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ABSTRACT Since its first appearance in 1996, H9N2
avian influenza virus (AIV) of the Y439 lineage per-
sisted in Korean live bird markets (LBMs) until the last
documented occurrence in 2018. However, in June 2020,
the avian influenza surveillance program detected a
novel H9N2 AIV belonging to the Y280 lineage, which
has zoonotic potential, in a Korean native chicken
(KNC) from a LBM. In this study, we infected KNCs
and ducks (the 2 major species held at LBMs), as well as
SPF chickens, with Y280-lineage H9N2 AIV LBM261/
20 and Y439-equivalent LBM294/18 to compare patho-
genicity and transmissibility. In SPF chickens,
LBM261/20 replicated mostly in the respiratory tract
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and spread rapidly among birds. By contrast, LBM294/
18 replicated preferentially in the gastrointestinal tract
and transmitted more slowly than LBM261/20.
LBM261/20 replicated for a longer time in KNCs than
in SPF chickens, and only in the respiratory tract; by
contrast, LBM294/18 was detected in the oropharynx
and cloaca. Ducks did not shed either virus or
seroconvert. Taken together, the data suggest that the
scheme used to monitor the newly introduced H9N2
AIV of the Y280 lineage needs to be modified to place
emphasis on oropharyngeal sampling. Such changes will
facilitate better disease control and protect public
health.
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INTRODUCTION

The H9N2 avian influenza virus (AIV) was isolated
for the first time in 1966 from turkey flocks in Wisconsin,
United States (Homme and Easterday, 1970). Since
then, H9N2 AIVs have been detected worldwide in wild
birds, domestic poultry, and mammals (Kawaoka et al.,
1988; Peiris et al., 2001; Choi et al., 2004; Butt et al.,
2005; Lee et al., 2007; Yu et al., 2013). H9N2 AIVs can
be broadly categorized into 2 major lineages: Eurasian
and American. American lineage H9N2 AIVS are found
mostly in wild birds, whereas Eurasian lineage H9N2
AIVs are classified genetically into several sublineages:
the G1 lineage (represented by A/quail/Hong Kong/
G1/1997), the Y280 lineage (represented by A/duck/
Hong Kong/Y280/1997), and the Y439 lineage (repre-
sented by A/duck/Hong Kong/Y439/1997) (Guan
et al., 1999; Guo et al., 2000). Notably, H9N2 AIVs
belonging to the G1 and Y280 lineages have zoonotic
potential; indeed, as of June 2019, 59 cases have been
reported in China, Hong Kong, Bangladesh, Egypt,
Pakistan, and Oman (Zhang et al., 2014; Pu et al., 2015;
Bi et al., 2016; Carnaccini and Perez, 2020). These
viruses have donated their internal genes, leading to
emergence of novel zoonotic AIVs such as H7N9,
H10N8, and H5N6 (Liu et al., 2013; Chen et al., 2014;
Yang et al., 2015). H9N2 AIVs of the Y439 lineage have
been identified primarily in wild aquatic birds, with spo-
radic outbreaks in poultry, throughout Eurasia. (Pea-
cock et al., 2019).
In 1996, an H9N2 AIV was isolated for the first time

on a Korean native chicken (KNC) farm; the virus was
H9N2 of the Y439 lineage. Since 1999, H9N2 AIVs of
the Y439 lineage have been circulating predominantly in
chickens, forming a Korean sublineage within the Y439
lineage (Lee et al., 2012; Youk et al., 2020). In 2007, a
comprehensive vaccination policy was adopted to over-
come the endemic, aided by biosecurity campaigns.
Since then, H9N2 AI outbreaks have become less com-
mon in layers and broiler breeders, which are the major
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pillars of the poultry industry. However, H9N2 AIVs are
circulating continuously, mainly among KNCs in live
bird markets (LBMs); these viruses evolve via reassort-
ment with Eurasian aquatic bird viruses, resulting in
altered pathogenicity (Lee et al., 2007; Kim et al., 2010;
Moon et al., 2010). Amid the massive H5N6 HPAI out-
breaks of 2016−2017, enhanced control measures
(including closure of LBMs) were implemented, contrib-
uting to a marked reduction in detection of H9N2 AIVs.
Since the identification of a single case of H9N2 avian
influenza of the Y439 lineage in 2018, no further cases
were reported.

