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ABSTRACT
Several novel highly pathogenic avian influenza (HPAIVs) A(H5N6) viruses were reported in Mongolia in 2020, some of
which included host-specific markers associated with mammalian infection. However, their pathogenicity has not yet
been investigated. Here, we isolated and evaluate two novel genotypes of A(H5N6) subtype in Mongolia during
2018–2019 (A/wildDuck/MN/H5N6/2018-19). Their evolution pattern and molecular characteristics were evaluated
using gene sequencing and their pathogenicity was determined using a mouse model. We also compared their
antigenicity with previous H5 Clade 2.3.4.4 human isolates by cross-hemagglutination inhibition (HI). Our data
suggests that A/wildDuck/MN/H5N6/2018-19 belongs to clade 2.3.4.4h, and maintains several residues associated
with mammal adaptation. In addition, our evaluations revealed that their isolates are less virulent in mice than the
previously identified H5 human isolates. However, their antigenicity is distinct from other HPAIVs H5 clade 2.3.4.4,
thus supporting their continued evaluation as potential infection risks and the preparation of novel candidate
vaccines for their neutralization.
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Introduction

Highly pathogenic avian influenza (HPAI) subtype
(H5N1) A/goose/Guangdong/1/1996 virus evolved
into 10 genotypes belonging to viral clades (0–9) and
multiple subclades [1]. Subclade 2.3.4.4, which includes
HPAI A(H5Nx), was first reported in China in 2013 and
has since been shown to be globally circulating [2–5].

Wild migratory birds are well known natural reser-
voirs for the re-assortment and transmission of avian
influenza as well as the HPAI H5 viruses from clade
2.3.4.4 [6]. These birds are also known to spread
these viruses to geographically distinct regions result-
ing in panzootic waves of infection killing millions of
domestic birds and inducing major economic losses
for poultry farmers while increasing their threat to
human health [4,7,8]. To date, there have been 72
reported cases of human infections with influenza A
(H5N6) virus including 30 deaths [9].

There are two methods of classifying clade 2.3.4.4
H5 HPAI subtype viruses both of which are based on
hemagglutinin (HA) protein diversity. Viruses were
initially classified into four groups including Group
A, B, C, and D [4,10] but recent evaluations have
seen this clade getting re-divided by the World Health
Organization into eight further subclades (2.3.4.4a–h)
[11]. Global surveillance data suggests that there are
two dominant H5 HPAI clades 2.3.4.4b and 2.3.4.4h,
in circulation across Asia, Europe and the Middle
East [7,12–19], with seven human cases of H5N8 and
five human cases of H5N6/2.3.4.4b reported in the Rus-
sian Federation and China, respectively, in 2021 [20].
Clade 2.3.4.4h viruses were also detected in wild
migratory birds and humans in China, Vietnam, Mon-
golia and Bangladesh [11,15,17,21]. Remarkably, the
H5N6/2.3.4.4h A/Chongqing/00013/2021 strain was
isolated from a human sample in 2021 and its
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sequences were uploaded to the GSAID databases with
GenBank ID: EPI_ISL_1081369 [20].

Mongolia is located in north-central Asia, and boasts
a wide variety of migratory birds. It is widely considered
as the most important region for studying the epizootic
origins of HPAIVs [22–24]. There were a total of eight
H5 HPAIV outbreaks from clades 2.2 and 2.3.2.1, as
confirmed by the Mongolian AIV surveillance pro-
gramme, in Mongolia from 2005 and 2011 and there
have been no cases of H5 HPAI reported in this region
from 2012 and 2019 [22]. However, there were several
HPAI H5N6 2.3.4.4h clade viruses isolated from wild
whooper swan in Mongolia in 2020, some of which
included mammalian host-specific markers [15,25].
However, the biological characteristics and antigenicity
of these viruses have not yet been investigated.

The national surveillance and collaboration pro-
grammes for avian influenza viruses (AIVs) funded
by the Korean government have facilitated the iso-
lation of many avian influenza subtypes from wild
birds, including the two H5N6 HPAIVs isolated
from wild duck feces during 2018/2019 in Mongolia
[11,26–29]. Here, we focused on the characterization
of these two H5N6 isolates and tried to understand
the relationship and evolution pattern of these viruses
using phylogenetic analysis of each gene segment and
the comparison of key mutations with other potential
H5 HPAI sequences. We also performed a mouse
model study and HI evaluations to determine the
pathogenic potential and antigenicity of these viruses.

