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Dear editor,

Swine influenza virus (SIV) is a member of the Orthomyxoviridae
family, influenza A virus genus, which can cause the swine influenza—an
acute and highly contagious respiratory disease in pigs (Brown, 2000;
Kothalawala et al., 2006). The SIV was first observed in 1918 in the
United States and the progenitor of the SIV was the HIN1 influenza virus
which caused the Spanish influenza pandemic of 1918 (Shope, 1931).
Due to the high transmission rate and 100% morbidity, swine influenza
has become widespread worldwide and caused huge economic losses to
the pig industry (Kyriakis et al., 2017).

Since the porcine airway epithelium contains both a2,6-linked sialic
acids (mammalian influenza virus receptor) and «2,3-linked sialic acids
(avian influenza virus receptor), pigs have been considered as a mixing
vessel for occurring potential influenza virus reassortment derived from
different host species (Sun et al., 2016). The 2009 pandemic H1N1
(pdm/09) virus was a reassortant SIV which caused a human influenza
pandemic (Smith et al., 2009). Since the emergence of the pdm/09 virus,
reassortants between pdm/09 virus and enzootic SIVs have been detected
in swine around the world (Vijaykrishna et al., 2010). China has the most
abundant SIVs ecosystem, the genetic lineages mainly include classical
swine HIN1, Eurasian avian-like HIN1 (EA H1N1), triple reassortant
H1N2, pdm/09 and H3N2 lineages, and the subtypes are predominantly
H1N1, HIN2 and H3N2 (Vijaykrishna et al., 2011). The introduction of
pdm/09 virus has increased its reassortment with Eurasian avian-like
HIN1 (EA HIN1) which were the predominant SIV circulating in
swine in China (Liang et al., 2014).

EA HIN1 SIVs were first detected in Belgium in 1979 and the first
identification of EA HIN1 SIVs in China was reported in 2001 (Pensaert
et al., 1981; Vincent et al., 2014). Various types of reassortants between
EA H1N1 SIVs and pdm/09 viruses have been detected among swines in
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China and some of which have acquired mutations responsible for
enhanced virus infectivity to humans (Wang et al., 2013; Zhu et al., 2016;
Li et al., 2019). Zoonotic infections with EA HIN1 SIV also have been
reported in Europe (Parys et al., 2021). Thus, the research on EA HIN1
SIV should be paid enough attention. In this study, we reported the ge-
netic characterization of a reassortant EA HIN1 SIV which isolated from
a pig farm in Shandong province of north China, and further studied the
pathogenicity of the reassortant virus in mice.

The reassortant EA HIN1 SIV, designated A/swine/Shandong/L1/
2018(H1N1) (SD/18, Genbank accession no. ON030710-ON030717),
was detected in the lungs of pigs with typical symptoms of swine influ-
enza, such as fever and cough, from a pig farm in Shandong province of
north China. Cytopathic effects of MDCK cells appeared on 24 h after
inoculation with the virus isolate and the viral supernatant was harvested
on 48 h after inoculation. The hemagglutination (HA) test was performed
to test the antibody titers as described previously (Killian, 2014), and the
HA titers of the viral supernatant reached 32 HAU/50 pL as measured
with 0.5% chicken red blood cells.

Viral RNA was extracted from the supernatant using a RNeasy Mini kit
(Qiagen, Germany) and cDNA synthesis was performed by using Super-
Script®III First-Strand Synthesis System (Invitrogen, USA) with Uni-12
primer according to the manufacturer's protocol. All eight segments
were amplified by PCR with specific primers (Supplementary Table S1)
and cloned into the pMD-18T vector, and then sequenced by Sangon
Biotech Company (Shanghai, China). To elucidate the genetic character-
istics of SD/18, we performed full-length genome sequencing of all eight
segments and compared them with SIV sequences from GenBank. BLAST
results indicated that hemagglutinin (HA) and neuraminidase (NA) gene
segments of SD/18 shared the highest nucleotide identity with A/swine/
Jiangsu/s16/2011(H1N1) and A/swine/Shaanxi/s1/2011(HIN1), with

