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innovation Center for Prevention and Control of Important Animal Infectious Diseases and Zoonoses, Yangzhou University, Yangzhou, 
Jiangsu, China; cJiangsu Key Laboratory of Zoonoses, Yangzhou University, Yangzhou, Jiangsu, China

ABSTRACT
Clade 2.3.4.4 H5N6 avian influenza virus (AIV) has been predominant in poultry in China, and the 
circulating haemagglutinin (HA) gene has changed from clade 2.3.4.4h to clade 2.3.4.4b in recent 
years. In 2021, we isolated four H5N6 viruses from ducks during the routine surveillance of AIV in 
China. The whole-genome sequencing results demonstrated that the four isolates all belonged to 
the currently prevalent clade 2.3.4.4b but had different internal gene constellations, which could 
be divided into G1 and G2 genotypes. Specifically, G1 possessed H9-like PB2 and PB1 genes on 
the H5-like genetic backbone while G2 owned an H3-like PB1 gene and the H5-like remaining 
internal genes. By determining the characteristics of H5N6 viruses, including growth performance 
on different cells, plaque-formation ability, virus attachment ability, and pathogenicity and 
transmission in different animal models, we found that G1 strains were more conducive to 
replication in mammalian cells (MDCK and A549) and BALB/c mice than G2 strains. However, G2 
strains were more advantageously replicated in avian cells (CEF and DF-1) and slightly more 
transmissible in waterfowls (mallards) than G1 strains. This study enriched the epidemiological 
data of H5 subtype AIV to further understand its dynamic evolution, and laid the foundation for 
further research on the mechanism of low pathogenic AIV internal genes in generating novel H5 
subtype reassortants.
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Introduction

The highly pathogenic avian influenza virus (HPAIV) 
H5N1 was first isolated from geese in Guangdong 
Province in 1996, with the prototype strain A/Goose/ 
Guangdong/1/96. Since then, the Gs/GD-96-like strain 
has been prevalent in many parts of China and has rapidly 
spread to Africa, Europe, and other countries [1]. H5 
avian influenza virus (AIV) has evolved into numerous 
genotypes with different neuraminidase (NA) subtypes 
and ten phylogenetic clades (clades 0 to 9) [2].

HPAIV H5N6 in China was initially reported in 
2014, and has spread rapidly across the country within 
a few years [3,4]. In particular, clade 2.3.4.4 H5N6 is 
widely prevalent in China, which has globally evolved 
into eight groups (clade 2.3.4.4a-h) [5]. In 2020, the 
predominate haemagglutinin (HA) clade of circulating 
H5N6 viruses in China and other Southeast Asian 
countries was 2.3.4.4 h, but the prevalent level of clade 
2.3.4.4 h H5N6 viruses gradually declined at the end of 
the year [6–8]. Subsequently, H5N6 viruses of clade 

2.3.4.4b emerged and caused several human infections 
in China [9]. To date, the preponderant HA genes of 
the H5N6 subtype HPAIV in China have changed from 
clade 2.3.4.4 h to clade 2.3.4.4b.

As for clade 2.3.4.4b, the early prevailing HPAIV 
subtype was H5N8 that was first isolated from domestic 
ducks in China [10,11]. The clade 2.3.4.4b HA gene had 
further reassorted with NA subtypes N5 and N6 in 
Europe [12]. However, in late 2020, clade 2.3.4.4b 
H5N8 from wild birds revived in China [13]. 
Furthermore, the HA gene of these H5N8 viruses was 
further reassorted with the then-current H5N6 viruses 
to generate clade 2.3.4.4b H5N6 variants [5,14]. These 
H5N6 viruses have been reported to have preferable 
host tropism for waterfowls [15].

H5N6 AIV infect not only poultry and wild birds, 
but also humans. As of March 9, 2023, there were 84 
cases of H5N6 infection in humans, 33 of which were 
deaths [16]. Therefore, HPAIV H5N6 poses a serious 
threat to public health. In this study, four H5N6 viruses 
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bearing circulating clade 2.3.4.4b HA genes but differ-
ent internal gene compositions were isolated from 
apparently healthy domestic ducks in live poultry mar-
kets (LPMs) in eastern China during routine surveil-
lance of AIV. The virulence and transmission 
characteristics of H5N6 viruses in BALB/c mice and 
mallard ducks were investigated.

Materials and methods

Ethic statements

All experiments involving H5 HPAIV were executed in 
the animal biosafety level 3 facility at Yangzhou 
University in strict accordance with the recommenda-
tions of the institutional biosafety manual. All experi-
mental animal research operations complied with the 
welfare standards of laboratory animals and were 
approved by the Jiangsu Provincial Committee for 
Laboratory Animal Control (Permission number: 
SYXK-SU-2021–0027, SYXK-SU-2022–0044).

