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Abstract: Wild birds play an important role in the emergence, evolution, and spread of zoonotic
avian influenza viruses (AIVs). However, there are few studies on the cross-species transmission of
the H3N8 AIV originating from wild birds. In this study, we investigated the transmissibility and
pathogenicity of two H3N8 low pathogenic avian influenza viruses (LPAIVs) isolated from wild
birds, GZA1 and XJ47, to mammals. The HA genes of both strains belonged to Eurasian isolates,
while the other genes were derived from a variety of other subtypes of AIVs. Both strains can
infect specific-pathogen-free (SPF) chickens, BALB/c mice, and guinea pigs. The XJ47 strain spread
horizontally in SPF chickens and guinea pigs. The GZA1 strain did not spread horizontally but
caused higher weight loss and mild lung inflammation in mice. P12-GZA1- and P12-XJ47-adapted
strains obtained after 12 passages in the lung of mice showed enhanced pathogenicity in mice, which
led to obvious clinical symptoms, lung inflammation, and 100% death. Both adapted strains have
the reported mutation T97I in the PA, and the reported mutation D701N in PB2 has been found in
the P12-GZA1-adapted strain. This study provides an important scientific basis for the continuous
monitoring of wild AIVs and the mechanism underlying AIV cross-species transmission.

Keywords: H3N8 AIV; PA; PB2; mutation; cross-species transmission; mammal adaptability

1. Introduction

Avian influenza viruses (AIVs) are influenza A viruses (IAVs) belonging to the Or-
thomyxoviridae family [1]. Avian influenza is a poultry infectious disease with a high
infection rate that causes great harm to the poultry industry. According to the classification
of AIV pathogenicity by the World Organization for Animal Health, avian influenza is
divided into low pathogenic avian influenza (LPAI) and highly pathogenic avian influenza
(HPAI) [2]. IAVs are subtyped according to the antigenicity of the surface glycoproteins
into 17 HA subtypes and 11 NA subtypes. Except for bat-derived influenza-like viruses
H17N10 and H18N11 [3], all IAVs subtypes can be isolated from avian hosts.

In addition to wild birds and poultry [4], infected hosts of H3N8 IAVs include
horses [5], dogs [6], cats [7], seals [8], and humans [9]. The H3N8 AIV causes almost
no clinical symptoms in chickens after infection [4,10]. Segmented genomes from different
influenza viruses can mix or recombine when the two viruses simultaneously infect the
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same host. In 2019, a new recombinant, H3N3 AIV, was isolated in South Korea, with
PB2 and NS stemming from wild waterfowl, and the remaining six genes from poultry,
indicating that wild birds and poultry exchanged internal fragments of the virus when
living in common waters [11]. New recombinant AIV strains are emerging, indicating that
it is necessary to continuously monitor the evolution of AIVs in wild birds [12].

At present, there is a large amount of research on the adaptation of AIVs to mammals.
For example, Q226L and G228S mutations can increase the ability of AIVs to bind to the
human sialic acid α-2,6 galactose receptor [13]. In H5 subtype AIVs, the mutations 101N
and 160A of the HA protein can enhance the binding of the HA protein to the human-like
receptor [14,15]. Previous studies have shown that a single amino acid mutation in the PB2
gene of AIVs determines the host range [16]. Mutations in V292I, E158K, E627K, and D701N
in the PB2 protein significantly enhanced polymerase activity, thereby promoting the ability
of the mallard-origin-H2N2, mallard-origin-H4N6, duck-origin-H5N1, and birds-origin-
H5N1 AIVs to cross the species barrier and infect mice or humans [16–19]. In addition, it
has been reported that R or K at position 591 of PB2 can confer efficient viral replication
in mammals [20]. Moreover, mutations N30D and T215A of M1 can enhance virulence
in mice. Another mutation, P42S, in NS1 can also increase virulence in mice [21]. There
are few studies on the pathogenicity of the H3N8 AIV. Only one related study found that
the PB1 S524G mutation of the wild-bird-origin H3N8 AIV could enhance virulence and
transmission in mammals [22].

Two H3N8 AIV strains were isolated in an epidemiological survey of wild-bird-origin
AIVs from 2017 to 2020 along the East Asia-Australia and East Africa-West Asia migratory
bird flyways. One strain was isolated from Gallinula in Guangzhou City, Guangdong
Province, China, and designated as A/gallinula/Guangzhou/A1/2017(H3N8) (GZA1).
The other strain XJ47 was isolated from a mallard duck in Xinjiang Province, China [23].
The current study helps deepen our understanding of the cross-species situation regarding
wild-bird-origin H3N8 AIVs in China.