Methods

Sample collection and isolation

Fresh wild bird feces were collected using sterile swabs
and stored in liquid nitrogen before transporting to the
laboratory. In the laboratory, the feces samples were
resuspended in phosphate buffered saline (PBS) sup-
plemented with 100 Unit/µL of penicillin and 100 mg/
µL of streptomycin (Gibco, Catalog: 15140122) and
were clarified by centrifugation (3000 rpm for 10 min
at 4°C), then filtered using a 0.45 µM filter (GVS Syringe,
Novatech, USA) before 100 µL of each sample was
injected into 9 days-old embryonated specific-patho-
gen-free (SPF) chicken eggs and incubated at 37°C for
3 days. The allantoic fluids from the eggs were then col-
lected and used to evaluate the viral titre for each isolate
using the hemagglutination assay as recommended by
the World Organization for Animal Health (http://
www.oie.int/eng/normes/mmanual/Asummry).

Next generation sequencing (NGS) on an
Illumina Hiseq X

NGS was completed by GnCBIO (Dae-Jeon, Korea)
using the Hiseq X method as previously described

[29]. Briefly, the influenza RNA content were
extracted using a NUCLEOSPIN® RNA VIRUS
(Macherey Nagel) kit and then used as a template
for the cDNA library which was evaluated for quality
and concentration using LightCycler qPCR. Library
size was checked by TapeStation HS D5000 Screen
Tape and then subject to NGS.

Phylogenetic tree analyses

Any related viral genes sequences were identified
using the Basic Local Alignment Search Tool
(BLAST) from a combined dataset generated using
the National Centre for Biotechnology Information
(NCBI) and the Global Initiative on Sharing All
Influenza Data (GISAID) databases. Phylogenetic
trees for each of the eight gene segments (PB2, PB1,
PA, NP, HA, NA, M, and NS) were created using
MEGA 11 (Molecular Evolutionary Genetics Analysis
version 11, Pennsylvania State University, PA, USA),
the neighbour joining method, and a maximum com-
posite likelihood model with 1,000 bootstrap replicates
used to determine statistical significance (https://
www.megasoftware.net/.)

We also attempted to estimate the time of most
recent common ancestry (tMRCA), using a time-
scaled phylogenitic analysis of the surface viral genes
from A/wildDuck/MN/H5N6/2018-19 isolates using
the Bayesian Markov chain Monte Carlo method
available in BEAST v1.10.4 [30]. Briefly, Multiple
sequences were aligned with the BioEdit software (ver-
sion 7.2.5) for constructing the “non-clock” phyloge-
netic tree and determining the best substitution
model for each dataset by using the IQ-TREE server,
then subjected to TempEst analysis [31,32]. We then
selected GRT + F + G4 and HKY + F + G4 substitution
models and an uncorrelated relaxed clock in combi-
nation with a log-normal distribution to evaluate
HA and NA datasets, respectively. MCMC chains
were run for 50 million generations, with sampling
parameters and trees every 5000 generations to pro-
duce a relevant post-burn-in effective sample size
(ESS) of at least 200 for each parameter using Tracer
v1.7.1. The MCC tree was then generated using
TreeAnnotator v1.10.4 with 10% burn-in and visual-
ized using FigTree v1.10.4. The tMRCA was calculated
as described in the BEAST tutorials (https://taming-
the-beast.org/tutorials/Prior-selection/).

Animal study

We purchased our female six-week-old BALB/c mice
from Orient Bio-Seongnam, Gyeonggi, Korea (5
mice per cage) and then infected them with various
50% egg infectious dose (EID50) viral concentrations
(101 to 106 EID50, 50 µL/mouse) using the intranasal
infection route. We then evaluated the body weight
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change and survival rates for each group over 14 days
post infection. All of these experiments were carried
out in an animal biosafety level 3 (ABSL3) at the Kor-
ean Zoonosis Research Institute (KZRI) at Jeonbuk
National University. These studies were approved by
the KZRI Committee on the Ethics of Animal Exper-
iments (JBNU 2021-0126) and conducted in accord-
ance with all good laboratory practice guidelines.