Viruses

Four H5N6 viruses of A/Duck/Shandong/SD0261/2021 
(SD0261 for short), A/Duck/Shandong/SD0263/2021 
(SD0263 for short), A/Duck/Sichuan/SC5698/2021 
(SC5698 for short), and A/Duck/Sichuan/SC4822/2021 
(SC4822 for short) were isolated from the throat and 
cloacal swabs of apparently healthy ducks in LPMs. 
Viruses were plaque-purified on Madin-Darby canine 
kidney (MDCK) cells and harvested from 10-day-old 
specific-pathogen-free (SPF) embryonated eggs by col-
lecting allantoic fluids. The prepared virus stocks were 
aliquoted and stored at −70℃.

Virus identification and phylogenetic analysis

Viral RNA was extracted from the allantoic fluid using 
a Genenode RNA extraction kit according to the 
instructions. cDNA was synthesized by reverse tran-
scription using the primer Uni12 (5’- 
AGCAAAAGCAGG-3’). The whole genome segments 
were amplified by PCR using primers described by 
Hoffmann et al. [17]. After electrophoresis on a 1% 
agarose gel, the target bands were cut and sent to the 
sequencing company. The sequences were edited using 
DNASTAR and DNAMAN software, and the corre-
sponding reference sequences were downloaded from 
the National Center for Biotechnology Information 
(NCBI) and Global Initiative on Sharing All Influenza 
Data (GISAID) databases. For the construction of phy-
logenetic trees of each gene segment for the four H5N6 

viruses, MEGA 11.0 with the distance-based neighbour- 
joining method was applied.

Viral growth kinetics in different cells

Four H5N6 viruses were measured with the 50% tissue 
culture infective dose (TCID50) on MDCK cells according 
to the Reed-Muench method [18]. We then determined 
viral growth curves in MDCK, adenocarcinoma alveolar 
basal epithelial (A549), and chicken embryo fibroblast 
(CEF) cells, respectively. Briefly, each kind of monolayer 
cells were infected with the viruses at the multiplicity of 
infection (MOI) of 0.001 in serum-free Dulbecco’s mod-
ified Eagle medium (DMEM). The supernatants were 
collected at 12, 24, 36, 48, 60, and 72 h post-infection 
(hpi) and titrated in MDCK cells as expressed by TCID50.

Viruses plaque-formation ability in different cells

Four H5N6 viruses were evaluated for plaque- 
formation assay in MDCK and DF-1 cells at the MOI 
of 0.001. After virus adsorption for 1.5 h, the infected 
cells were covered with a mixture of equal volumes of 
2× concentrated DMEM (containing 4% foetal bovine 
serum) and 1.6% agar, and cultured for 60 h. Next, 4% 
paraformaldehyde fixation and crystal violet staining 
were used to observe the plaques. We used Nano 
Measurer 1.2 to measure the diameter of virus plaques.

Attachment capacity of virus in different cells

According to the references [19,20] with slight modifi-
cations, CEF or A549 cells were seeded in 6-well plates 
(approximately 1 × 106.0 cells/per well) for adherent 
culture for 12 h. After infection with 5 MOI viruses 
and then incubated at 37℃ for 1 h, the cells were 
washed trice with PBS. Subsequently, the infected cells 
were incubated with an anti-HA2 rabbit monoclonal 
antibody (SinoBiological, Cat: 86001-RM02) at room 
temperature for 2 h. Following three times of washing 
with PBST (PBS with 0.05% Tween-20), the cells were 
treated with fluorescein isothiocyanate (FITC)-labelled 
goat anti-rabbit IgG at 37℃ in dark for 1 h. Then, the 
tested cells, after trice washing with PBST, were 
digested from the 6-well plates to prepare cell suspen-
sion for the flow cytometry assay.

Replication and virulence of H5N6 viruses in mice

First, the 50% egg infection dose (EID50) values of the 
four H5N6 viruses were measured in 10-day-old SPF 
chicken eggs according to the Reed-Muench method. 
Subsequently, groups of eleven six-week-old female 
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BALB/c mice were infected intranasally with the four 
viruses of 106.0 EID50 in 50 μL. In addition, five mice 
mock-inoculated with PBS were regarded as a control 
group. Organs, including the lung and brain, were 
collected at 3 and 5 days post-infection (dpi) for 
virus titration in SPF chicken eggs as expressed by 
EID50 (flow chart in Supplementary Figure S1). In 
addition, lung tissues were fixed with 10% formalin 
solution and sliced for haematoxylin-eosin (HE) stain-
ing and histopathological analysis. Body weight and 
clinical symptoms of infected mice were recorded 
daily until 14 dpi to draw the curves of weight changes 
and survival rates for assessing viral pathogenicity in 
mice. If the mice lost more than 25% of their initial 
body weight, they were humanely euthanized and con-
sidered dead.