2. Materials and Methods
2.1. Viruses and Animals

H3N8 AIV GZA1 was isolated at the College of Veterinary Medicine, South China
Agricultural University, Guangzhou, Guangdong, China. H3N8 AIV XJ47 was isolated
and donated by the College of Animal Science and Technology, Shihezi University, Shihezi,
Xinjiang, China [23]. The viruses were isolated from 10-day-old specific-pathogen-free
(SPF) embryonic chicken eggs, as previously described [24]. Four-week-old SPF chickens
were purchased from South China Biological Medicine (Guangzhou, China). Six-week-old
female SPF BALB/c mice and six-week-old female SPF guinea pigs were purchased from
Yancheng Biological (Guangzhou, China).

2.2. Sequence Analysis

According to the manufacturer’s instructions, the RNA extraction kit (Fastagen, Shang-
hai, China) was used to extract viral RNA from the allantoic-fluid-containing H3N8 strain.
According to a previously published method [25], viral RNA was reverse transcribed into
cDNA using Uni12 primers, and the genomic segments of the two AIV strains were ampli-
fied using specific primers. The PCR products were purified by a gel extraction kit (Omega,
Guangzhou, China). The gel extraction products were sequenced by Sangon Biotechnology
(Guangzhou, Guangdong, China). The sequence analysis was performed using Lasergene
v7.1 (DNA Star Inc., Madison, WI, USA). BLAST searches of the two strains were performed
using the GenBank database.

2.3. Animal Experiments
2.3.1. Pathogenicity Studies in Chickens

Each group (n = 9) was inoculated intranasally and intraocularly with 106 egg infective
doses (EID50) of the indicated viruses in 100 µL. The contact groups (n = 6) were inoculated
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with 100 µL of phosphate-buffered saline (PBS), after inoculation with the virus, one
day post-infection (dpi), and then one contact group was placed in the same cage as the
inoculated group. The control group of six chickens was inoculated with 100 µL of PBS in
the same manner. At 3 dpi, the heart, liver, spleen, lungs, kidneys, brain, trachea, thymus,
pancreas, bursa of Fabricius, and cecum tonsils of the three inoculated chickens were
collected after euthanasia. Viral detection in tissues and organs, the oropharynx, throat
swabs, and cloacal swabs, as well as seroconversion studies, were conducted following a
previously described method [26].

2.3.2. Pathogenicity Studies in Mice

Each inoculated group (n = 18) was anesthetized with ether. Then, the mice of inoc-
ulated groups were inoculated intranasally with GZA1 or XJ47 at a dose of 106 EID50 in
50 µL. The control group (n = 18) was inoculated with 50 µL of PBS after anesthesia. After
infection, weight and mortality of mice were recorded daily for 14 days. Three mice in each
group were euthanized at 3, 5, and 7 dpi, and the brain, lung, spleen, heart, liver, kidney,
and nasal conchae were collected. Viral detection in tissues and organs was conducted
following a previously described method [12]. At 3 dpi, the lungs of the inoculated group
were placed in 4% paraformaldehyde and sent to Servicebio Technology Limited Company
(Wuhan, China) for pathological analysis. Mice were humanely euthanized when they lost
more than 30% of their original body weight.

2.3.3. Pathogenicity Studies in Guinea Pigs

Each inoculated group (n = 3) was anesthetized with ether. Then, the guinea pigs of
inoculated groups were inoculated intranasally with GZA1 or XJ47 at a dose of 106 EID50
in 100 µL. The contact groups (n = 3) were inoculated with 100 µL of PBS at 1 dpi, and then
each of the contact groups was placed in the same cage as the inoculated group, respectively.
Three guinea pigs of the control group were inoculated with 100 µL of PBS in the same
manner. The nasal cavity of each guinea pig was washed with 1 mL of PBS at 2, 4, 6, 8, and
10 dpi. Nasal washing samples were treated with 100 U/mL of penicillin and titrated in
SPF embryonic chicken eggs, as previously described [26].

2.3.4. Adaptation of the Virus to Mice

The two H3N8 AIV-adapted strains were designated as P12-GZA1 and P12-XJ47 after
passaging 12 generations in mice, as described previously [27].

2.3.5. Pathogenicity Studies of Adapted Strains

Pathogenicity studies of P12-GZ or P12-XJ in mice were performed using the method
described in Section 2.3.2.

2.4. Sequence Analysis of Adapted Strains

The sequence analysis of P12-GZA1 and P12-XJ47 followed the method described in
Section 2.2.

2.5. Statistical Analysis

GraphPad Prism 7.0 software (GraphPad Software Inc., San Diego, CA, USA) was
used for the statistical analyses.