Hemagglutination inhibition assay

A/wildDuck/MN/H5N6/2018-19 and other compar-
able viruses (H5Nx clades 0; 2.3.4.4c; 2.3.4.4e) were
inoculated into 10-day-old embryonated chicken eggs
for 12 h at 37°C, before the allantoic fluid was harvested
for viral inactivation by 0.1% formalin over 16 h at 37°C
[33]. Confirmation of virus inactivation through two
serial passages in embryonated chicken eggs with no
viral RNA detectable by reverse transcription-polymer-
ase chain reaction (rt-PCR) of the matrix gene segment.
These viruses were then purified using ultra centrifu-
gation at 112,600g, during 2 h, 4°C, and the pellet was
re-suspended in PBS before the viral titre was estimated
by hemagglutination assay. Chicken antisera products
were obtained by immunization with mixtures of
1280 hemagglutination units (HAU) of inactivated
virus and an adjuvant (Montanide ISA 70) as described
by the manufacturer (https://www.seppic.com/en/
montanide-isa-w-o). The chicken blood was then col-
lected 4 weeks after immunization, and then centri-
fuged at 1200g for 10 min at room temperature (20–
25°C). The cross reactivity among the four viral sub-
types was examined using the specific anti-serum for
each virus via the hemagglutinin inhibition (HI) assay
as previously described [26,34]. Briefly, the chicken’s
antisera were treated with receptor destroying enzyme
(Denka Seiken, catalog 370013) to remove nonspecific
inhibitors, then serially diluted with PBS into a 96-
well plate before 4 hemagglutination units of the appro-
priate virus was added to the plate and incubated for
30 min at 37°C. Finally, 0.75% chicken red blood was
added to each well to complete the HI reaction and
the results from the highest serum sample dilution
ratio that inhibited hemagglutination after 30 min of
incubation were included in our results.

Results

Isolation and genetic characteristics

We isolated 38 AIVs from 2000 fresh wild bird feces
samples collected in Mongolia between July 2018
and September 2019 We then used subtype specific
polymerase chain reaction (PCR) amplification of
the HA and neuraminidase (NA) genes from these
samples. Among them, H3N8 subtypes viruses were
the predominant subtype (19/38, 50%), and the

proportion of other AIVs isolates followed by H4N6
(26.32%), H7N7 (7.89%), H5N6; H2N2 (each 2/28,
5.25%), H1N1; H4N2 (each 1/28, 2.63%) (Appendix
Table 1, see Supplemental data). Two H5N6 samples
were collected at different lakes; Ugii lake in the
Arkhangai Province and Khunt Lake in the Bulgan
Province during September 2018 and July 2019,
respectively (Figure 1).

We then used NGS to facilitate the identification of
the 16 complete viral segments comprising the genomes
of the A/duck/Ugii lake/#66/2018(H5N6) and A/duck/
Khunt lake/#500/2019(H5N6) isolates. These sequences
were then annotated using the Influenza virus sequence
annotation tool (https://www.ncbi.nlm.nih.gov/
genomes/FLU/annotation/) and submitted to the
NCBI database under GenBank IDs MW822900 ∼
MW822915. Both the NGS and BLAST results of the
full-length sequences against the NCBI and GSAID
databases revealed that both A/MN/H5N6/2018-19
viruses were identical across all eight gene segments
(PB2, PB1, PA, NP, HA, NA, M, and NS), with a high
degree of common nucleotide identity with A/Xin-
jiang/12.24_WLMQXL/2018 (mixed) like viruses
(99.74%–100%) (Table 1). However, these viruses
shared low nucleotide identity with Mongolia H5N6
isolated in 2020 (97.46%–98.73%) (Appendix Table 2,
see Supplemental data). Given this information, we
further evaluated the likely origins of these viruses
using maximum-likelihood phylogenetic trees pro-
duced via the neighbour-joining method in MEGAX.
All eight gene segments of the HPAI A/wildDuck/
MN/H5N6/2018-19 viruses clustered with the same
segments from the China A/goose/Xinjiang/
12.24_WLMQXL/2018 (Mixed)-like viruses which
have not been investigated before, but we know that
these viruses belong to H5 HPAIV clade 2.3.4.4h
(Group C) (Appendix Figure 1, see Supplemental
data). Taken together, these data suggest that the MG/
H5N6/2018-19 viruses have extensive similarity with
the A/Xinjiang/12.24_WLMQXL/2018 like viruses.