Pathogenicity and transmissibility of H5N6 viruses 
in mallard ducks

Three-week-old mallard ducks were randomly 
divided into two groups of 14 ducks per group and 
inoculated intranasally with the two viruses (SD0263 
and SC4822) of 106.0 EID50 in 200 μL. Specifically for 
the 14 challenged ducks in either virus group, 5 of 
which were monitored morbidity and mortality, as 
well as virus shedding from the throat and cloaca. 
The other 9 ducks were used for evaluating virus 
replication in different tissues, with 3 ducks per day 
being randomly killed on 1, 3, 5 dpi to collect tissue 
samples involving the liver, spleen, lung, kidney, 
brain, trachea, pancreas, intestine, and cloaca for 
virus titration in SPF chicken eggs, as expressed by 
EID50. If some of the 9 ducks per group died on 2 or 
4 dpi, their tested data were calculated into the 
following day for statistical analysis.

For further evaluating the transmissibility of SD0263 
and SC4822 viruses in mallard ducks, at 24 hours post 
challenge, another five naïve SPF ducks were fed 
together with either of the inoculated groups as 
a contact group. For all these contact ducks plus the 
above mentioned five challenged ducks in both viral 
groups, swabs were collected from the throat and cloaca 
at 3, 5, 7, 9, 11, and 13 dpi to detect virus shedding 
through inoculation into SPF chicken eggs. 
Additionally, clinical symptoms were monitored daily 
to evaluate the pathogenicity and transmissibility of the 
two viruses in ducks. At 14 dpi, the serum of surviving 
ducks was collected for determination of seroconver-
sion by haemagglutination inhibition (HI) assay (flow 
chart in Supplementary Figure S2).

Results

Genetic evolution analysis of the four H5N6 virus 
isolates

We conducted genome sequencing of the four H5N6 
AIV strains isolated in early 2021 (GenBank accession 
numbers: ON862693-ON862724). Sequencing results 
showed that the open reading frame (ORF) of the 
same gene segments were highly homologous among 
the four H5N6 viruses. However, they could be further 
divided into two genotypes based on their different 
internal gene compositions. In particular, SD0261 and 
SD0263 both possessed H9N2-like PB2 and PB1 genes 
plus H5-like PA, HA, NP, NA, M, and NS genes, and 
were defined as G1 genotype viruses. In contrast, 
SC5698 and SC4822 both owned H3-like PB1 genes 
while the other seven genes were all H5-like, and were 
designated as G2 genotype viruses (Figure 1).

The ORF nucleotide identities of HA genes among 
the four H5N6 viruses were 99.05%-100.00%, in 
which SD0261 and SD0263 were 100% consistent. 
Although the G1 and G2 strains shared extremely 
similarity at the amino acid level of HA gene, they 
differed obviously at site 192 (H3 numbering) in the 
receptor binding region, with the former of M and 
the latter of I. The nucleotide similarities of the four 
NA genes were 93.13%-99.86%, with several different 
amino acid sites between G1 and G2 strains, such as 
26 T, 48–50 LET, 63–65 IKV, 70 G, 100 G, 216 H, 251 
I, 275 G, 294 I, 299 M, 311 T, and 375 N in G1 
strains, while 26 I, 48–50 PNM, 63–65 TIM, 70 E, 
100 D, 216 Q, 251 K, 275 R, 294 T, 299 R, 311 K, and 
375 D in G2 strains. In terms of the internal genes, 
the nucleotide sequence divergence of the four ana-
lytical strains were 91.85%-99.93% for PB2, 94.07%- 
100.00% for PB1, 91.13%-100.00% for PA, 93.89%- 
100.00% for NP, 99.59%-100.00% for M, and 89.11%- 
100.00% for NS, respectively. We also noticed that 
the two G1 genotype strains shared 100% identical 
coding regions for PB1, PA, HA, NP, NA, and 
M genes, but differed in their PB2 and NS genes. In 
addition, the two G2 genotype strains had the same 
nucleotide coding sequences as the NS gene. As 
revealed by the phylogenetic trees of the gene seg-
ments of the four H5N6 viruses (Figure 2a–d), the 
HA genes uniquely belonged to clade 2.3.4.4b 
(Figure 2a), whereas the NA genes clustered into 
the H6N6 virus lineage of Eurasian avian origin 
(Figure 2b). For internal genes, the PB2 genes dis-
persed in two branches of H9-like and H5-like, while 
their PB1 genes diverged into H9-like and H3-like 
(Figure 2c–d). The remaining PA, NP, M, and NS 
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genes were derived from the H5-like AIV 
(Supplementary Figure S3).