3. Results
3.1. Sequence Analysis of the Two H3N8 AIV Strains Isolated from Wild Birds

BLAST searches in the GenBank database showed that the GZA1 and XJ47 strains share
high nucleotide homology with different AIV subtypes isolated from wild birds in Asian
countries (Table 1). This genetic relationship indicates that GZA1 might have originated
from reassortment between the native Chinese strains and different subtype strains from
other Asian countries. The HA, NA, and PB1 genes of GZA1 were highly homologous to
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the strains isolated from China. The other five genomic segments were closely related to
the different subtypes of strains isolated in South Korea, Mongolia, and Thailand (Table 1).
This genetic relationship indicates that GZA1 might originate from reassortment among
the native Chinese strains with different subtype strains from other Asian countries. The
surface genes HA and NA of XJ47 both showed high sequence similarity with those of
A/duck/Mongolia/173/2015 (Table 1). Furthermore, analysis of the internal genes of
XJ47 showed that it might have been a reassortant of different subtypes of strains carried
by wild birds from Mongolia and several Asian countries to Xinjiang Province through
long-distance migration.

Table 1. Nucleotide sequences with the highest homology to GZA1 and XJ47 in the GenBank database.

Strain Gene Virus GenBank Accession No. Subtype Identity (%)

GZA1

HA A/Black-winged_curlew/China/CZ355/2019 MT835184 H3N8 99.04
NA A/baikal_teal/China/SH13(3)/2016 MT835170 H3N8 98.66
PB2 A/white-fronted goose/Korea/F56-3/2017 MH130143 H6N2 99.17
PB1 A/mallard/Shanghai/NH011204/2018 MN049585 H12N5 99.38
PA A/duck/Mongolia/140/2015 MK978919 H10N2 99.02
NP A/duck/Thailand/NA02/2003 MN629280 H3N2 98.86
M A/hooded crane/Korea/1176/2016 KY402068 H1N1 99.47

NS1 A/mallard/Korea/F94-16/2017 MH579392 H4N6 99.74

XJ47

HA A/duck/Mongolia/173/2015 LC121300 H3N8 98.00
NA A/duck/Mongolia/173/2015 LC121300 H3N8 99.29
PB2 A/environment/Bangladesh/42007/2019 MW466087 H7N7 99.08
PB1 A/mallard/Ukraine/AN-223-13-01/2020 MW855994 H7N3 98.68
PA A/duck/Mongolia/210/2018 MW188572 H3N8 99.35
NP A/Falcated duck/South Korea/JB42-30/2020 MW493162 H9N2 98.66
M A/mallard/Korea/F94-16/2017 MH579392 H4N6 99.74

NS1 A/migratory bird/India/1722760/2017 MK453340 H4N6 99.40

The amino acid sequence of the HA protein cleavage site of the two H3N8 strains was
PEKQT↓RGL, which is only one basic amino acid, consistent with the molecular character-
istics of low pathogenic avian influenza viruses (LPAIVs). Among the HA fragments, both
GZA1 and XJ47 have a T160A amino acid mutation, which has been reported to enhance
binding to human α-2,6-linked sialic acid receptors [14]. Moreover, there are mutations
D and A at position 30 and 215 of M1 in both strains, which can enhance virulence in
mice [28]. GZA1 has a P42S mutation in the NS1 protein, which could potentially increase
its virulence in mice (Table 2) [21].

Table 2. Molecular characteristics of GZA1 and XJ47.

Protein Function Mutation GZA1 XJ47

HA Human-type receptor binding T160A A A
PB2 Mammalian adaptation 591R/K a Q Q
M1 Enhanced virulence in mice N30D D D

T215A A A
NS1 Enhanced virulence in mice P42S S A

a according to H3N8 subtype.

3.2. Pathogenicity of the Two H3N8 Strains in Chickens

After infection with the GZA1 or XJ47 strain, no disease or death occurred among the
SPF chickens during the 14 days. No virus shedding was detected in throat swabs and
cloacal swabs collected at 3, 5, 7, and 9 dpi. In addition, only the XJ47 strain efficiently
replicated in every collected tissue and organ (Table S1).

At 14 dpi, the antibody titers of the two inoculated groups and the XJ47 strain contact
group were positive (Table S2). However, the GZA1 strain did not spread horizontally in
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the chickens (Table S2). Compared with the XJ47 strain, the GZA1 strain showed lower
pathogenicity in chickens, which may be due to mutations in the HA and NS1 proteins of
the GZA1 strain that are the result of adaptation to humans and mice (Table 2). Therefore,
the pathogenicity of the two H3N8 strains in mice needs to be further determined.

