood phylogenies Evolution of H3 Genes in China
of all segments by using FastTree version 2.1.11 (24). To elucidate the evolution of H3 AIVs in China, we
The resulting trees were classified into divergent lin- performed a phylogenetic analysis of HA genes of
eages or sublineages. Genotypes were assigned by the H3 AlIVs sequenced in this study, along with
the combination of lineages for each segment of full- sequences available from the GISAID EpiFlu Data-
genome viruses. base (Figure 2). The HA genes of all viruses in this
To estimate the time to the most recent common study were grouped into the Eurasian lineage, shar-
ancestor (tMRCA) of H3NS8 viruses of humans, we inga nucleotide homology of 79.2%-100.0%. In brief,
used Bayesian Markov chain Monte Carlo analyses for ~the major branch of Eurasian avian H3 lineage con-
each gene in BEAST version 1.10.4 (25). We then gener-  taining viruses in recent decades could be further

ated maximum clade credibility trees (Appendix). classified into 10 sublineages (named by the geo-
graphic distributions: China-1, China-2, China-3,
Results China-4, Asia, Europe-Asia, worldwide-1, world-
wide-2, North America-1, and Korea); other minor
Isolation and Sequencing of H3 AlVs branches at the bottom of the phylogenetic tree in-

During January 2009-June 2022, we isolated 188 cluded the North America-2 sublineage and early
H3 AlIVs from the poultry-associated environ- strains sampled during 1972-1992 (Figure 2; Ap-
mental samples: 167 H3N2, 7 H3N3, 3 H3N6, 10 pendix Figure 1). H3 AIVs collected from wild birds,
H3NS8, and 1 H3 with NA unknown (Appendix poultry, or poultry-associated environments in Chi-
Table 1). The H3N2 AIVs were widely distribut- na in recent decades were distributed in 8 sublin-
ed across 15 provinces, mainly in southern China eages, except sublineages North America-1, North
(Figure 1, panel A). We isolated H3 AIVs with America-2, and Korea, which were only identified in
other NA subtypes (N3, N6, and N8) in 2-8 prov- North America and South Korea.

inces. More than three quarters of the H3 viruses Sublineages China-1, China-2, China-3, and
(149/188, 79.3%) were isolated from the samples China-4 consisted of AIVs almost all collected from
collected from LPMs (Appendix Table 2). Before poultry or poultry-associated environments in China
2014, we isolated and sequenced <6 strains of H3 in addition to a few viruses from Vietnam (18) and
AlVs per year (Figure 1, panel B). Since 2014, we Cambodia (1) (Appendix Figure 1). Domestic ducks
obtained more isolates, most (48) in 2018. acted as the main host for China-1 (48/166), China-2
All H3 isolates were sequenced, and we recovered (63/111), China-3 (80/110), and China-4 (15/23)
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Figure 1. Spatial and temporal distribution of avian influenza virus subtype H3 isolated from poultry-associated environments, China,
2009-2022. A) Spatial distribution of environmental H3 subtype viruses. One H3 isolate without neuraminidase (NA) subtype was
designated as H3Nx. Provinces where human infections with H3N8 were reported are noted. B) Number of environmental H3 subtype
isolates per year. This figure includes all H3 isolates sequenced by the Chinese National Influenza Center. Additional metadata are
available in Appendix Table 1 (https://wwwnc.cdc.gov/ElD/article/29/6/22-1786-App1.pdf).
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(Appendix Table 3). Each sublineage comprised vari-
ous NA subtypes (Appendix Figure 1). The most com-
mon subtype was H3N2 (270), followed by H3N8 (41),
H3NG6 (19), H3N3 (12), and H3N9 (1), except for 67 H3
AlVs with NA unknown. A high proportion (397/410,
96.8%) of these viruses have been sampled since 2009,
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whereas recent isolates were primarily consolidated in
the China-1 and China-2 sublineages (Figure 2).