We then estimated the tMRCA for the surface gene
segments in these viruses using a relaxed Bayesian
clock phylogenetic analysis in BEAST v1.10.4.
tMRCA for both the HA and NA genes of the A/wild-
Duck/MN/H5N6/2018-19 viruses suggest that they
and the A/Xinjiang/12.24_WLMQXL/2018 viruses
evolved from a common ancestor which was likely
in circulation in China in May to Jul 2018 (Figure 2;
Table 2) while, the tMRCA for the HA and NA
genes of the A/wildDuck/MN/H5N6/2018-19 viruses
ranged from July to September 2018 suggest its
reached Mongolia during summer season.

Molecular characteristics

We then went on to assess the potential virulence of
the A/wildDuck/MN/H5N6/2018-19 viruses by
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comparing their amino acid sequences with those
from known H5 HPAI 2.3.4.4 h clade viruses includ-
ing the 2020 Mongolian isolates (MG/H5N6/2020)
and the 5 human isolates identified between 2018
and 2021 (Table 3). We found the characteristic HA
cleavage site polybasic residues (RERRRK(K)R/G) in
seven of these isolates including the A/wildDuck/
MN/H5N6/2018-19; A/Whooper Swan/Mongolia/24/
2020; A/Chongqing/00013/2021; A/Guangzhou/

39715/2014; A/Guangxi/31906/2018; A/Jiangsu/
32888/2018 and A/Hong Kong/483/1997, which is
considered to be the signature of virulence marker
for HPAI viruses [35]. Additionally, these viruses
had several mutations in the HA receptor-binding
sites associated with increased affinity for the α-2,6
linked sialic acid (SA) human-like receptor including
94N, 133A, and 156A [36–38]. Most of these viruses
also maintained the characteristic amino acid residues

Figure 1. Sampling locations of the Mongolia A/MN/H5N6/2018-19 indicated with red circles (A/duck/Ugii lake/#66/2018/H5N6;
A/duck/Khunt lake/#500/2019/H5N6), Mongolia/H5N6/2020 indicated with yellow circles (A/Whooper swan/Mongolia/24/2020/
H5N6; A/Swan goose/Mongolia/02/2020/H5N6), and Xinjiang, China viruses indicated with violet circle (A/goose/Xinjiang/
12.24_WLMQXL003-C/2018/H5N6-mixed). These sampling sites were close to the site where the novel H5N6/2020
isolates were collected with both sites being separated by about 90 km. Map was edited from Google Maps; March, 15, 2022
(https://www.google.com/maps/d/edit?hl=en&mid=1ZZ4NSJSmmXZo5lbR5GidJWsy422SceyE&ll=28.563846898417626%2C85.
17260164694872&z=4).

Table 1. Closest relatives to our viral nucleotide sequences from A/MN/H5N6/2018-19 in the GenBank databases and GISAID.a

Gene segment Closest relative Homology GenBank ID

PB2 A/chicken/Xinjiang/12.24_WLMQXL006-O/2018 (mixed) 99.74% MW106970.1
A/chicken/Guangdong/7.20_DGCP022-O/2017 99.08% MW104088.1

PB1 A/goose/Xinjiang/12.24_WLMQXL004-O/2018 (mixed) 99.82% MW110193.1
A/chicken/Guangdong/7.20_DGCP022-O/2017 (mixed) 99.74% MW104088.1

PA A/goose/Xinjiang/12.24_WLMQXL004-C/2018 (mixed) 99.77% MW110193.1
A/chicken/Guangdong/7.20_DGCP022-O/2017 (A/H0) 99.49% MW104088.1

HA A/goose/Xinjiang/12.24_WLMQXL003-C/2018 (mixed) 99.65% MW110187.1
A/chicken/Guangdong/7.20_DGCP022-O/2017 (mixed) 98.71% MW104088.1

NP A/goose/Xinjiang/12.24_WLMQXL004-O/2018 (mixed) 99.80% MW110193.1
A/chicken/Guangdong/7.20_DGCP022-O/2017 (mixed) 99.47% MW104088.1

NA A/chicken/Xinjiang/12.24_WLMQXL006-O/2018 (mixed) 99.78% MW106970.1
/duck/Hunan/11.30_YYGK62E3-OC/2017 (A/H5N6) 99.06% MW108138.1

M A/goose/Xinjiang/12.24_WLMQXL003-C/2018 (mixed) 100.00% MW110187.1
A/duck/Guangdong/7.20_DGCP036-O/2017(H5N6) 99.74% MW097501.1