3.3. Pathogenicity of the Two H3N8 Strains in Mice

No clinical symptoms were observed and no death occurred during the 2-week ob-
servation period after infection with the two strains. Compared with the control group,
mice inoculated with the GZA1 strain showed a weight loss of approximately 10% at 2 dpi,
which began to increase at 5 dpi (Figure 1). Mice infected with the XJ47 strain at 1–3 dpi
only showed slow weight gain (Figure 1). This indicates that the GZA1 strain is more
adapted to mice.

Figure 1. Daily weight changes of mice were recorded within 14 days after infection with the GZA1
and XJ47 strains. Values represent the mean percentage ± standard deviation (SD) relative to the
original body weight of the mice.

The GZA1 strain replicated efficiently in the heart, liver, lung, kidney, brain, and nasal
conchae, and most effectively in the lung and nasal conchae (Table 3). The XJ47 strain
replicated efficiently in all collected tissues and organs except for the kidney (Table 3). The
two strains are thus suitable for efficient replication in mice, especially in the lungs and
nasal conchae. The highest virus titers in the lung and nasal conchae of mice infected
with the GZA1 strain were 3.08 log10 EID50/100 µL and 3.00 log10 EID50/100 µL, while
those of mice infected with the XJ47 strain were 3.94 log10 EID50/100 µL and 3.58 log10
EID50/100 µL at 5 dpi (Table 3).

Table 3. Virus replication and titers in tissues and organs of the infected mice.

Strains Dpi Heart Liver Spleen Lung Kidney Brain Nasal
Conchae

GZA1

3
1/3 a 1/3 0/3 3/3 2/3 0/3 3/3

2.75 ± 0 b 1.25 ± 0 - c 3.66 ± 0.11 1.75 ± 0.25 - 3.33 ± 0.59

5
1/3 2/3 0/3 3/3 2/3 2/3 3/3

1.25 ± 0 1.25 ± 0 - 3.94 ± 0.55 1.25 ± 0 1.25 ± 0 3.58 ± 0.12

7
1/3 0/3 0/3 2/3 0/3 0/3 1/3

2.25 ± 0 - - 2.13 ± 0.88 - - 2 ± 0

XJ47

3
0/3 0/3 0/3 3/3 0/3 1/3 3/3

- - - 3 ± 0.35 - 1.25 ± 0 2.16 ± 0.66

5
1/3 1/3 1/3 3/3 0/3 1/3 3/3

1.25 ± 0 1.25 ± 0 1.25 ± 0 3.08 ± 0.51 - 1.25 ± 0 3 ± 0.4

7
1/3 0/3 1/3 1/3 0/3 0/3 2/3

2 ± 0 - 1.25 ± 0 1.25 ± 0 - - 1.25 ± 0
a Virus isolation ratios of the mice infected with AIV. b Values represent average virus titers (log10 EID50/100 µL)
± standard deviation (SD). c No virus shedding.
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Inflammatory cell exudation, accompanied by local bleeding, and a large amount of
inflammatory cell infiltration on the alveolar wall could be seen in a large area in the mouse
lung after infection with GZA1 (Figure 2a). Mice infected with XJ47 showed only a small
amount of hemorrhage in the lung tissue (Figure 2b).

Figure 2. Pathological sections of mice lungs after infection with the four AIV strains: (a) GZA1:
inflammatory cell exudation (red arrow), local bleeding (green arrow), and a large amount of in-
flammatory cell infiltration on the alveolar wall (orange arrow); (b) XJ47: local bleeding (green
arrow); (c) P12-GZA1: eosinophilic fibrin exudation in the alveoli (black arrow), hyaline membrane
formation (yellow arrow), small-scale hemorrhage (green arrow), alveolar cystic dilatation (blue
arrow), incomplete bronchial epithelium, nucleolar clear and cytoplasm alkaline in epithelial cells
(purple arrow), and infiltration of inflammatory cells (white arrow); (d) P12-XJ47: intra-alveolar
hemorrhage (green arrow), focal infiltration of perivascular inflammatory cells (orange arrow), and
alveolar cystic dilatation (blue arrow).

3.4. Pathogenicity of Two H3N8 Strains in Guinea Pigs

The virus titers of guinea pig nasal washes were detected, and it was found that the
two H3N8 strains could effectively replicate in guinea pigs.

Virus shedding was detected in the GZA1 strain-infected group up to 3.77 log10
EID50/100 µL; however, virus shedding was not detected in any of the GZA1 contact
guinea pigs (Figure 3a).

Figure 3. Virus titers of guinea pig nasal washes after infection with the GZA1 and XJ47 strains:
(a) virus shedding of guinea pig after infection with the GZA1 strain; (b) virus shedding of guinea
pig after infection with the XJ47 strain.
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At 3 dpi, the XJ47 strain-infected group showed a small amount of virus shedding.
Though only one guinea pig in the XJ47 strain contact group showed virus shedding, the
virus titer was as high as 3.93 log10 EID50/100 µL (Figure 3b). This indicates that the GZA1
and XJ47 strains can spread horizontally in guinea pigs.