The HA cleavage sites of four H5N6 isolates car-
ried multiple consecutive basic amino acids, which is 
consistent with the molecular characteristics of 
HPAIV. Each virus possessed 226Q and 228 G at 
the HA receptor-binding sites, indicating a stronger 
affinity for avian-type α-2,3 sialic acid receptors. 
However, site substitutions of S137A, S158N, and 
T160A in HA protein also suggest the potential for 
binding to human-type α-2,6 sialic acid receptors 
[21]. An 11-amino-acid deletion at positions 58–68 
in the stem of NA protein, which may relate to 
increased viral adaptation from waterfowl to terres-
trial poultry and pathogenicity to mammals, was also 
noted for the four H5N6 viruses [22]. Key amino 
acid mutations such as A274T, E627K, and D701N 
of PB2 protein that can improve polymerase activity 
and increase adaptability to mammals, or H99Y and 
I368V of PB1 protein, which can enhance virus 
transmission among ferrets [23,24], were not found 
in the H5N6 isolates. However, 66S of the PB1-F2 
protein, which has been reported to significantly 
strengthen viral pathogenicity in mice [25] were pre-
sent in all four H5N6 viruses.

Growth kinetics of the H5N6 viruses in three cell 
types

The determined TCID50/100 μL values of SD0261, 
SD0263, SC5698, and SC4822 strains in MDCK cells 

were 107.67, 107.67, 107.67, and 107.5, respectively. At 
an inoculation dosage of 0.001 MOI, the growth 
kinetics of the four viruses were measured in 
MDCK, CEF, and A549 cells. As shown in 
Figure 3a, the viral replication performance of all 
tested H5N6 viruses in avian cells (CEF) was signifi-
cantly higher than that in mammalian cells (MDCK 
and A549) during the first 36 h, and the most differ-
ent time point was at 24 hpi. Figure 3b showed that 
especially in CEF cells, the replication titres of 
SC4822 were significantly higher than those of the 
other G1 strain SC5698 at 12, 24, and 48 hpi. 
However, after 60 hpi, viral growth in CEF cells 
was inferior to that in A549 cells (Figure 3a). In 
addition, only G1 genotype viruses of SD0261 and 
SD0263, but not the two G2 genotype viruses, could 
detect virus titres in A549 cells at 12 hpi (Figure 3a). 
G1 strains were more replicated than G2 strains 
during 24–36 hpi (Figure 3b). In MDCK cells, the 
proliferation efficiency of G1 strains peaked at 36 hpi 
and then decreased within 12 h while G2 strains 
peaked at a later time point of 48 hpi but with 
relatively higher virus titres (Figure 3a).

Plaque-formation ability of the H5N6 viruses in 
different cells

We further evaluated the plaque-formation ability of 
the four H5N6 viruses in mammalian MDCK and avian 
DF-1 cells at the same dose (0.001 MOI). It was appar-
ent that the plaques formed by G1 strains of SD0261 

Figure 1. The strains with the highest similarity to the four H5N6 viruses through BLAST search against the NCBI GenBank database. 
Eight lines inside the ellipse represent the eight gene segments (PB2, PB1, PA, HA, NP, NA, M, NS from top to bottom). Different 
colours represent different sources of gene segments, with H9-like in green, H5-like in red, H6-like in blue and H3-like in grey. The 
peripheral strain indicated the one with the highest nucleotide identity of corresponding gene in the NCBI GenBank database.
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Figure 2. Phylogenetic trees of the four H5N6 subtype viruses. (a) phylogenetic tree of HA gene, the red branches indicate clade 
2.3.4.4b and the red triangles label the four H5N6 viruses in this study. (b) phylogenetic tree of NA gene, the brown branches 
indicate H6-like strains and the brown triangles label the four H5N6 viruses in this study. (c) phylogenetic tree of PB2 gene, the 
green branches indicate H9-like strains while the blue branches indicate H5-like strains, and the triangles label the four H5N6 viruses 
in this study. (d) phylogenetic tree of PB1 gene, the green branches indicate H9-like strains while the purple branches indicate H3- 
like strains, and the triangles label the four H5N6 viruses in this study. All those phylogenetic trees were constructed using MEGA 
11.0 software, with the neighbour-joining method and 1000 replicates of bootstrap analysis.
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and SD0263 in MDCK cells were significantly larger 
than those in DF-1 cells. In contrast, the plaque dia-
meters of G2 strains of SC5698 and SC4822 in DF-1 
cells were significantly larger than those in MDCK cells 

(Figure 4). The above results showed that genotypes G1 
and G2 H5N6 subtype AIV of clade 2.3.4.4b were more 
conducive to replication in mammalian and avian cells, 
respectively.

Figure 3. Growth kinetics of the four H5N6 viruses in three cell types of cells. (a) growth curves of the same H5N6 strain in three 
different cells. (b) growth curves of the four H5N6 viruses in the same cell type. CEF, MDCK, and A549 cells were each infected with 
the four H5N6 viruses at the MOI of 0.001. After virus adsorption of 1.5 h, infected cells were cultured in serum-free DMEM for 12–72  
h. Virus titres were measured at 12, 24, 36, 48, 60, and 72 h post-infection (hpi), and expressed as mean (n = 3) ± standard deviation. 
In panel a, purple *means MDCK versus CEF, yellow *means MDCK versus A549, and blue *means CEF versus A549. In panel b, blue  
*means SD0261 versus SC4822, purple *means SC5698 versus SC4822, yellow *means SD0263 versus SC4822, red *means SD0261 
versus SC5698. Different numbers of *denote different p-value thresholds (*<0.05, **<0.01, ***<0.001, ****< 0.0001).