NS A/goose/Xinjiang/12.24_WLMQXL004-O/2018 (mixed) 99.85% MW110196.1
A/chicken/Guangdong/7.20_DGCP022-O/2017(mixed) 99.56% MW104088.1

aLast accessed 12 November 2021 NCBI, https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi; GISAID, https://platform.epicov.org/epi3/
frontend#384e22. HA, hemagglutinin; NA, neuraminidase; MP, matrix protein; NP, nucleoprotein; NS, nonstructural protein; PA, acidic polymerase;
PB1, basic polymerase 1; PB2, basic polymerase 2.
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at position 222Q, 223R and 224G (H5 numbering)
associated with specificity for the avian-like α-2,3 SA
receptor [39,40]. The amino acid deletions of NA at
58 to 68 and nonstructural protein 1 (NS1) at 80 to
84 positions are both associated with high pathogen-
icity in avian hosts [41,42]. However, two mutations
in PB2, including 627K and 701N, which are known
to contribute to increased virulence in mammalian
models, were not detected in our A/wildDuck/MN/

H5N6/2018-19 isolates and A/Chongqing/00013/
2021(H5N6) human isolates. In general, the mutation
in HA of A/wildDuck/MN/H5N6/2018-19 isolates
that change receptor binding specificity suggests that
these viruses are potentially virulent for mammals.

Pathogenic potential in a mouse model of
infection

Given these characteristics, we then assessed the
pathogenicity of the A/wildDuck/MN/H5N6/2018-19
viruses using the intranasal inoculation of six-week-
old mice with 101 to 106 EID50 per mouse of MG/
H5N6/2019 and two human isolates, A/Hong Kong/
483/1997 (H5N1) from clade 0 and A/Guangzhou/
39715/2014 (H5N6) from clade 2.3.4.4e (Figure 3).
Both body weight and survival rate were monitored
over a 14- day post infection (DPI) period for each
group with these values then used to determine the
fifty percent mouse lethal dose (MLD50) for each
strain. The mice infected with the A/wildDuck/MN/
H5N6/2019 virus exhibited only minor pathogenic
effect, with survival rates between 80% and 100% at
14 DPI when infected with 101 to 105 EID50 per
mouse via intranasal inoculation. However, an
increase in the viral dose to 106 EID50 per mouse
resulted in a decrease in survival to 40% and a conco-
mitant 25% decrease in body weight at 8 DPI (MLD50;

Figure 2. The HA and NA gene maximum clade credibility tree for the A/MN/H5N6/2018-19 viruses was constructed using the
BEAST 1.10.4 software package (https://beast-dev.github.io/beast-mcmc). Node bars indicate a 95% posterior density for each
node height and the coloured of each branch indicate its posterior probability. Both H5N6 isolates reported in this study are
shown in orange, the human H5 in red and the MN/H5N6/2020 in blue. The tMRCA is indicated at the bottom of the tree,
and was estimated using the Bayesian Markov chain Monte Carlo method in BEAST 1.10.4.

Table 2. Date of isolation for the most recent common
ancestor for the HPAIVs H5N6 Mongolia/ 2018–2019 and
Xinjiang/2018 viruses when using the surface gene as the
comparator.

Gene
segment

tMRCAa

Mean
(Moth &
Year)

tMRCA 95% HPD#

(Moth & Year)
Posterior
probability

A/wildDuck/MN/H5N6/2018-19 and A/Xinjiang/12.24_WLMQXL/2018 viruses
HA MAY.2018 MAR.2018 –

JUL.2018
1

NA JUL.2018 MAR.2018 –
AUG.2018

0.99

A/wildDuck/MN/H5N6/2018-19
HA SEP.2018 JUL.2018 –

SEP.2018
1

NA AUG.2018 JUL.2018 –
SEP.2018

0.99

atMRCA, time of most recent common ancestry. tMRCA represents the
most likely timing for a common ancestral node; #HPD, highest posterior
density; HA, hemagglutinin; NA, neuraminidase; Posterior probability
suggest a high corresponding confidence measure for phylogenetic
accuracy when calculated as a value close to 1.
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5.68-log10 EID50). Meanwhile, both the human H5N6
and H5N1 isolates killed 100% of the mice with each
presenting with severe clinical signs of more than
25% weight loss within 7 DPI when infected with
between 103 and 106 EID50 per mouse. This data pro-
duces very low MLD50 values for both H5N1 (MLD50;
1.17-log10 EID50) and H5N6 (MLD50; 1.5-log10
EID50), suggesting that MG/H5N6/2018-19 viruses
have low pathogenicity in mice, especially when com-
pared with human origin isolates.