However, in June 2020, a novel H9N2 AIV was
detected in a KNC during nationwide surveillance of
LBMs. Phylogenetic analysis revealed that the H9N2
AIV belonged to the Y280 lineage, which has not been
detected previously in Korea. Therefore, we conducted
experiments in SPF chickens, KNCs, and ducks to com-
pare the pathogenicity and transmissibility of the novel
H9N2 AIV with those of the most recent Y439-like virus
isolated in 2018.
MATERIALS AND METHODS

Animals

Experiments were conducted using mixed-sex, 5-wk-
old SPF chickens, 6-wk-old KNCs, and 2-wk-old domes-
tic ducks. SPF chickens were purchased from a commer-
cial provider (Namduk, Korea). KNCs and ducks were
acquired from breeding farms. All birds were tested for
influenza A virus infection by serological assay with a
commercial competitive ELISA kit (Bionote, Korea).
All birds were negative. All birds were housed in a self-
contained isolation unit placed in a biosafety level 3
(BSL3) facility at the Animal and Plant Quarantine
Agency. All procedures were approved by the institu-
tional animal care and use committee (IACUC) (No.
2020-550). The feeding and care of all birds was done in
accordance with the approved guidelines, and feed and
water were available ad libitum.
Viruses

A/chicken/Korea/LBM261/2020(H9N2) (abbrevi-
ated to LBM261/20) and A/chicken/Korea/
LBM294/2018(H9N2) (abbreviated to LBM294/18)
were used for the sequence analysis and animal experi-
ments. The full genome sequences of both viruses are
deposited in the Global Initiative on Sharing Avian
Influenza Data (GISAID) under isolate IDs EPI_-
ISL492107 (for LBM261/20) and EPI_ISL492106 (for
LBM294/18). The 50% egg infectious dose (EID50) of
the virus stocks was calculated using the Reed and
Muench method (Reed and Muench, 1938) based on
serial 10-fold dilution in PBS and culture in 9- to 11-
day-old embryonated chicken eggs. In addition, 6
Korean H9N2 AIVs isolated in 2020 were subjected to
phylogenetic analysis of the HA gene: A/Chicken/
Korea/20LBM314/2020(H9N2), A/Duck/Korea/20H49
/2020(H9N2), A/Chicken/Korea/20H101/2020(H9N2),
A/Duck/Korea/H112/2020, A/Chicken/Korea/20H195
/2020(H9N2), and A/Chicken/Korea/20H90/2020
(H9N2).
Sequence Analysis

For subtyping, the hemagglutinin (HA) and neur-
aminidase (NA) genes of the viruses were amplified
using gene-specific primers (Hoffmann et al., 2001) and
the One-Step RT-PCR kit (cat. no.: 210212, Qiagen,
Valencia, CA); amplicons were confirmed by sequencing.
The whole genomes were sequenced using the Miseq
NGS platform (Illumina Inc., San Diego, CA) and a de
novo assembly program (CLC genomics workbench 8.1),
as previously described (Zhou et al., 2017). For phyloge-
netic analysis, the sequences of the HA gene of seven
H9N2 AIVs isolated in 2020 and LBM294/18 were com-
pared with available sequences in the GISAID and Gen-
Bank databases, and the most closely related sequences
were identified from a BLAST research. A neighbor-join-
ing tree was constructed using the maximum composite
likelihood model in MEGA (Molecular Evolutionary
Genetics Analysis, version 6.05), with a gamma distribu-
tion of among-site rate variation. The reliability of the
tree was measured using 1,000 bootstrap trials.
Experimental Design

To compare pathogenicity and transmissibility in dif-
ferent bird species, 8 KNCs, 8 SPF chickens, and 8 ducks
were inoculated intranasally with 0.1 mL of each virus
(each inoculum contained 106.0 EID50). Ten hours later,
3 contact birds were co-housed with each inoculation
group of the same bird species. Finally, 15 control birds
(5 per species) were inoculated with PBS via the intra-
nasal route. All birds were monitored daily for 14 days
postinfection (dpi) to assess clinical symptoms.
Oropharyngeal (OP) and cloacal (CL) swabs were