1 Shuaiyong Wang, Manzhu Wang, and Lingxue Yu contributed equally to this study.

https://doi.org/10.1016/j.virs.2022.04.009
Received 12 October 2021; Accepted 11 April 2022
Available online 2 May 2022

1995-820X/© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:haiyu_008@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virs.2022.04.009&domain=pdf
www.sciencedirect.com/science/journal/1995820X
www.keaipublishing.com/en/journals/virologica-sinica
http://www.virosin.org
https://doi.org/10.1016/j.virs.2022.04.009
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.virs.2022.04.009
https://doi.org/10.1016/j.virs.2022.04.009

S. Wang et al.

A Ha

A/swine/Hong Kong/1780/2008(H1N1)
93| A/swine/Jiangsu/zg18/2011(H1N1)
AlJiangsu/ALS1/2011(H1N1)

A/swine/Shaanxi/s2/2012(H1N1)
A/swine/Jiangsu/zg7/2010(H1N1)
A/‘S\ vine/Tianjin/9/2013(H1N1)
% swine/Tianjin/8/2013(H1N1)
A/S\/me/Tan in/10/2013(H1N1)
A/swine/Heilongjiang/0140/2017(H1N1)
A/S\/me/Hebe: 0221/2017(H1N1)
A/sx/me/Hel\on( jiang/1214/2016(H1N1)
A/swine/Hebei/0116/2017(H1N1)

A/swine/Anhui/1227/2015(H1N1)

99 A/swine/Shandong/S269/2014(H1N1)
A/swine/Tianjin/78/2015(H1N1)
Alswine/Tianjin/158/2015(H1N1)
A/swine/Shandong/S153/2014(H1N1)
A/swine/Shandong/S113/2014(H1N1)
A/swine/Jilin/29/2016(H1N1)

A/swine/Shandong/36/2016(H1N1)

A/swine/Jilin/21/2016(H1N1)

A/swine/Henan/SN13/2018(H1N1)

A/swine/Shandong/LY 142/2017(H1N1)
4—E‘ A/swine/Jiangsu/J004/2018(H1N1)

99|

A/swine/Jiangsu/J005/2018(H1N1)
A/swine/Jiangsu/J006/2018(H1N1
@ A/swine/Shandong/L1/2018(H1N1)
{Ali\ vine/Jiangsu/s16/2011(H1N1)
A/swine/Guangdong/1361/2010(H1N1)
A/swine/Liaoning/32/2006(H1N1)
A/swine/Zhejiang/1/2007(H1N1)
A/swine/Hubei/101/2009(H1N1)
A/swine/Fuijian/58/2008(H1N1)
A/swine/Beijing/26/2008(H1N1)
A/swine/Shandong/275/2009(H1N1)
A/swine/Shandong/62/2008(H1N1)
o— A/swine/Guangdong/1/2010(H1N1)

9
A/swine/Guangxi/S2/2013(H1N1)
99 A/swine/Guangdong/1605/2010(H1N1)
991 A/swine/Guangdong/1623/2010(H1N1)

L A/swine/Hong Kong/8512/2001(H1N1)
A/Swine/Spain/50047/2003(H1N1)
A/swine/Hungary/19774/2006(H1N1)
A/swine/England/WVL14/1996(H1N1)
Alswine/Belgium/1/1983(H1N1)
A/chicken/Hong Kong/14/1976(H1N1)
A/swine/Fuijian/0325/2008(H1N1)
Alswine/Tianjin/3/2009(H1N1)
A/swine/Tianjin/1/2009(H1N1)
Al/swine/Tianjin/2/2009(H1N1)
A/Nanchang/17/1996(H1N1)
A/Florida/3/2006(H1N1)
A/Washington/10/2008(H1N1)
A/Brisbane/59/2007(H1N1)
A/swine/Tianjin/01/2004(H1N1)
A/Baylor/11735/1982(H1N1)
A/swine/Wisconsin/1/1967(H1N1)
A/swine/Guangdong/01/2008(H1N1)
A/swine/Guangdong/L6/2009(H1N1)
A/swine/Guangdong/11/2009(H1N1)
A/swine/Guangdong/322/2006(H1N1)|
A/swine/Guangdong/1/2005(H1N1)
A/swine/Shanghai/1/2005(H1N1)