3.5. Molecular Characteristics of the Two Adapted Strains

After 12 passages, sequencing results show that multiple amino acid sites were mu-
tated in both strains (Table 4). Among them, the P12-GZA1 adaptive strain mutated at the
T235I, D408E, N448S, and D701N sites of the PB2 protein, the T413I and V609I sites of the
PB1 protein, the T97I and P534S sites of the PA protein, and the A27V site of the NP protein.
It has been reported that the D701N mutation of the PB2 protein can promote replication of
the influenza virus in mammals and enhance its pathogenicity [19,29]. The mutation T97I
in PA was also found in the P12-XJ47 strain, and it has been reported that the T97I could
enhance the pathogenicity of H6N1 AIV [30]. Additional mutations occurred at the R17C
and T35A of PB2 in the P12-XJ47 strain. The enhanced pathogenicity of the adaptive strain
in mice may be related to mutations at these sites.

Table 4. Mutations in amino acid sites of two mice adaptation strains of the two H3N8 AIV strains.

Strain Protein Mutation

P12-GZA1 PB2 T235I, D408E, N448S, D701N a

PB1 T413I, V609I
PA T97I b, P534S
NP A27V

P12-XJ47 PB2 R17C, T35A
PA T97I

a The D701N site of the PB2 protein can promote adaptation of H5N1 to mice [29]. b The T97I site of the PA protein
can promote adaptation of H6N1 to mice [30].

3.6. Pathogenicity of the Two Adapted Strains in Mice

To study the pathogenic changes of the two H3N8 isolates after transmission in mice,
the pathogenicity of the two H3N8 strains in mice after adaptation was also evaluated. The
adapted strains, P12-GZA1 and P12-XJ47, showed higher virulence in mice (Figure 4). At
2 dpi, the mice in the two inoculated groups showed obvious clinical symptoms such as
depression, shortness of breath, trembling, and significantly reduced drinking of water and
eating. In the P12-GZA1-inoculated group, three mice died at 3 dpi, and the others at 4 dpi.
All mice infected with P12-XJ47 lost more than 30% of their initial body weight at 5 dpi,
which was recorded as death.

Figure 4. Daily weight changes of mice were recorded within 14 days after infection with the P12-
GZA1- and P12-XJ47-adapted strains. Values represent the mean percentage ± SD relative to the
original body weight of the mice.
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Compared with the wild-type strain, the pathological changes in mouse lungs caused
by the adapted strains P12-GZA1 and P12-XJ47 were more serious. The lungs of mice
infected with P12-GZA1 exhibited more eosinophilic fibrin exudation in the alveoli, hyaline
membrane formation, small-scale hemorrhage, alveolar cystic dilatation, extensive incom-
plete bronchial epithelium, large epithelial nucleus, clear nucleolus, basophilic cytoplasm,
and small focal infiltration of inflammatory cells around many blood vessels (Figure 2c).
There was more intra-alveolar hemorrhage, focal infiltration of perivascular inflamma-
tory cells, and alveolar cystic dilatation in the lung tissues of mice infected with P12-XJ47
(Figure 2d).

4. Discussion

In this study, two H3N8 AIV strains isolated from wild birds were recombinant from
different subtypes of AIVs. In HA and M1, both strains have mutations that can increase
the virulence of mice, while the GZA1 strain has an additional mutation in NS1. Two
wild-type strains replicated effectively in mice and guinea pigs. After 12 passages, the
adapted strains caused more weight loss and death in mice. Several mutations were found
in the adapted strains, and D701N in PB2 had been reported. In PA, the substitution T97I
was found in both adapted strains, P12-GZA1 and P12-XJ47.

Ducks and wild birds have been frequently reported to play pivotal roles as reservoirs
of LPAIVs. During a 2-year monitoring period, wild ducks raised in captivity served as
monitoring sentinels for AIVs by being infected with four kinds of Eurasian-type AIVs,
namely H6N8, H3N2, H2N3, and H3N8 [31]. In a 2-year migratory bird monitoring study
in Liaoning Province, China, 27 strains of AIVs were isolated and divided into seven
different subtypes, of which two were H3N8 [32]. Due to the migration of wild birds
and live poultry trade activities, the viral recombination of different subtypes of AIVs in
different regions might occur. In December 2016, a HPAIV H5N6 strain with a Japanese
duck-origin H3N8 strain-derived PA gene was isolated at a local live poultry market in
northern Vietnam [33]. A novel reassortant H3N8 avian influenza virus originating from
North America and Eurasia was isolated from ducks at a live poultry market in Foshan City,
Guangdong Province, China [34]. AIVs are known to be potentially infectious to humans
and other mammals, even without adaptation [35,36]; for example, the H3N8 AIV from
wild aquatic birds was able to cross the species barrier and establish successful infections
in swine [37]. Therefore, the prevalence of the cross-species transmission of the H3N8 AIV
in wild birds needs to be monitored.