collected in 1 mL of PBS at 1, 3, 5, 7, 10, and 14 dpi to
detect viral shedding. To investigate viral replication in
tissues, 3 birds from each inoculation group plus 1 con-
trol bird species were euthanized at 3 dpi, and 6 organs
(lung, brain, thymus, proventriculus, spleen, and pan-
creas) were harvested and processed for viral analysis.
Briefly, the tissue samples were homogenized in mainte-
nance medium containing antibiotics to yield a wt/vol
ratio of 10%. Samples were then centrifuged at
3,500 rpm for 5 min, and 0.1 mL of supernatant was
inoculated into two 9- to 11-day-old embryonated
chicken eggs to verify the presence of virus. Blood sam-
ples were collected from the surviving birds at 14 dpi to
determine seroconversion. The birds were sacrificed by
cervical dislocation at 14 dpi.
Detection and Quantification of Viruses

To assess viral shedding, the OP and CL swabs col-
lected at 1, 3, 5, 7, 10, and 14 dpi were suspended in
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1 mL PBS. Viral titers in the tissues from H9N2 AIV-
infected birds were measured using the centrifuged tis-
sue homogenates (10%, w/v). Briefly, 200 mL of the sus-
pension (supernatant) was subjected to RNA extraction
using the Maxwell RSC simplyRNA Tissue kit and a
Maxwell RSC 48 instrument (Promega, Germany). The
cycle threshold (Ct) value was used to calculate the viral
load after real-time reverse transcriptase-PCR (rRT-
PCR) of the M-gene (Spackman et al., 2003).

To convert the Ct values to infectious units, quantita-
tive viral standards (ranging from 106.0 to 100.0 EID50/
0.1 mL) of each virus were prepared in egg allantoic
fluid. Viral RNA was extracted from these standards
and quantified by rRT-PCR. The resulting standard
curves showed a high correlation (r2 > 0.99) and were
used to convert Ct values to EID50 equivalents/0.1 mL.
The detection limit for each virus was 101.0 EID50/
0.1 mL, with Ct values of 39 for LBM261/20 and 38 for
LBM284/18 (Supplementary Figure 1). If the Ct value
was >35, swabs were retested by isolating virus as
described below.
Virus Isolation

Virus isolation was performed by inoculation into the
allantoic cavity of 9- to 11-day-old embryonated chicken
eggs in accordance with the World Animal Health
(OIE) protocol (OIE, 2019). The harvested chorio-
allantoic fluid was tested for hemagglutination and sub-
jected to rRT-PCR as previously described.
Serological Analysis

To confirm seroconversion, serum samples were col-
lected at 14 dpi. Serum samples from KNCs and ducks
were treated with receptor-destroying enzyme and
tested for hemagglutination inhibition (HI) antibodies.
Briefly, to detect homologous anti-H9 antibodies, serum
samples were tested for HI antibodies using each homol-
ogous antigen and 1% chicken red blood cells, as speci-
fied in the OIE Terrestrial Manuals (OIE, 2019). A
commercial multispecies ELISA kit (Bionote, Korea)
was used to detect anti-influenza A NP-specific antibod-
ies to identify influenza A virus infection before study
entry. The ELISA was performed in accordance with the
manufacturer’s instructions.
Statistical Analysis

The viral titers in the swab samples were compared
using a two-tailed unpaired t test (Prism 5; GraphPad
Software, La Jolla, CA). A P value of < 0.05 was consid-
ered statistically significant.
RESULTS

Phylogenetic analysis of the HA gene sequences
revealed differences between H9N2 AIVs collected in
2020 and those circulating in 2018. LBM261/20 of the
Y280 lineage clustered with other 6 H9N2 Korean AIVs
identified in 2020, along with H9N2 AIVs isolated in
China (Figure 1). The HA sequence of LBM261/20
showed highest homology (98.9%) with that of a 2019
Chinese H9N2 strain (A/chicken/Shandong/1844/2019
(H9N2)). The HA sequences of Korean H9N2 AIVs iso-
lated from 1996 to 2018 fell into the Y439 lineage, clus-
tering with previously circulating H9N2 AIVs. Seven
Korean H9N2 AIVs collected in 2020 were genetically
very closely related (nucleotide identity: 99.2−100.0%),
whereas the HA genes from these isolates were <80%
homologous with those of Korean H9N2 AIVs belonging
to the Y439 lineage, which had been circulating from
1996 to 2018. The HA gene of all Korean H9N2 AIVs
belonging to the Y280 lineage contained the substitu-
tions (H)183(N) and (Q)226(L) (H3 numbering) (data
not shown), which confers high binding affinity for the
a2,6-linked sialic acid receptors that are predominant in
humans (Matrosovich et al., 2001). To determine the
pathogenicity of Korean H9N2 AIVs of different line-
ages, we selected 2 representative H9N2 viruses. Specifi-
cally, LBM261/20 was from the Y280 lineage and
LBM294/18 was from the Y439 lineage. Both viruses
were tested in 3 poultry species: SPF chickens, KNCs,
and ducks.
In the experiment using SPF chickens, no clinical