Figure 4. Plaque-formation capacity of the four H5N6 viruses in different cells. MDCK and DF-1 cells were infected with the MOI of 
0.001 for 1.5 h and covered with the mixture of 2× concentrated DMEM (containing 4% foetal bovine serum) and 1.6% agar. After 
60 h, infected cells were fixed with 4% paraformaldehyde for 15 min and then stained with crystal violet staining solution for 1 h. 
Plaques were randomly selected for measurement of the diameter size. Data were expressed as the mean ± standard deviation.

6 W. ZHAO ET AL.



Attachment capacity of the H5N6 viruses in 
different species cells

As adsorption is the first step for viral infection of host 
cells, we measured the binding rate of the four H5N6 
viruses in CEF and A549 cells using flow cytometry to 
evaluate their infectivity differences in vitro. The results 
showed that the attachment rates of G2 SC5698 and 
SC4822 strains on CEF cells were significantly higher 
than those of G1 SD0261 and SD0263 strains 
(Figure 5a). Specifically, G2 SC4822 possessed the high-
est attachment efficiency, which was consistent with 
previous growth curve results in CEF cells 
(Figure 3b). On the contrary in A549 cells, the attach-
ment capacities of G1 SD0261 and SD0263 strains were 
stronger than G2 SC5698 and SC4822 strains 
(Figure 5b). This attachment assay again supported 
that G1 strains were more favourable to mammalian 
cells, whereas G2 strains were more conducive to avian 
cells.

Replication and virulence of the H5N6 viruses in 
mice

The four H5N6 strains each showed vigorous replica-
tion performance in SPF chicken eggs, with the EID50 

/100 μL values of 108.167 for SD0261, 108.5 for 
SD0263, 108.625 for SC5698, and 108.625 for SC4822, 
respectively. We then challenged BALB/c mice with 
a dose of 106.0 EID50 in 50 μL for every tested H5N6 
virus. As shown in Figure 6a, SD0261 caused the 
death of mice as early as 4 dpi, and both G1 strains 
induced complete mortality at 6 dpi. However, the 
G2 strain resulted in relatively milder body weight 
loss, and the survival rate of inoculated mice reached 
60%. Virus titration in tissues showed all four H5N6 
strains replicated efficiently in the lungs without 
prior adaptation at 3 and 5 dpi (Figure 6b). For 
virus replication in the brain, only SD0261 and 
SD0263 showed virus titres at 3dpi. Although 1/3 of 
the sampled mice infected with G2 SC5698 and 
SC4822 strains were virus-positive at 5 dpi, their 
viral titres were significantly lower than those of the 
two G1 strains.

As shown in Figure 6c, HE staining of the lungs at 
3 dpi revealed that the normal tissue structure was 
preserved in the SC4822-infected mice, while only 
a few inflammatory cells (black arrows) and macro-
phages (blue arrows) were observed in the SC5698- 
infected mice. Compared to the two G2 genotype 
H5N6 viruses, the G1 strains induced relatively 
more severe historical changes. Specifically, thickened 
alveolar walls, exfoliated epithelial cells (blue arrow), 

lymphocytes (green arrow), and minor haemorrhage 
(purple arrow) were observed in representative 
pathological sections from SD0261 group. Similarly, 
the section from SD0263 group also revealed minor 
haemorrhage (black arrow) and a few lymphocytes 
(blue arrow) in the lungs. At 5 dpi, increased num-
bers of lymphocytes (purple arrows) were found in 
SD0261-infected mouse lungs, with karyopyknosis of 
bronchial epithelial cells (blue arrow) and karyor-
rhexis of alveolar epithelial cells (green arrow). For 
SD0263-infected mice, inflammatory cells (black 
arrow) and abruption, necrosis of bronchial epithelial 
cells (blue arrow), were observed in the lung. The G2 
strains of SC5698 and SC4822 both displayed focal 
thickening of the alveolar walls with slight haemor-
rhage (black arrow). In addition, lymphocyte infiltra-
tion (blue arrow) was noted in SC4822 group, 
whereas a small number of pulmonary macrophages 
(blue arrow) and enlarged alveolar walls (green 
arrow) were observed in SC5698 group. Overall, the 
above pathogenicity tests in mice demonstrated that 
the G1 strains were more virulent and replicable in 
mammals than the G2 strains (Figure 6).