Both adapted strains have the substitution T97I of the PA protein, which has been
reported to potentially enhance polymerase activity, and to make the H6N6 AIV pathogenic
to mice. In recent years, studies have shown that PA plays an important role in overcoming
the host-species barrier, and facilitating the host adaptation of AIVs [38]. One earlier study
found that PA of H1N1/2009 origin could increase the pathogenicity of the H9N2 AIV
in mice, and the polymerase activity of influenza viruses in mammalian cell lines [39].
Another study showed that the amino acid residues 85I, 186S, and 336M from the PA
protein derived from H1N1 could enhance the polymerase activity of the H3N2 AIV in
mammalian cell lines, with 336M significantly improving the pathogenicity of the H3N2
virus in mice [40]. Another study determined that replacing I with R at position 353 of
the PA protein contributed to the high virulence of chicken-origin H5N1 in mice [41]. The
substitution T552S in the PA protein has been shown to increase the polymerase activity of
AIVs, and their pathogenicity in mice [42].

The P12-GZA1 strain has the additional mutation D701N in the polymerase PB2
protein. A study reported that D701N in PB2 could enhance the transcription and replication
activity of the H7N7 avian influenza virus strain in mammalian cells by enhancing the
binding of the strain to importin-α1 [43]. In addition, D701N in PB2 has been found in
a lot of IAVs, such as the H1N1 swine influenza virus (SIV) [44], the H3N8 AIV isolated
from a grey seal [45], and the human H7N9 AIV [46]. Further study reported that D701N
contributed to the pathogenicity of H1N1 SIV [47] and H5N1 AIV in mice [48].
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In summary, our study provides two adapted H3N8 AIV strains to mice, and identifies
several mutations that may increase the pathogenicity of H3N8 in mice.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/v14051097/s1, Table S1: Virus replication in tissues and organs of
the chickens in the inoculated groups; Table S2: Seroconversion numbers of AIV-infected chickens at
14 dpi.
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of human influenza A virus strains observed in a mouse model. Arch. Virol. 2009, 154, 409–419. [CrossRef]

28. Fan, S.; Deng, G.; Song, J.; Tian, G.; Suo, Y.; Jiang, Y.; Guan, Y.; Bu, Z.; Kawaoka, Y.; Chen, H. Two amino acid residues in the matrix
protein M1 contribute to the virulence difference of H5N1 avian influenza viruses in mice. Virology 2009, 384, 28–32. [CrossRef]

29. Czudai-Matwich, V.; Otte, A.; Matrosovich, M.; Gabriel, G.; Klenk, H.D. PB2 mutations D701N and S714R promote adaptation of
an influenza H5N1 virus to a mammalian host. J. Virol. 2014, 88, 8735–8742. [CrossRef]

30. Cheng, K.; Yu, Z.; Chai, H.; Sun, W.; Xin, Y.; Zhang, Q.; Huang, J.; Zhang, K.; Li, X.; Yang, S.; et al. PB2-E627K and PA-T97I
substitutions enhance polymerase activity and confer a virulent phenotype to an H6N1 avian influenza virus in mice. Virology
2014, 468–470, 207–213. [CrossRef]

31. Globig, A.; Fereidouni, S.R.; Harder, T.C.; Grund, C.; Beer, M.; Mettenleiter, T.C.; Starick, E. Consecutive natural influenza a virus
infections in sentinel mallards in the evident absence of subtype-specific hemagglutination inhibiting antibodies. Transbound.
Emerg. Dis. 2013, 60, 395–402. [CrossRef]

32. Chai, H.; Li, X.; Li, M.; Lv, X.; Yu, W.; Li, Y.; Sun, J.; Li, Y.; Sun, H.; Tian, J.; et al. Emergence, Evolution, and Pathogenicity of
Influenza A(H7N4) Virus in Shorebirds in China. J. Virol. 2022, 96, e171721. [CrossRef] [PubMed]

33. Le, T.B.; Le, V.P.; Lee, J.E.; Kang, J.A.; Trinh, T.; Lee, H.W.; Jeong, D.G.; Yoon, S.W. Reassortant Highly Pathogenic H5N6 Avian
Influenza Virus Containing Low Pathogenic Viral Genes in a Local Live Poultry Market, Vietnam. Curr. Microbiol. 2021, 78,
3835–3842. [CrossRef] [PubMed]