symptoms were observed during the 14-d experimental
period. All inoculated birds shed viruses via the OP
route, with titers ranging from 103.0 to 104.8 EID50/
0.1 mL for LBM261/20 and 101.6 to 102.8 EID50/0.1 mL
for LBM294/18 (Table 1). It is noteworthy that replica-
tion of LBM261/20 was significantly higher (by approxi-
mately 100-fold; P < 0.001) than that of LBM294/18
during the early phase (Table 1 and Figure 2A). Only a
limited number of the birds in each inoculation group
shed virus via the CL route. LBM294/18 showed clear
shedding in the cloaca, with titers up to 1,000 times
higher than those of LBM261/20 (Table 1 and
Figure 2B). All birds in the contact group shed virus via
the OP route (Table 1). Overall, birds inoculated with
LBM261/20 shed virus for a shorter period than those
exposed to LBM294/18. Birds infected with LBM261/
20 shed virus from 1 to 5 dpi, whereas contact birds shed
virus from 3 to 7 dpi (Table 1). Birds infected with
LBM294/18 shed virus from 1 to 10 dpi, whereas contact
birds shed virus from 5 to 14 dpi. Based on these find-
ings, it is reasonable to infer that virus replication at the
oropharyngeal site might lead to more rapid transmis-
sion of LBM261/20 than LBM294/18, which also repli-
cated in the gastrointestinal tract. All tested birds
seroconverted to homologous influenza A viruses by 14
dpi, with HI titers ranging from 6.0 to 6.7 log2 (Table 1).
Similar to SPF chickens, KNCs showed no signs of

clinical disease. Viral shedding was detected at 1 dpi in
both inoculation groups (Table 2). All birds inoculated
with LBM261/20 shed virus via the OP route, with
titers ranging from 103.7 to 104.7 EID50/0.1 mL, whereas
4 out of 5 birds inoculated with LBM294/18 shed virus,
with titers ranging from 101.5 to 102.5 EID50/0.1 mL (3
of 8 birds inoculated with LBM294/18 were lost at 1 dpi



Table 1. Detection of H9N2 viruses in SPF chicken swabs1.

Virus titer (log10 EID50/0.1 mL, mean § SD)

Species Group Route 1 dpi 3 dpi 5 dpi 7 dpi 10 dpi 14 dpi
HI titer (log2,
mean § SD)

A/chicken/Korea/
LBM261/2020
(H9N2)

Inoculated OP 4.7 § 0.3 (8/8) 4.8§ 0.3 (8/8) 3.0 § 0.7 (5/5) - (0/5) - (0/5) - (0/5) 6.0§ 0.7 (5/5)
CL - (0/8) 2.0 (1/8) 1.1 (1/5) - (0/5) - (0/5) - (0/5)

Contact OP - (0/3) 4.5§ 0.5 (3/3) 4.5 § 0.5 (3/3) 2.5 § 0.7 (3/3) - (0/3) - (0/3) 6.0§ 1.0 (3/3)
CL - (0/3) - (0/3) - (0/3) - (0/3) - (0/3) - (0/3)

A/chicken/Korea/
LBM294/2018
(H9N2)

Inoculated OP 2.8 § 0.2 (8/8) 2.4§ 0.3 (7/8) 2.3 § 0.1 (3/5) 1.6 § 0.2 (4/5) - (0/5) - (0/5)- 6.4§ 0.9 (5/5)
CL - (0/8) 3.7 (1/8) 5.0 § 0.3 (2/5) 5.2 § 0.1 (2/5) 1.7 (1/5) - (0/5)