The China-1 sublineage had evolved into 3 dis-
tinct subgroups, with prevalence spanning different
times. Most of our isolates (101/185, 54.6%) fell into
the China-1.1 subgroup, which circulated during
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2008-2022. Of note, 3 H3N8 strains sampled in Fujian
(2) and Guangxi (1) Provinces in 2022 had a close re-
lationship with 2 human H3N8 strains and together
formed a miniature phylogenetic group (Appendix
Figure 1). The China-1.2 subgroup was detected dur-
ing 2009-2016 and the China-1.3 subgroup during
2013-2015 (Figure 2; Appendix Figure 1).

The China-2 and China-3 sublineages have
evolved into 3 subgroups, and the China-2.2 sub-
group mainly comprised environmental H3 viruses
(29/31, 93.5%) sequenced in this study during 2015-
2021 (Figure 2; Appendix, Appendix Figure 1). H3 vi-
ruses of sublineages Asia, Europe-Asia, worldwide-1,
and worldwide-2 were occasionally detected in poul-
try and wild birds in China, but no stable cluster was
established (Appendix, Appendix Figure 1).

Reassortment with NA Genes

We detected multiple NA subtypes in each H3 sublin-
eage. We performed phylogenetic analyses for 4 ma-
jor NA subtypes: N2, N3, N6, and N8. Almost all NA
genes of H3 AlVs in our study were clustered within
the Eurasian lineage, and 8 H3N8 AIVs had NA genes
derived from the North American lineage (Appendix
Figure 2, panels A-D).

The N2 genes of AlVs in the Eurasian lineage
could be further classified into sublineages, and most
H3N?2 viruses in this study were clustered in the Eur-
asian-2 sublineage (Appendix). We also found H3N3
strains closely related to the human-origin influenza
(H10N3) virus and H3NG6 closely related to highly
pathogenic AIV (HPAIV) subtype H5N6 (Appendix).

Most NA genes of H3NS viruses (43/59) from
China belonged to the North American lineage,
closely related to AIVs from different regions (e.g.,
Russia, Vietnam, South Korea, and North America).
Of note, the NA genes of human H3N8 and H10NS8
viruses belonged to distinct groups (Figure 3), and 3
environmental strains sequenced in this study were
highly homologous to the human H3N8 viruses.
Few H3N8 strains from China fell into the Eurasian
lineage (Figure 3).

Reassortment with Internal Genes

In the phylogenetic tree of each internal gene, a large
proportion of H3 AIVs in China belonged to the Eur-
asian wild bird reservoir (Appendix Figure 3). Some
H3 AlVs had internal genes derived from ZJ-5 sub-
lineage (of the wild bird viruses), poultry H5N1/
H5NG6 sublineage, poultry HON2 ZJ-HJ/07 sublin-
eage, or waterfowl H6 sublineage (Appendix). Each
internal gene has only 1 or 2 virus sequences that
belong to the HIN2 ZJ-H]J /07 sublineage. In 2022, a
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total of 3 environmental and 2 human H3N8 viruses
contained all internal genes belonging to the HON2
ZJ-H]J /07 sublineage.

Emergence of Multiple Genotypes

Assessment of the diversity of genome constellations
indicated that prolific reassortments of the H3 AIVs
had occurred in China in past decades. On the basis
of the sublineage classification of all 8 gene segments,
we identified 126 genotypes among 284 full-genome
H3 viruses sampled in China during 2009-2022 (Ap-
pendix Figure 4). We found evidence of dynamic
emergence for 73 genotypes (G1-G73) from 212 H3N2
genomes, 11 genotypes (G1-G11) from 14 H3N3, 17
(G1-G17) from 25 H3NG6, and 25 (G1-G25) from 33
H3N8 (Appendix). H3N2 G23 had been detected in
multiple years and provinces during 2014-2022 (Ap-
pendix Figure 4, panel A, Figure 5, panel A). H3NS§
G25, which had been detected in both environmental
and human viruses in 2022, acquired HA genes from
the China-1 H3 sublineage, NA genes from the North
American N8 lineage, and all 6 internal gene from
poultry HON2 ZJ-HJ /07 sublineage viruses (Appen-
dix Table 4).