Transmissibility and pathogenicity of the H5N6 
viruses in mallard ducks

The G1 genotype strain SD0263 and G2 genotype 
strain SC4822 were selected for animal experiments 
in mallard ducks. Apart from the nine ducks per 
inoculation group that were humanely killed for tissue 
collection, the remaining five inoculated ducks as well 
as the five contact ducks in either virus group were 
monitored for disease and mortality until 14 dpi. 
Although the two H5N6 viruses shared identical sur-
vival rates of ducks (20%) at the final observation time 
points in both inoculation and contact groups, SC4822 
induced relatively severe death at 4–6 dpi than SD0263 
in the inoculated group, but more delayed death at 6 
and 7 dpi than SD0263 in the contact group 
(Figure 7a). Except for the pancreas and intestine, all 
the other collected organs at 1 dpi were 100% (3/3) 
virus-positive with the highest viral titres in the lung. 
At 3 and 5 dpi, generally increased virus titres were 
detected in all sampled organs, including the lung, 
liver, spleen, kidney, brain, trachea, pancreas, intes-
tine, and cloaca (Figure 7b). Regarding the level of 
virus shedding in the inoculated ducks, neither 
SD0263 nor SC4822 virus could be recovered from 
throat swabs at 7 dpi. However, SC4822 extended 
cloacal shedding to 9 dpi, whereas SD0263 only ter-
minated at 7 dpi. In contact ducks, positive throat 
shedding lasted until 9 dpi for SD0263 virus, whereas 
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Figure 5. The attachment capacity of the four H5N6 viruses in CEF and A549 cells. (a) viral attachment assay in CEF cells. (b) viral 
attachment assay in A549 cells. (c) data were expressed as mean viral attachment capacity (n = 3) ± standard deviation. CEF or A549 
cells were seeded in 6-well plates (approximately 1 × 106.0 cells/per well) and infected with 5 MOI viruses at 37℃ for 1 h. After 
incubation with an anti-HA2 rabbit monoclonal antibody (SinoBiological, Cat: 86001-RM02) at room temperature for 2 h, the cells 
were washed with PBST (PBS with 0.05% Tween-20) and treated with fluorescein isothiocyanate (FITC)-labelled goat anti-rabbit IgG 
at 37℃ in dark for 1 h. Then, the tested cells were digested from the 6-well plates to prepare cell suspension for the flow cytometry 
assay.
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Figure 6. Pathogenicity and replication of the four H5N6 viruses in mice. (a) body weight changes and survival curves of mice 
infected with the four H5N6 viruses. Four groups of five six-week-old female BALB/c mice were inoculated intranasally with 106.0 

EID50 virus in 50 μL volume, and another group of five mice was mock-infected with PBS to serve as a control. The weight changes 
and survival of mice were recorded daily for 14 days. (b) replication of the four H5N6 viruses in the lung and brain of infected mice. 
Virus replication in organs was assessed by mean viral titres (n = 3) ± standard deviation. Different numbers of *denote different 
p-value thresholds (*<0.05, **<0.01, ***<0.001, ****< 0.0001). (c) HE staining of sectioned lungs from mice infected with the four 
H5N6 viruses on 3 and 5 days post-inoculation (dpi). The histological sections were observed and photographed at 
200 × magnification.
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SC48223 virus could only be detected at 3 and 5 dpi. 
However, virus recovery from cloacal swabs was nega-
tive for SD0263 after 5 dpi, while SC4822 could still be 
detected at 7 dpi (Table 1). At 14 dpi, only one duck 
survived per virus per group, and all four ducks ser-
oconverted (Table 1). Therefore, although SD0263 and 
SC4822 possessed comparable pathogenicity in mal-
lard ducks, the G2 strain SC4822 was slightly more 

transmissible due to its long-lasting cloacal shedding 
in both inoculated and contact groups.

Discussion

Since clade 2.3.4.4b H5 AIV revived at the end of 2020, 
the HA gene has been reassorted with a variety of NA 

Figure 7. Pathogenicity and transmission of the four H5N6 viruses in mallard ducks. (a) survival curves of inoculated and contact 
ducks in either virus group. (b) replication of the four H5N6 viruses in different tissues of challenged ducks. Two groups of fourteen 
three-week-old SPF mallard ducks were inoculated intranasally with SD0263 (G1 genotype) and SC4822 (G2 genotype) viruses of 
106.0 EID50 in 200 μL volume per duck. At 24 h post-inoculation (hpi), two groups of five naïve ducks were fed together with either 
inoculated group to serve as direct-contact individuals. For inoculated ducks in either group, five were daily monitored disease and 
death until 14 days post-inoculation (dpi) while the other nine ducks were humanely killed on 1, 3, and 5 days (three ducks per day) 
for evaluation of virus replication in different tissues. In addition, mortality of all the contact ducks was also recorded until 14 dpi. 
Virus replication in different tissues of inoculated ducks was evaluated by mean virus titres ± standard deviation (n = 3).