34. Li, X.; Xie, S.; Jiang, X.; Li, Z.; Xu, L.; Wen, K.; Zhang, M.; Liao, M.; Jia, W. Emergence of one novel reassortment H3N8 avian
influenza virus in China, originating from North America and Eurasia. Infect. Genet. Evol. 2021, 91, 104782. [CrossRef] [PubMed]

35. Lao, G.; Ma, K.; Qiu, Z.; Qi, W.; Liao, M.; Li, H. Real-Time Visualization of the Infection and Replication of a Mouse-Lethal
Recombinant H9N2 Avian Influenza Virus. Front. Vet. Sci. 2022, 9, 849178. [CrossRef] [PubMed]

36. Driskell, E.A.; Pickens, J.A.; Humberd-Smith, J.; Gordy, J.T.; Bradley, K.C.; Steinhauer, D.A.; Berghaus, R.D.; Stallknecht, D.E.;
Howerth, E.W.; Tompkins, S.M. Low pathogenic avian influenza isolates from wild birds replicate and transmit via contact in
ferrets without prior adaptation. PLoS ONE 2012, 7, e38067. [CrossRef]

37. Solórzano, A.; Foni, E.; Córdoba, L.; Baratelli, M.; Razzuoli, E.; Bilato, D.; Martín, D.B.M.; Perlin, D.S.; Martínez, J.; Martínez-
Orellana, P.; et al. Cross-Species Infectivity of H3N8 Influenza Virus in an Experimental Infection in Swine. J. Virol. 2015, 89,
11190–11202. [CrossRef]

38. Hao, M.; Han, S.; Meng, D.; Li, R.; Lin, J.; Wang, M.; Zhou, T.; Chai, T. The PA Subunit of the Influenza Virus Polymerase Complex
Affects Replication and Airborne Transmission of the H9N2 Subtype Avian Influenza Virus. Viruses 2019, 11, 40. [CrossRef]

http://doi.org/10.1007/s00705-008-0255-y
http://doi.org/10.1128/jvi.67.4.1761-1764.1993
http://doi.org/10.1016/j.virusres.2020.198186
http://doi.org/10.1038/srep19474
http://doi.org/10.1128/JVI.79.18.12058-12064.2005
http://doi.org/10.1371/journal.ppat.1001034
http://doi.org/10.1128/JVI.01698-07
http://www.ncbi.nlm.nih.gov/pubmed/18032512
http://doi.org/10.1080/22221751.2021.1912644
http://www.ncbi.nlm.nih.gov/pubmed/33840358
http://doi.org/10.1016/j.jinf.2021.12.014
http://www.ncbi.nlm.nih.gov/pubmed/34953909
http://doi.org/10.1016/j.vetmic.2017.10.022
http://www.ncbi.nlm.nih.gov/pubmed/29173583
http://doi.org/10.1007/s007050170002
http://www.ncbi.nlm.nih.gov/pubmed/11811679
http://doi.org/10.1016/j.jinf.2017.12.012
http://www.ncbi.nlm.nih.gov/pubmed/29307740
http://doi.org/10.1007/s00705-009-0318-8
http://doi.org/10.1016/j.virol.2008.11.044
http://doi.org/10.1128/JVI.00422-14
http://doi.org/10.1016/j.virol.2014.08.010
http://doi.org/10.1111/j.1865-1682.2012.01357.x
http://doi.org/10.1128/JVI.01717-21
http://www.ncbi.nlm.nih.gov/pubmed/34787451
http://doi.org/10.1007/s00284-021-02661-z
http://www.ncbi.nlm.nih.gov/pubmed/34546415
http://doi.org/10.1016/j.meegid.2021.104782
http://www.ncbi.nlm.nih.gov/pubmed/33639307
http://doi.org/10.3389/fvets.2022.849178
http://www.ncbi.nlm.nih.gov/pubmed/35280146
http://doi.org/10.1371/journal.pone.0038067
http://doi.org/10.1128/JVI.01509-15
http://doi.org/10.3390/v11010040


Viruses 2022, 14, 1097 11 of 11

39. Sun, Y.; Qin, K.; Wang, J.; Pu, J.; Tang, Q.; Hu, Y.; Bi, Y.; Zhao, X.; Yang, H.; Shu, Y.; et al. High genetic compatibility and increased
pathogenicity of reassortants derived from avian H9N2 and pandemic H1N1/2009 influenza viruses. Proc. Natl. Acad. Sci. USA
2011, 108, 4164–4169. [CrossRef]

40. Bussey, K.A.; Desmet, E.A.; Mattiacio, J.L.; Hamilton, A.; Bradel-Tretheway, B.; Bussey, H.E.; Kim, B.; Dewhurst, S.; Takimoto, T.
PA residues in the 2009 H1N1 pandemic influenza virus enhance avian influenza virus polymerase activity in mammalian cells. J.
Virol. 2011, 85, 7020–7028. [CrossRef]