Contact OP - (0/3) - (0/3) 1.1 (1/3) 3.4 § 0.4 (3/3) 3.2 § 0.8 (3/3) - (0/3) 6.7§ 0.6 (3/3)
CL - (0/3) - (0/3) - (0/3) 1.4 § 0.1 (2/3) 5.1 § 0.4 (2/3) 2.1 (1/3)

Abbreviations: CL, cloacal swab sample; DPI, days postinfection; EID50, 50% egg infective dose; OP, oropharyngeal swab sample.
1The number of affected birds/birds per group is indicated in parenthesis. Eight birds were inoculated intranasally with 106.0 EID50/0.1 mL of each

virus and 3 birds (contact group) were co-housed with the infected birds. Three birds inoculated with each of the viruses were euthanized for autopsy on d
3 postinfection. Seroconversion was measured in a hemagglutinin-inhibition assay at the end of the experimental period.

Figure 1. Phylogenetic tree for the hemagglutinin gene of H9N2 influenza viruses. The tree was generated using the neighbor-joining method in
MEGA 6.0, with 1,000 bootstrap replicates. Bootstrap values > 70% are shown on the branches. The tree was rooted by outgroup (North American
lineage). The isolates subjected to genetic analysis in this study are indicated in italics. The isolates used for the pathogenicity investigation are
marked with a black triangle.
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Figure 2. Patterns of viral shedding via the oropharyngeal (OP) (A) and cloacal (CL) (B) routes in SPF chickens. Groups of eight SPF chickens
were inoculated intranasally with 106.0 EID50 of each tested virus (LBM261/20 or LBM294/18). Three inoculated birds were euthanized at 3 dpi. At
1, 3, 5, 7, 10, and 14 dpi, OP and CL swabs were taken and subjected to rRT-PCR. The Ct value was converted to viral load using standard curves.
Each bar represents the mean and standard deviation of 2−8 birds. ***; P < 0.0005, unpaired t test.
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due to a mechanical disorder in the isolator). Of interest,
as in SPF chickens, titers of LBM261/20 were approxi-
mately 100 times higher than those of LBM294/18.
With respect to the CL route, LBM294/18 was detected
at high titers (103.2 to 104.3 EID50/0.1 mL), whereas
LBM261/20 was not detected at all. All birds in the
LBM294/18 contact group shed virus via the OP route
(102.2 to 102.8 EID50/0.1 mL) and CL route (104.1 to
104.5 EID50/0.1 mL), whereas no birds in the LBM261/
20 group shed virus via the CL route. In general,
LBM261/20 in KNCs replicated for a longer time (10 d)
than LBM294/18; this is in contrast to the observation
in SPF chickens (5 d). In addition, virus was shed via
the CL route by all KNCs in the LBM294/18 contact
group, while only a few birds in the corresponding group
of SPF chickens shed virus via this route. All tested
KNCs showed positive response in an HI assay, with
titers of 5.0 to 7.3 log2 by 14 dpi; titers of LBM294/18
were higher than those of LBM261/20 (Table 2).

To assess virus replication in tissues, we harvested
lung, brain, thymus, proventriculi, spleen, and pancreas
at 3 dpi. LBM261/20 was recovered from all lung sam-
ples from each chicken species, with viral titers of 2.4 §
0.3 log10EID50/0.1 mL for SPF chickens and 4.8 § 0.3
log10EID50/0.1 mL for KNCs, whereas LBM294/18 was
detected in 1 out of 3 lung samples from SPF chickens
Table 2. Detection of H9N2 viruses in Korean native chicken swabs1.

Virus titer

Species Group Route 1 dpi 3 dpi

A/chicken/Korea/
LBM261/2020
(H9N2)

Inoculated OP 4.6 § 0.5 (8/8) 4.7 § 0.7 (8/8) 3
CL - (0/8) - (0/8)

Contact OP - (0/3) 4.5 § 0.3 (3/3) 4
CL - (0/3) - (0/3)

A/chicken/Korea/
LBM294/2018
(H9N2)

Inoculated OP 1.9 § 0.2 (2/5)a 2.3 § 0.3 (3/5) 2
CL - (0/5)a 3.2 (1/5) 4

Contact OP - (0/3) - (0/3)
CL - (0/3) - (0/3)