Table 1. Virus shedding in throat and cloaca of inoculated and contact mallard ducks.
Virus shedding results (no. positive ducks/no. tested)a

Day post-inoculation

3 5 7 9 11 13

Group Strain Td Ce T C T C T C T C T C Seroconversion

Inoculatedb SD0263 4/5 4/5 2/4 2/4 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 1/1
SC4822 4/5 4/5 2/2 2/2 0/1 1/1 0/1 1/1 0/1 0/1 0/1 0/1 1/1

Contactc SD0263 2/5 2/5 2/4 2/4 1/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 1/1
SC4822 5/5 5/5 2/4 4/4 0/2 2/2 0/1 0/1 0/1 0/1 0/1 0/1 1/1

Note: aPositive virus shedding was determined by inoculation into 10-day-old SPF chicken embryonated eggs and detection of haemagglutination (HA) titres. 
bDucks challenged with virus at 106.0 EID50. 
cNaïve contact ducks were housed together with the inoculated ducks at 24 h post-challenge. 
dSamples of throat swabs. 
eSamples of cloacal swabs. 
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subtypes to generate novel reassortants, including 
H5N1, H5N2, H5N3, H5N4, H5N5, H5N6, and H5N8 
viruses. H5NX variants have spread to many countries 
in Europe, Asia, and Africa, causing serious threats to 
both the poultry industry and public health [26,27]. On 
the other hand, H9N2 has long been considered one of 
the hightest isolated LPAIV subtypes in live poultry 
markets. Its endemicity in China together with the 
prevalence of H5NX would inevitably promote the 
occurrence of gene reassortment. As previously 
reported by Hao et al., H9N2 internal gene cassette 
involved in H5 reassortants could significantly weaken 
the pathogenicity in chickens and mice [28]. 
Subsequently, Liu et al. isolated natural reassortant 
H5N6 viruses containing all internal genes from 
H9N2, and revealed their high pathogenicity in chick-
ens, low pathogenicity in mice, and asymptomatic 
infections in ducks [29]. In addition, H9N2 has fre-
quently donated part or whole set of internal genes to 
generate novel human-infecting influenza reassortants, 
similar to the recently reported H3N8 variants [30]. In 
addition, these studies indicated that H9N2 internal 
genes might contribute to viral dissemination and 
adaptation. Other than H9N2, LPAIV including H3, 
H4, and H6 subtypes, were found to participate in the 
genetic reassortment of H5N6 viruses [21,31,32]. 
Furthermore, several human H5N6 isolates possessed 
internal genes derived from LPAIV. Therefore, the 
involvement of LPAIV internal genes in novel H5N6 
reassortants should be paid attention to.

In this study, four H5N6 AIV strains were isolated 
from ducks in early 2021. Phylogenetic analysis showed 
that they share different lineages of PB2 and PB1 genes, 
which caused division into two genotypes. G1 strains of 
SD0261 and SD0263 owned H9-like PB2 and PB1 genes 
while G2 strains of SC4822 and SC5698 possessed H5- 
like PB2 and H3-like PB1 genes, with all the other six 
gene segments of H5-like. We then compared the viral 
biological properties of the two genotypes in vitro and 
in vivo. Through flow cytometry, we found that the 
attachment capacity of G2 strains was significantly 
higher than that of G1 strains in CEF but lower than 
that of G1 strains in A549 cells (Figure 5). Despite that 
the G1 and G2 strains shared extremely similar HA 
genes at the amino acid level, they were different at 
site 192 in the receptor binding region. And this dis-
crepancy at site 192 might be a key factor affecting the 
viral attachment ability, which required further experi-
mental verification. On the other hand, it is more and 
more recognized that the HA and NA proteins share 
functional balance [33], thus the difference of NA genes 
may also have the potential to affect receptor binding 
through interfere with HA-NA balance. It was 

reasonable to speculate that the several genotype- 
specific different sites in the NA gene might also be 
a possible contributing factor to impact the viral attach-
ment capacity of G1 and G2 strains. Similarly, the viral 
growth curves showed that the early replication capa-
city of G1 was significantly higher than that of G2 
strains in A549 cells, and the maximum replication of 
G1 peaked 12 h earlier than G2 in MDCK cells 
(Figure 3). In addition, the plaque-formation assay 
revealed that G1 strains produced obviously larger pla-
que diameters than that of G2 strains in A549 cells 
(Figure 4). All these above results consistently indicate 
that G1 viruses containing H9-like PB2 and PB1 genes 
may replicate more advantageously in mammalian cells 
than G2 viruses.

Further pathogenicity tests in mice showed that the G1 
strains were more virulent to mice than G2 viruses, with 
G1 causing a mortality rate of up to 100% within 6 dpi, 
and G2 maintained a survival rate of 60% at 106.0 EID50 

challenge conditions (Figure 6). As G1 and G2 viruses 
mainly differed in PB2 and PB1 lineages from the per-
spective of gene constellations, we inferred that the H9- 
like PB2 and PB1 genes might be responsible for patho-
genicity to mammals. Several novel AIV reassortants, 
including H3N8, H5N1, H5N6, H7N9, H10N3, and 
H10N8, which harbour H9-like internal genes, are zoo-
notic and even harmful to humans [34–36]. Thus, the 
specific roles of these H9-like PB2 and PB1 genes and 
their related mechanisms require further exploration.