Antigenic characterization

To understand the antigenic profiles of the A/wild-
Duck/MN/H5N6/2018-19 subclade 2.3.4.4h isolates,
we performed HI assays by using antisera generated
in SPF chickens against H5 HPAIs clades 0; 2.3.4.4e;
2.3.4.4c and 2.3.4.4h MG/H5N6/2019. The results
showed that the HI titres of antisera against the hom-
ologous clades 0; 2.3.4.4e; 2.3.4.4c and 2.3.4.4h viruses

were ≥2048, 1024, 1024, and ≥2048, respectively
(Table 4). The A/wildDuck/MN/H5N6/2019 subclade
2.3.4.4h virus and clade 0 responded poorly to anti-
serum against each other, with subclades 2.3.4.4e;
2.3.4.4c suffering a drop of 16 to 128-folds HI titre
units when compared to homologous titres, whereas
the clade 2.3.4.4e antiserum cross-reacted with the
subclade 2.3.4.4c viruses with HI titres that were 2-
fold lower than that to the homologous virus. The
results of HI assays revealed that A/wildDuck/MN/
H5N6/2019 subclade 2.3.4.4h isolates are antigenically
different from the two H5 HPAIs human isolates from
subclades 2.3.4.4e, 2.3.4.4c, and clade 0, although the
subclades 2.3.4.4e and 2.3.4.4c antigenicity is
comparable.

Discussion

Three features that make Mongolia a unique location
for studying the epizootiology of HPAIV in wild bird

Figure 3. Comparison of H5N6 Mongolia 2019 isolate pathogenicity and Human isolate pathogenicity in a mouse model. Each
group of five 6-week-old mice were inoculated via the intranasal route with between 101 and 106 EID50 per mouse for each
virus in each mouse and then evaluated for survival and body weight change over a 14 day period DPI. A-D, Subclade
2.3.4.4 h A/duck/Khunt lake/#500/2019(H5N6); B-E, Subclade 2.3.4.4e RG A/Guangzhou/39715/2014 (H5N6); C-F, Clade 0 RG A/
Hong Kong/483/1997 (H5N1).

Table 3. Molecular characteristics of the HPAI A/MN/H5N6/2018-19 isolates identified in this study.

Virus Host Clade 2.3.4.4

PB2 PB1-F2 HAa NAb NS

627 701 Expression Cleavage site 94 133 156 222 223 224
Stalk deletion

58–68
Deletion
80–84

1 Duck h E D NO RERRRKR↓G N A A Q R G Yes Yes
2 WS h E D NO RERRRKR↓G N A A Q R G Yes Yes
3 Human h E D NO RERRRKR↓G N A A Q R G Yes Yes
4 Human h K D NO RERRRKR↓G N A A Q R G Yes Yes
5 Human h K D NO RERRRKR↓G N – A Q G G Yes Yes
6 Human e K D NO RERRRKR↓G N A T Q R G Yes Yes
7 Human clade 0 K D NO RERRRKKR↓G N S T Q S G Yes No
aH5, numbering.
bN6, numbering; WS, Whooper swan; 1, HPAI MG/H5N6/2018-19 isolates; 2, A/Whooper Swan/Mongolia/24/2020 (H5N6); 3, A/Chongqing/00013/2021
(H5N6); 4, A/Guangxi/31906/2018 (H5N6); 5, A/Jiangsu/32888/2018 (H5N6); 6, A/Guangzhou/39715/2014 (H5N6); 7, A/Hong Kong/483/1997 (H5N1).
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populations. Firstly, millions of migratory birds breed
and molt across Mongolia as it stretches between their
arctic grounds and their wintering sites in the south
[43]. Secondly, the country has little domestic poultry,
making transmission of these avian influenzas the sole
provenance of the wild birds [22]. Third, at least eight
different flyways across Mongolia have been shown to
be used by migratory birds [44]. Interestingly, Mongo-
lia is located within three major flyways for various
wild birds, including the East Asian–Australasian,
Central Asian, and East African–West Asian flyways,
which overlap with an additional four flyways includ-
ing the Black Sea, East Atlantic, Pacific American, and
Mississippi American routes, meaning that Mongolia’s
wild migratory birds might carry these viruses into
these cross sections and spread them throughout the
world [45]. Therefore, continual monitoring and sur-
veillance of the wild birds in Mongolia is necessary to
control AIVs as well as H5 HPAI outbreaks in the
future.