Abbreviations: CL, cloacal swab sample; DPI, days postinfection; EID50, 50%
1The number of affected birds/birds per group is indicated in parenthesis.

virus and three birds (contact group) were co-housed with the infected birds. T
postinfection. Seroconversion was measured in an hemagglutinin-inhibition assa

aThere were three accidental deaths (due to mechanical failure of the isolato
(titer = 2.3log10 EID50/0.1 mL) (Table 3). None of the
lung samples from KNCs showed evidence of LBM294/
18 replication. This observation was consistent with our
finding that LBM261/20 replicated more efficiently in
the respiratory tract than LBM294/18. LBM261/20 rep-
licated in the brain of each chicken species, with titers of
2.1 § 0.4log10EID50/0.1 mL in SPF chickens and 2.2 §
0.4log10EID50/0.1 mL in KNCs. LBM261/20 was also
detected in other extrapulmonary organs, including thy-
mus, proventriculi, and spleen (Table 3).
During the 14-d experiment period, none of the ducks

tested at 2 wk old, or control birds of each species,
showed obvious clinical signs, and no virus was detected
in OP and CL swabs (data not shown). In addition, nei-
ther virus replicated in any of the tissues tested. Conse-
quently, no seroconversion occurred in ducks or any of
the surviving control birds of each species.
DISCUSSION

Since nationwide surveillance was implemented in
2008, H9N2 AIV of the Y439 lineage accounted for the
vast majority of AIVs detected in LBMs in Korea (Lee
et al., 2017). In June 2020, a H9N2 AIV of the Y280 line-
age was detected for the first time in a Korean LBM
(log10 EID50/0.1 mL, mean § SD)

5 dpi 7 dpi 10 dpi 14 dpi
HI titer (log2,
mean § SD)

.9 § 0.6 (5/5) 3.8 § 1.8 (3/5) 3.7 (1/5) - (0/5) 5.0§ 1.2 (5/5)
- (0/5) - (0/5) - (0/5) - (0/5)

.2 § 0.3 (3/3) 3.9 § 0.7 (3/3) 1.9 (1/3) - (0/3) 5.3§ 0.6 (3/3)
- (0/3) - (0/3) - (0/3) - (0/3)

.5 § 0.4 (2/2) 1.5 § 0.4 (2/2) - (0/2) - (0/2) 6.0§ 0.0 (2/2)

.3 § 0.9 (2/2) 4.1 § 2.0 (2/2) - (0/2) - (0/2)

2.6 (1/3) 2.8 § 0.8 (3/3) 2.2 § 0.5 (3/3) - (0/3) 7.3§ 0.6 (3/3)
- (0/3) 4.1 § 2.2 (3/3) 4.5 § 0.7 (3/3) - (0/3)

egg infective dose; OP, oropharyngeal swab sample.
Eight birds were inoculated intranasally with 106.0 EID50/0.1 mL of each
hree birds inoculated with each virus were euthanized for autopsy on d 3
y at the end of the experimental period.
r on d 1 postinfection) among eight inoculated birds.



Table 3. Virus titers in different tissues taken from chicken species inoculated with LBM261/20 and LBM294/18.1

Tissue (log10 EID50/0.1 mL, mean § SD)

Viruses Species Lung Bra Thy Pro Spl Pan

A/chicken/Korea/LBM261/2020(H9N2) SPF chicken 2.4 § 0.3 (3/3)a 2.1 § 0.4 (2/3) 2.1 (1/3) 3.0 § 2.3 (2/3) - (0/3) - (0/3)
KNC 4.8 § 0.3 (3/3) 2.2 § 0.4 (2/3) 1.6 § 1.0 (2/3) 4.6 § 0.1 (2/3) 1.1 (1/3) - (0/3)

A/chicken/Korea/LBM294/2018(H9N2) SPF chicken 2.3 (1/3) - (0/3) 1.1 (1/3) - (0/3) - (0/3) - (0/3)
KNC - (0/3) - (0/3) 0.4b (1/3) 3.5 (1/3) - (0/3) - (0/3)