Waterfowls, especially ducks, constitute the primary 
natural reservoir for AIV and rarely display obvious 
clinical symptoms when infected [37]. However, the 
global-circulating clade 2.3.4.4 H5NX viruses have 
caused severe damage to wild waterfowls [38,39]. 
Several reports have also indicated that wild bird 
H5NX viruses can replicate efficiently in ducks and 
geese with either high or mild pathogenicity in these 
birds [23,40]. To investigate the status of our H5N6 
viruses in waterfowl, we chose G1 SD0263 and G2 
SC4822 strains to conduct pathogenicity assay in mal-
lard ducks. The results showed that both H5N6 viruses 
propagated effectively in nearly all collected duck tis-
sues (Figure 7b). SD0263 and SC4822 both induced 
the same survival rate (20%) in both the inoculated 
and contact groups (Figure 7a). But the virus dose of 
106.0 EID50 in 200 μL failed to maintain all the chal-
lenged ducks alive during the test period. Less than 
expected ducks were left for comparison since 4 dpi. 
We noticed that G2 SC4822 caused relatively earlier 
death than G1 SD0263 in the inoculated groups. The 
slightly higher pathogenicity of G2 SC4822 in poultry 
was consistent with the previous finding that G2 
strains adsorbed (Figure 5c) more efficiently in avian 
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cells. Although extended throat shedding of G1 
SD0263 was observed in the contact groups, G2 
SC4822 consistently caused prolonged cloacal shed-
ding in both the inoculated and contact groups 
(Table 1), indicating that G1 H5N6 strains with H9- 
like PB2 and PB1 were less transmissible in waterfowl 
than G2 strains containing H5-like PB2 and H3-like 
PB1 genes.

The RNA polymerase complex of the influenza virus 
is a heterotrimeric structure composed of PB2, PB1, and 
PA proteins, which mainly participate in the replication 
and transcription process after virus infection and entry 
into host cells [41]. The PB1 protein is located in the 
centre of the complex, with its N-terminal and 
C-terminal interacting with PA and PB2 proteins, 
respectively [42]. As reported, PB1 protein can affect 
viral replication through post-translational modifica-
tions, such as phosphorylation and SUMOylation [43– 
45]. Specifically, phosphorylation may be related to 
nuclear import and localization, whereas 
SUMOylational modification can promote the binding 
of viral RNA to proteins and affect viral pathogenicity 
and transmission [43–45]. In addition to PB1 protein, 
AIV gene segment 2 encodes PB1-F2 and N40 proteins 
through ribosomal leaky scanning and reinitiation. The 
PB1-F2 protein can affect viral polymerase activity and 
viral replication efficiency, regulate innate immune 
responses, and induce cell apoptosis [46–48]. 
Moreover, the PB1 N40 protein has also been reported 
to influence polymerase activity and viral replication, 
and may be related to the expression balance of PB1 
and PB1-F2 proteins [49]. For PB2 protein, the key 
amino acid substitution R124A in the N-terminal 
domain was shown to play an important role in promo-
ter binding during viral RNA (vRNA) synthesis, thus 
significantly reducing the synthesis of vRNA, mRNA, 
and complementary RNA (cRNA) to affect viral replica-
tion [50]. Structurally, the cap-binding domain of PB2 
protein can seize the 5’-terminal primers of host mRNA, 
altering polymerase activity and transcriptional synthesis 
[51]. The nuclear localization signal (NLS) domain can 
bind import-α into the nucleus to initiate transcription 
and replication [41]. Furthermore, several site mutations 
including A588V, E627K, and D701N adjacent to the 
C-terminus of PB2 protein were essentially involved in 
viral replication and pathogenicity in mammals [52]. In 
this study, we found that G1 and G2 strains bearing PB2 
and PB1 genes from different virus lineages resulted in 
significant variations in biological properties in vitro and 
in vivo. Whether such divergence of PB2 and PB1 genes 
from H9-like, H5-like, or H3-like affected polymerase 
activity, viral replication and transcription, as well as the 
relevant mechanisms remains to be further studied.

In summary, four clade 2.3.4.4b H5N6 subtype AIV 
strains were genetically and phenotypically characterized 
in the present study. The results showed that internal 
genes from H9 and H3-like LPAIV were continuously 
reassorted with the circulating clade 2.3.4.4b H5N6 
viruses, and these novel reassortants possessed efficient 
transmissibility among waterfowls and high pathogenicity 
to mammals. Therefore, to avoid the spread and dissemi-
nation of the H5 subtype HPAIV in China, sustained 
monitoring is indispensable to master the evolution 
dynamics in a timely manner, apart from the enforcement 
of a stamping-out plus compulsory vaccination policy. 
Additionally, the functional role of LPAIV-like internal 
genes in the generation of novel influenza reassortants 
also deserves more attention to better understand viral 
pathogenesis and zoonotic transmission.
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