Emergence of H3N8 G25 Viruses

We further traced the origin of the H3N8 G25 vi-
ruses. When we compared the genetic diversity of
G25 genotype viruses, the results showed that these
viruses shared a higher similarity in HA (98.4%-
99.1%) and NA genes (98.8%-99.3%) and a lower
similarity in other internal genes (polymerase ba-
sic [PB] 2, 93.9%-100.0%; PB1, 91.6%-99.9%; poly-
merase acidic [PA], 93.4%-99.6%; nucleocapsid,
94.5%-99.9%; matrix (M), 95.3%-100.0%; and non-
structural, 97.0%-98.7%). This finding indicated that
after the emergence of prior H3N8 G25 virus, dy-
namic reassortment might occur between H3N8 and
poultry HON2 viruses.

To elucidate the timing of H3N8 G25 virus emer-
gence, we performed coalescent analyses and calcu-
lated the estimated tMRCA of all 8 segments (Ap-
pendix Figures 6-13). The median tMRCA among
the HA genes was estimated to be February 2021
(95% highest posterior density [HPD] October 2020-
May 2021). The HA genes closely related to those
of H3N8 G25 viruses were from H3N2 G23 AlVs
isolated from Guangxi and Guangdong Provinces,
particularly A/environment/Guangxi/44461/2019
(H3N2), sampled in December 2019 (Figure 4, pan-
els A, C). The median tMRCA among the NA genes
of the H3N8 G25 viruses was estimated to be August
2020 (95% HPD November 2019-March 2021). HONS8
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Figure 3. Maximum-likelihood phylogenetic tree of avian influenza virus subtype N8 genes from China (n = 1,106) and reference
sequences from GISAID (https://www.gisaid.org). Blue tree sections indicate sequences of H3 subtype viruses reported in this study;

red tree sections indicate other H3 subtype viruses from China. For of clarity, some clades are collapsed. Representative clusters are
indicated in shaded boxes and magnified on the right. Violet arrows indicate human H3N8 viruses; purple solid circle indicates human
H10N8 virus. The phylogenetic tree of N8 genes with more complete information is shown in Appendix Figure 2, panel D (https://wwwnc.
cdc.gov/ElD/article/29/6/22-1786-App1.pdf). Scale bar indicates nucleotide substitutions per site.
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Figure 4. Bayesian time-resolved phylogenetic tree of hemagglutinin (HA) genes from avian influenza subtype H3 viruses and neuraminidase
(NA) genes from subtype N8 viruses from China and reference sequences from GISAID (https://www.gisaid.org). A) Maximum clade credibility
tree of HA genes of the China-1.1 H3 subgroup (n = 122). Tip points are colored by provinces (corresponding to the fill color in the map).
Violet triangles indicate human H3N8 viruses. The lineage origins of each gene segment of H3 AlVs are represented by different colored

tiles adjacent to the tree; the tile is blank if the sequence is unavailable. H3N2 G23 viruses are indicated with arrows. H3N8 G25 viruses are
indicated within the bracket. The fully resolved tree with detailed information is depicted in Appendix Figure 6 (https://wwwnc.cdc.gov/EID/
article/29/6/22-1786-App1.pdf). B) Maximum clade credibility tree of N8 genes (n = 202). Tip points are colored by region. Violet triangles
indicate human H3NB8 viruses; purple triangle indicates human H10N8 virus. Virus names of the representative cluster (in the dashed box) are
shown in panel C. The fully resolved tree with detailed information is depicted in Appendix Figure 7. C) Clades in the dashed box in panels A
and B. Trees are drawn to the same scale. Blue indicates H3 avian influenza viruses sequenced in this study; violet indicates human H3N8
viruses. For HA (top) and NA (bottom) genes, branch tips are colored as in panels A and B. Blue node bars correspond to the 95% credible
intervals of node heights. Arrows indicate the most recent common ancestors of HA and NA genes of H3N8 G25 viruses.
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AlV isolated in Japan and H3N8 AIV isolated in the
Russian Far East during 2019-2020 were closely re-
lated to H3N8 G25 viruses, specifically A/common
teal/Sakhalin/OD17/2019 (H3NS8) virus (Figure 4,
panels B, C).