Abbreviations: Bra, brain; KNC, Korean native chicken; Pan, pancreas; Pro, proventriculus; Spl, spleen; Thy, thymus.
1At 3 d postinfection, tissue samples were collected from three birds experimentally infected with LBM261/20 or LBM294/18.
aThe number of birds that recovered versus the number of birds subjected to autopsy.
bAlthough quantification of <1.0 log10 EID50/0.1 mL may be inaccurate, the rRT-PCR showed evidence of viral replication.
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(Heo et al., 2021), followed by a series of reported cases
(mainly among KNCs) as of December 9, 2020. Since
Korean LBMs hold mainly KNCs and ducks, we per-
formed animal experiments to characterize this newly
emerged H9N2 virus in both species. We also used SPF
chickens. We compared the pathogenicity of the newly
introduced H9N2 virus of the Y280 lineage (herein
LBM261/20) with that of the most recent H9N2 virus
(herein named LBM294/18) of the Y439 lineage, which
was isolated in 2018.

In terms of viral shedding, all SPF chickens inoculated
with LBM261/20 shed virus at high titers via the OP
route; however, LBM294/18 was detected in high titers
only via the CL route. The preferential replication in the
respiratory tract of SPF chickens might enable
LBM261/20 to transmit earlier than LBM294/18, possi-
bly via the oral-to-oral route or the respiratory route;
similar results were obtained in experiments using
KNCs. According to previous studies of the pathogenic-
ity of H9N2 AIVs of the Y280 lineage, the titers of 12
test viruses were higher via the OP route than the CL
route (Pu et al., 2015; Song et al., 2019). In addition,
Song et al. reported that 3 H9N2 AIVs of the Y280 line-
age, which were isolated in 2011, were detected in the
contact group at 1 or 3 dpi (Song et al., 2019), suggest-
ing rapid transmission; this pattern of transmission is
similar to that of LBM261/20 reported herein.

Here, we found that LBM261/20 replicated in the
extrapulmonary organs, including the brain. Replication
of low pathogenic AIVs is largely confined to trypsin-
expressing epithelial cells (Koshikawa et al., 1998) lining
the respiratory and gastrointestinal tracts (Swayne,
2007). Therefore, our result suggests that further study
of the pathogenesis of H9N2 AIVs is necessary to exam-
ine their replication in extrapulmonary tissues. Despite
replication of LBM261/20 in extrapulmonary tissues, no
clinical symptoms were observed. Song et al. (2019)
reported that H9N2 AIVs of the Y280 lineage replicate
in brain tissue without causing clinical symptoms, with
low titers ranging from 101.8 to 102.3 EID50/0.1 mL. In
this study, a similar replication pattern was observed;
the virus titers in brain tissue ranged from 101.8 to 102.4

EID50/0.1 mL for SPF chickens and from 102.0 to 102.5

EID50/0.1 mL in KNCs. Based on these findings, we can
infer that the relatively low titers in the brain may result
in the absence of disease symptoms. The finding that
LBM261/20 replicates in extrapulmonary tissues implies
that LBM261/20 has the potential to be more harmful
to poultry flocks than LBM294/18.
There was no sign of disease in either SPF chickens or

KNCs during the 14-d experimental period. However,
there was a difference in the level of viral replication
between species. KNCs inoculated with LBM261/20
shed virus for longer than SPF chickens. All the KNCs
inoculated with LBM294/18 shed virus via the CL route,
while a small number of inoculated SPF chickens shed
virus via this route. These observations suggest that
KNCs sustain H9N2 AIV replication and shedding for a
longer duration, resulting in a higher risk of transmis-
sion. In this respect, KNCs might be a reservoir for
H9N2 AIVs, mainly in LBMs and on small-scale KNC
farms in Korea (Lee and Song, 2013; Youk et al., 2020).
The Korean poultry industry suffered from outbreaks of
infection caused by H9N2 AIVs of the Y439 lineage for
22 yr; these results suggest that the virus persisted in
KNCs. Therefore, it cannot be ruled out that the newly
introduced H9N2 AIV of the Y280 lineage may become
another endemic H9N2 AIV, unless proper counteractive
measures are taken in a timely manner.
Domestic ducks are considered to be a link between