Recent years have seen the replacement of the
H5N1 subtype with H5N6 and H5N8 HPAIVs from
the clade 2.3.4.4 as the dominant subtypes in circula-
tion [14,16,21,46,47]. Here, we collected two new
H5N6 isolates from nearby sites (90 km away from
each other) that demonstrate a high degree of nucleo-
tide similarity. Our phylogenetic analysis demon-
strated that A/MN/H5N6/2018-19 belongs to
subclade 2.3.4.4h, with all eight gene segments show-
ing high degrees of identity with the (A) Xinjiang/
12.24_WLMQXL/2018 like viruses (99.74%–100%).
However, seven of these gene segments shared signifi-
cantly lower degrees of nucleotide identity with the
novel Mongolian H5N6 isolates reported in 2020
(97.46%–98.73%), the one gene that exhibits any sig-
nificant similarity (99.21%) was the M gene (Appendix
Table 2, see Supplemental data) [15,25]. These results
demonstrate that our novel A/wildDuck/MN/H5N6/
2018-19 and the H5N6 Mongolia 2020 isolates form
two distinct genotypes.

During winter (November to January), migratory
birds stay in their wintering grounds and then move
northwards between February and May (spring
migration) to reach their nesting grounds for the

new season, they will stay in these northern regions
until the temperatures begin to drop and they are
forced to return South to their wintering grounds
with this migration taking place between August and
November [48]. These migration patterns and our
tMRCA data of A/wildDuck/MN/H5N6/2018-19
(July to September 2018) hypothesize that these
migratory waterfowl pick up H5N6 viruses during
their spring migration, and carry it to their breeding
ground in Mongolia where they stay between May
and August. This was consistent with a previous
study that suggested that the spring bird migration
pattern matched with the timing and route of
H5N6 virus transmission between Xinjiang and
Mongolia [15]. Taken together, this data suggests
that the spring migration plays a significant role in
the transmission and circulation of HPAI H5N6 in
Mongolia.

The monobasic cleavage motif PQRETR↓GLF in
HA is digested by trypsin-like proteases in the upper
respiratory tract of various avian species and is com-
mon in less pathogenic (LP) AIVs, while HPAIVs
carry a poly-basic amino acid motif RERRRKR↓G
which is recognized by furin, a commonly expressed
mammalian enzyme that allows for rapid replication
in mammalian cells [29,49]. Our data suggests that
the HA gene from A/wildDuck/MN/H5N6/2018-19
encodes the RERRRKR↓G poly-basic cleavage motif
with a high degree of similarity to four H5 HPAI iso-
lates of human origin including A/Chongqing/00013/
2021, A/Guangxi/31906/2018, and A/Jiangsu/32888/
2018 (Table 3). However, the transition of LP viruses
to HPAIVs requires not only the addition of this poly-
basic HA cleavage site but also adaptive changes in
neighbouring regions or in the other viral proteins
that facilitate mammalian replication [50,51]. Thus,
other site mutations in the HA biding site like those
associated with increased α-2,6 linked sialic acid
(SA) human-like receptor affinity such as, 94N,
133A, and 156A may contribute to the increased viru-
lence observed in our A/wildDuck/MN/H5N6/2018-
19 isolates. In addition, our A/MN/H5N6/2018-19
viruses also contained several amino acid mutations
associated with increased virulence in avian species
including both the deletion of specific residues in the
NA stalk and the NS1 gene. The NA stalk deletion
has been reported to act as a major virulence factor
for chicken infections [42], while the 80 to 84 residue
deletion in the NS1 gene has been linked to the
increased pathogenicity of H5N1 AIVs in mallard
ducks [41]. Interestingly, mammalian adaptive mar-
kers in PB2, including 627 K, were not detected in
both of A/Chongqing/00013/2021 and A/wildDuck/
MN/H5N6/2018-19, 2020 viruses, this suggests that
even without 627 K biomarker, some of these viruses
can infect to human. It is also worth noting that the
701N mutation was not found in any of the H5 viruses

Table 4. HI evaluations of HPAI A(H5N6)/Mongolia /2019
influenza viruses using chicken antiserum.