The internal genes of the H3N8 G25 virus-
es showed earlier tMRCAs than that estimated
for HA and NA genes (Appendix Figure 8-13).
The internal genes of H3N8 G25 viruses scat-
tered within different subclades without form-
ing a cluster alone. The closest HIN2 viruses to
the human H3NS8 viruses also differed. For ex-
ample, the common ancestry of PB1 genes of the
H3N8 G25 viruses could be dated back to March
2008 (95% HPD March 2007-May 2009). A/Fujian-
siming/1348/2020 (H9N2) was closely related to
human H3N8 virus A/Henan/4-10CNIC/2022, and
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A/Hunan/34179/2018 (HON2) was close to human
H3N8 virus A/Changsha/1000/2022 (Figure 5).
Other internal genes of the H3N8 G25 viruses had
been estimated to have tMRCAs tracing back to
2010-2018 (Appendix Figure 8-13). Those results
further indicate that H3N8 G25 viruses dynami-
cally reassorted with HIN2 viruses.

Molecular Characterization of the H3 AlVs

We investigated the molecular markers of H3 AIVs
in China (Appendix Table 5). One human H3NS8 iso-
late, A/Henan/4-10CNIC/2022, had 228G/S in the
receptor binding site, which might alter the binding
preference to human-type receptors (26). Three H3
AlVs previously sampled from poultry in 2014 had
an aspartic acid at position 190, which might alter
receptor specificity (26).
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Key molecular markers associated withincreased
capacity for receptor binding, viral replication, and
pathogenicity in mammals were found in the in-
ternal gene segments of avian H3 viruses in China
(Appendix Table 5). E627K and E627V in PB2 genes
were exclusively detected in human H3NS8 viruses,
suggesting adaptation of these viruses to mammals.
Other mutations such as R389K, 1292V, and A588V in
PB2, which might be associated with increased poly-
merase activity and replication in mammalian and
avian cells (27,28) and virulence in mice (29), were
also found in 2 human isolates and several avian H3
viruses. All H3 AIVs contained N30D, T215A, and
P41A in the M1 genes, which might alter the viru-
lence in mice (30) and affect growth and transmis-
sion in the guinea pig model (31).

We identified host signature amino acids in PB2
and PA genes (PB2-702R, PA-356R, PA-409N) (32)
in human H3NS8 isolates and few H3 AlVs, except
for A/Changsha/1000/2022, which had PB2-702K
(Appendix Table 5, Figure 14). We also analyzed
the substitutions related to antiviral drug resistance
(Appendix Table 5). Two human H3N8 viruses
contained an S31N mutation in the M2 gene, sug-
gesting resistance to amantadine and rimantadine
(33). In the M2 protein, 26 of 337 H3 AIVs contained
drug-resistance mutation V271/A and 15 contained
S31IN. Mutations, such as E119V/A/D and H274Y
(N2 numbering) were not identified in NA gene,
suggesting that all H3 viruses might be sensitive
to NA inhibitors (e.g., oseltamivir) (34); however, 3
H3 AlVs possessed Q136L, E119G, or H274R, which
might affect their drug sensitivity.

Discussion

The natural reservoir for AIVs is waterfowl; the vi-
ruses are spread worldwide by wild bird migration
and introduced to domestic poultry across the wild
bird-poultry interface (35). H3 AIVs have continu-
ously circulated in poultry and wild birds across
China (14). In China, 4 sublineages (China-1, Chi-
na-2, China-3, and China-4) of HA genes evolved
from the Eurasian lineage and became established
in poultry, especially in domestic ducks, after in-
troduction in recent decades. Currently, H3 viruses
in China-1 and China-2 sublineages are cocirculat-
ing in poultry, with the China-1 sublineage pre-
dominating. Although frequent introductions from
wild birds to poultry have been observed in other
sublineages (e.g., worldwide-1), it is inevitable that
continuous introductions will result in new sublin-
eages in poultry (36). Our surveillance results also
showed that H3N2 predominated among H3 AIVs in
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poultry-associated environments during 2009-2022.
Consistent results for birds were revealed by the
available avian strains in GISAID (Appendix Figure
15), although most were collected during 2013-2015
because of strengthened surveillance during the in-
fluenza (H7N9) outbreak (37-39).