41. Hu, J.; Hu, Z.; Song, Q.; Gu, M.; Liu, X.; Wang, X.; Hu, S.; Chen, C.; Liu, H.; Liu, W.; et al. The PA-gene-mediated lethal
dissemination and excessive innate immune response contribute to the high virulence of H5N1 avian influenza virus in mice. J.
Virol. 2013, 87, 2660–2672. [CrossRef]

42. Mehle, A.; Dugan, V.G.; Taubenberger, J.K.; Doudna, J.A. Reassortment and mutation of the avian influenza virus polymerase PA
subunit overcome species barriers. J. Virol. 2012, 86, 1750–1757. [CrossRef] [PubMed]

43. Gabriel, G.; Herwig, A.; Klenk, H.D. Interaction of polymerase subunit PB2 and NP with importin alpha1 is a determinant of host
range of influenza A virus. PLoS Pathog. 2008, 4, e11. [CrossRef] [PubMed]

44. Herfst, S.; Chutinimitkul, S.; Ye, J.; de Wit, E.; Munster, V.J.; Schrauwen, E.J.; Bestebroer, T.M.; Jonges, M.; Meijer, A.; Koopmans,
M.; et al. Introduction of virulence markers in PB2 of pandemic swine-origin influenza virus does not result in enhanced virulence
or transmission. J. Virol. 2010, 84, 3752–3758. [CrossRef] [PubMed]

45. Venkatesh, D.; Bianco, C.; Núñez, A.; Collins, R.; Thorpe, D.; Reid, S.M.; Brookes, S.M.; Essen, S.; McGinn, N.; Seekings, J.; et al.
Detection of H3N8 influenza A virus with multiple mammalian-adaptive mutations in a rescued Grey seal (Halichoerus grypus)
pup. Virus Evol. 2020, 6, a16. [CrossRef]

46. Yiu, L.K.; Wing, Y.N.G.; Fai, W.K.; Fan, N.H.I.; Kam, F.H.J.; Fan, C.F.; Kwok, C.C.J. Human H7N9 avian influenza virus infection:
A review and pandemic risk assessment. Emerg. Microbes Infect. 2013, 2, e48.

47. Liu, S.; Zhu, W.; Feng, Z.; Gao, R.; Guo, J.; Li, X.; Liu, J.; Wang, D.; Shu, Y. Substitution of D701N in the PB2 protein could enhance
the viral replication and pathogenicity of Eurasian avian-like H1N1 swine influenza viruses. Emerg. Microbes Infect. 2018, 7, 75.
[CrossRef]

48. Jiao, P.; Wei, L.; Song, Y.; Cui, J.; Song, H.; Cao, L.; Yuan, R.; Luo, K.; Liao, M. D701N mutation in the PB2 protein contributes to the
pathogenicity of H5N1 avian influenza viruses but not transmissibility in guinea pigs. Front. Microbiol. 2014, 5, 642. [CrossRef]

http://doi.org/10.1073/pnas.1019109108
http://doi.org/10.1128/JVI.00522-11
http://doi.org/10.1128/JVI.02891-12
http://doi.org/10.1128/JVI.06203-11
http://www.ncbi.nlm.nih.gov/pubmed/22090127
http://doi.org/10.1371/journal.ppat.0040011
http://www.ncbi.nlm.nih.gov/pubmed/18248089
http://doi.org/10.1128/JVI.02634-09
http://www.ncbi.nlm.nih.gov/pubmed/20130063
http://doi.org/10.1093/ve/veaa016
http://doi.org/10.1038/s41426-018-0073-6
http://doi.org/10.3389/fmicb.2014.00642

	Introduction 
	Materials and Methods 
	Viruses and Animals 
	Sequence Analysis 
	Animal Experiments 
	Pathogenicity Studies in Chickens 
	Pathogenicity Studies in Mice 
	Pathogenicity Studies in Guinea Pigs 
	Adaptation of the Virus to Mice 
	Pathogenicity Studies of Adapted Strains 

	Sequence Analysis of Adapted Strains 
	Statistical Analysis 

	Results 
	Sequence Analysis of the Two H3N8 AIV Strains Isolated from Wild Birds 
	Pathogenicity of the Two H3N8 Strains in Chickens 
	Pathogenicity of the Two H3N8 Strains in Mice 
	Pathogenicity of Two H3N8 Strains in Guinea Pigs 
	Molecular Characteristics of the Two Adapted Strains 
	Pathogenicity of the Two Adapted Strains in Mice 

	Discussion 
	References