Clade

HA inhibition titre (dilution factor) in antiserum against
clades

0 2.3.4.4e 2.3.4.4c 2.3.4.4h

0 ≥2048 ≤16 64 64
2.3.4.4e 128 1024 512 128
2.3.4.4c 128 512 1024 16
2.3.4.4h 128 32 128 ≥2048

HA, Hemagglutinin. Homologous titres are boldface and underlined
Clade 0: A (H5N1)/Hong Kong/483/1997; subclade 2.3.4.4e: A(H5N6)/
Guangzhou/39715/2014.

Subclade 2.3.4.4c: A (H5N6)/Duck/Foshan/41/2019; subclade 2.3.4.4h: A
(H5N6)/Mongolia /2019.
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evaluated in this study [52]. Seven of the isolates
encoded the PB1-F2 truncation, which likely contrib-
utes to their viral pathogenicity [53]. In general, the
key amino acid sequences in the A/wildDuck/MN/
H5N6/2018-19 isolates were similar to those of the
A/Chongqing/00013/2021 human isolate suggesting
their potential threat to public health. Given this, we
suggest that further pathogenicity evaluations in
other models should be used to determine the true
threat of human infection with A/wildDuck/MN/
H5N6/2018-19 viruses.

A(H5N1)/HongKong/483/1997 and A(H5N6)/
Guangzhou/39715/2014 isolated from a hospitalized
patient both demonstrated high virulence and severe
lethality in BALB/c mice at a very low MLD50 value
[54,55]. This was consistent with our results were
the MLD50 values for A(H5N1)/HongKong/483/1997
and A(H5N6)/Guangzhou/39715/2014 were 1.17-
log10 EID50 and 1.5-log10 EID50, respectively. Mean-
while, our evaluations of the A/wildDuck/MN/H5N6/
2018-19 isolate demonstrated that it had low patho-
genicity in mice, with an MLD50 value of 5.68-log10
EID50, which was significantly higher than that of
either human isolate. This result does corroborate
our molecular characterization which showed that
the A/wildDuck/MN/H5N6/2018-19 isolate lacked
two of the individual mutations in the PB2 protein
(lysine at position 627 to glutamic acid and aspartate
at position 701 to asparagine) leading to low patho-
genicity in mice [52,56]. However, the A/wildDuck/
MN/H5N6/2018-19 isolate MLD50 value (5.68-log10
EID50) was lower than the MLD50 (6.38-log10
EID50) of the A (H5N6) Xinjiang/2020/2.3.4.4 h
virus identified in China in 2020, despite its close
relationship with the recently described 2020 H5N6
Mongolian isolates [15,17]. This suggests that the
potential virulence of the A/wildDuck/MN/H5N6/
2018-19 isolates are likely to be higher than the 2020
H5N6 Mongolian isolates.

The antigenic characterization assay described by
the Centres for Disease Control and Prevention
(CDC) suggest that influenza viruses are likely to be
antigenically dissimilar if their HI titres vary by five
or more fold (https://www.cdc.gov/flu/about/
professionals/antigenic.htm). Our HI results were
highly consistent with previous studies, indicating
that H5 HPAIVs from the clade 2.3.4.4 exhibit con-
siderable antigenic variation [57–59]. Both A/wild-
Duck/MN/H5N6/2018-19 HPAIVs from subclade
2.3.4.4h were antigenically distinct from H5 HPAIVs
from clades 0 and 2.3.4.4e and c, suggesting the devel-
opment of candidate vaccines for H5 HPAIVs sub-
clade 2.3.4.4h are needed. This result was also
consistent with the results of the molecular analysis
of the HA genes from these isolates which revealed
significant differences in the amino acid sequences of
their receptor binding sites with a series of mutations

including S133A, T156A, and R223N (Table 3)
described in each.

In conclusion, animal model studying and anti-
genic characterization have broadened our under-
standing of the HPAIV subclade 2.3.4.4h, with our
data suggesting that the H5N6 viruses isolated in
2018–2019 have low pathogenicity in mice and that
these isolates were also antigenically dissimilar from
other H5 clade 2.3.4.4 isolates from human hosts.
These results also highlight the probability of trans-
mission and spread of H5 HPAIVs to Mongolia via
wild migratory birds during their spring migration,
further supporting the ongoing surveillance of these
viruses in Mongolia. In addition, this data demon-
strates that both surveillance and the identification
of new antigenic subtypes should be supported to
facilitate the development of novel vaccine candidates
that could be urgently implemented to control the glo-
bal spread of H5 HPAIVs preventing both economic
loss and reducing the public health risks associated
with potential exposure.
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