wild aquatic birds and terrestrial poultry; as such, they
play an important role in viral transmission and evolu-
tion of AIVs (Chen et al., 2004; Hulse-Post et al., 2005;
Sturm-Ramirez et al., 2005; Bi et al., 2016). In this
study, we found that ducks were not susceptible to infec-
tion by either H9N2 AIV. H9N2 AIVs belonging to the
Y280 lineage were distributed extensively in China and
detected mostly in chickens (Xu et al., 2007). H9N2
AIVs belonging to the Y280 lineage did not replicate at
all in Pekin ducks (Wang et al., 2019). Likewise, we
found no evidence of LBM261/20 replication in Pekin
ducks in this study, which is in line with the high adap-
tion of H9N2 Y280 lineage AIVs to chickens. H9N2
AIVs belonging to the Y439 lineage have been found in
poultry, as well as in wild birds. Several studies showed
that H9N2 AIVs belonging to the Y439 lineage, espe-
cially the Korean sublineage, replicated less efficiently in
Pekin ducks than in chickens (Guo et al., 2000; Park
et al., 2011). In this study, LBM294/18 failed to repli-
cate in Pekin ducks. Considering that H9N2 AIVs
belonging to the Y439 lineage had been circulating in
Korean poultry from 1996 to 2018, it is feasible that
these viruses had evolved and better adapted to chickens
than to duck species.
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Since the first detection in an LBM in June 2020, most
Korean H9N2 AIVs of the Y280 lineage have been
detected in chickens, mostly KNCs (data not shown).
Ducks were resistant to infection by either H9N2 virus
in the experimental setting. In poultry flocks, however, 2
cases were confirmed in ducks. Epidemiological investi-
gation revealed that these ducks were kept together
with infected KNCs in the same LBM stores. Contextu-
ally, a possible explanation may be that the prolonged
and repeated exposure to the source of infection, namely
infected KNCs shedding virus, might have led to estab-
lishment of infection in ducks. This explanation is sup-
ported by the findings that the inoculated KNCs shed
LBM261/20 in relatively high titers, ranging from 103.7

to 104.7 EID50/0.1 mL from 1 to 10 dpi. Also, it cannot
be ruled out that samples from ducks might have been
contaminated during sampling, considering the manage-
ment conditions in the LBM stores. Given that the likeli-
hood of spillover of the chicken-adapted H9N2 AIVs into
aquatic birds is low, it is even less likely that H9N2 AIV
of the Y280 lineage was introduced into Korea by wild
migratory birds from other H9N2-endemic regions.

Phylogenetic analysis revealed that major human iso-
lates belonged to the Y280/G1 lineage (Carnaccini and
Perez, 2020; Song and Qin, 2020). As of June 2019, there
have been 59 laboratory-confirmed cases of H9 in
humans, in which the majority of the infections were
caused by contact with live poultry in China, Hong
Kong, Bangladesh, Egypt, and Pakistan (Peacock et al.,
2019; Carnaccini and Perez, 2020). To date, there has
been no human case of H9N2 AIV infection in Korea.
However, it is noteworthy that LBM261/20 isolated
from an LBM contained leucine (L) amino acid residues
at position 226 in the HA protein (Heo et al., 2021); this
finding increases concerns related to public health.
LBMs are ideal sites for viral reassortment and interspe-
cies transmission due to the wide variety of potential
hosts (Shortridge, 1992; Liu et al., 2003a,b). Therefore,
it is necessary to examine the suitability of the on-going
surveillance strategy for accurately monitoring the prev-
alence of H9N2 AIV of the Y280 lineage in LBMs. This
study suggests that the veterinary authority should tai-
lor the sampling scheme to focus on the OP route,
thereby reducing the risk of spillover to humans. Such
carefully planned surveillance would be highly effective
in controlling the disease, particularly when accompa-
nied by implementation of increased biosecurity and
hygiene practices.

In this study, we found that replication of the cur-
rently circulating LBM261/20 of the Y280 lineage,
isolated from an LBM, is superior to that of the
Y480 lineage isolated in 2018. LBMs are a recognized
source of AIVs that pose a great hazard to the poul-
try industry. With respect to zoonotic potential,
LBM261/20 of the Y280 lineage raises public health
concerns. Thus, it is important to undertake well-
designed surveillance measures fit for LBM261/20 of
the Y280 lineage to better understand its prevalence
in LBMs, along with its intrinsic zoonotic risk. Such
an effort would enable us to develop measures to
properly counteract the newly introduced H9N2 AIV
of the Y280 lineage.
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