Phylogenetic analyses revealed intense reas-
sortment of the H3 AlVs, generating multiple geno-
types. On the basis of the sublineage classification, we
identified 126 genotypes from 284 H3 AlIVs during
2009-2022. Most were transient, and the H3N2 G23
genotype seems to have stabilized in recent years,
predominating in southern China. The H3N8 G25 vi-
ruses, which had caused human infection, contained
complete internal gene cassettes originating from
poultry HIN2 ZJ-HJ /07 sublineage, which has per-
sistently circulated in chickens in China and named
Gb57 genotype HIN2 AlVs (40). Similar to the pattern
of H7N9 AlVs (41), H3N8 G25 AIVs might be adapted
in chickens rather than ducks.

The H3N8 G25 viruses exhibited distinct tM-
RCAs among 8 segments. Molecular dating of HA
and NA genes of the H3N8 G25 viruses implied
that the ancestral virus might have been generated
through reassortment between the H3N2 G23 vi-
rus and wild bird H3N8 virus before February 2021
(95% HPD October 2020-May 2021). However, the
internal genes of the H3N8 G25 viruses showed
much earlier tMRCAs than those of HA and NA, in-
dicating that sequential reassortments underlie the
emerging of H3N8 G25 viruses.

H3 AlVs have existed for a long time, but to our
knowledge, no human infection had been reported
until 2022. After reassortment with 6 internal genes of
HON2, current H3N8 AIVs seem to have the advan-
tage of infecting humans (42). Ongoing adaptation
in mammals after continuous human infections may
underlie emergence of pandemic strains. The H3N8
G25 viruses had acquired human-adapted mutations
after infecting humans (Appendix Figure 14), such
as 228G/S in the HA gene and E627K/V in the PB2
gene, which were also present in 1968 H3N2 pandem-
ic strains (43). This finding indicates the pandemic
potential of the newly emerged H3N8 AlVs.

For risk assessment of the pandemic potential,
human population immunity to a newly emerged
animal virus is a critical parameter. HA inhibition
assays among poultry workers (12) and the general
population (44) showed seropositivity for the human
seasonal H3N2 virus but very low seroprevalence
against the newly emerged H3N8 virus. Those re-
sults suggest little antigenic cross-reactivity between
human seasonal H3N2 virus and the current H3N8
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virus and that the human population has little or no
preexisting immunity to emerging H3N8 viruses. No
drug-resistance mutation to NA inhibitors was ob-
served in H3N8 G25 viruses; therefore, vaccine and
drug stockpiles are needed for the potential pandem-
ic preparation.

H3 AIVs have been isolated from asymptomatic
ducks (45). Recent studies indicate that the newly
emerged H3N8 AlVs are pathogenic to chickens
(12,46). Our samples were collected exclusively from
avian-linked environments (including LPMs, poultry
farms, backyards, and slaughterhouses), according
to surveillance guidelines. Thus, we were unable to
link the isolated H3 AIVs to specific host informa-
tion. Poultry sampling might provide helpful infor-
mation about H3 AIV activity in China. The species
of poultry in the LPMs might be confounding factors
for the spatiotemporal differences. In this study, the
sampling sites were geographically dispersed, and
the data were collected from a small number of LPMs.
Considering the large number of LPMs in China, es-
pecially in rural areas, representativeness of the data
might be biased.

AIV surveillance has greatly improved since
HPAIV H5N1 infected humans in Hong Kong in
1997 (47). However, gaps still exist, and new virus
is unpredictable. The AIVs circulating and evolv-
ing in poultry might have a preferential ability to
transmit to humans directly across the poultry-hu-
man interface (48). The H3N8 G25 viruses, with
increased human receptor binding and low popu-
lation immunity (12), had raised concern for pan-
demic potential. Dual receptor-binding profiles
(49,50) and mutations associated with enhanced
virus replication and pathogenicity in mammals
were also found in many H3 AIVs. Surveillance
and research of H3 AlVs, as well as the drugs and
vaccine capacity, should be strengthened for pan-
demic preparedness.
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