99

99

|RUOSEaS UBWNH

—_
0.05

A/swine/Shanghai/2/2005(H1N1)
A/swine/Shandong/1112/2008(H1N1)
A/swine/Guangdong/2/2009(H1N1)
Al/swine/Tianjin/5/2010(H1N1)
Alswine/Guangdong/2/2001(H1N1)
A/swine/Guangdong/109/2006(H1N1)
Alswine/Beijing/156/1991(H1N1)
A/California/04/2009 A(H1N1)
A/swine/Nanchang/3/2010(H1N1)
A/swine/Guangdong/114/2009(H1N1)
FA/swi ne/Guangdong/94/2009(H1N1)
Alswine/Guangdong/106/2009(H1N1)
[A/swine/Guangdong/ 176/2009(H1N1)

QUIMS |BISSED

A/swine/Guangdong/213/2009(H1N1)
Alswine/Guangxi/1/2011(H1N1)
A/swine/Jangsu/504/2010(H1N1)
EA/swine/Shandong/81 1/2009(H1N1)
A/swine/Shandong/327/2010(H1N1)
A/swine/Guangdong/286/2010(H1N1)
I A/swine/Guangdong/50/2010(H1N1)
A/swine/Y unnan/74/2010(H1N1)
[Alswi ne/Heilongjiang/44/2009(H1N1)
A/swine/Jangsu/49/2010(H1N1)

INLH 60Aupd

-ueiAe ueiseing

B ps2

100

Virologica Sinica 37 (2022) 627-630

ﬁ| A/swine/Jilin/29/2016(H1N1)
A/swine/Shandong/36/2016(H1N1)
A/Singapore/ON803/2009(H1N1)
A/swine/Shandong/94/2010(H1N1)
A/swine/Shandong/731/2009(H1N1
A/swine/Nanchang/3/2010(H1N1)
Alswine/Heilongjiang/44/2009(H1N1)
A/swine/Guangdong/286/2010(H1N1)
Alswine/Guangdong/1361/2010(H1N1)
Alswine/Guangdong/106/2009(H1N1)
Alswine/Guangdong/1397/2010(H1N1)
A/swine/Guangdong/50/2010(H1N1)
Alswine/Jangsu/49/2010(H1N1)
A/swine/Nanchang/5/2010(H1N1)
Alswine/Shandong/811/2009(H1N1)
|- A/swine/Guangxi/1/2011(H1N1)
Alswine/Yunnan/74/2010(H1N1)
Alswine/Guangdong/114/2009(H1N1)
Alswine/Guangdong/213/2009(H1N1)
Alswine/Guangdong/94/2009(H1N1)
Alswine/Jangsu/504/2010(H1N1)
Alswine/Shandong/327/2010(H1N1)
Alswine/Shandong/854/2009(H1N1)
A/Finland/553/2009(H1N1)
AlCalifornia/04/2009(H1N1)
L A/swine/Heilongjiang/105/2009(H1N1)
@ A/swine/Shandong/L1/2018(H1N1)
Alswine/Henan/SN13/2018(H1N1)
Alswine/Jiangsu/J005/2018(H1N1)
Alswine/Jiangsu/J006/2018(H1N1)
Alswine/Jiangsu/J004/2018(H1N1)
Alswine/Shandong/LY 142/2017(H1N1)
Alswine/Shandong/S113/2014(H1N1)
Alswine/Shandong/S153/2014(H1N1)
Alswine/Shandong/S269/2014(H1N1)
Alswine/Tianjin/78/2015(H1N1)
A/swine/Tianjin/158/2015(H1N1)
Alswine/Anhui/1227/2015(H1N1)
Alswine/Hebei/0116/2017(H1N1)
Alswine/Hebei/0221/2017(H1N1)
Alswine/Heilongjiang/0140/2017(H1N1)
Alswine/Heilongjiang/1214/2016(H1N1)
E Alswine/Heilongjiang/10/2007(H3N2)
A

pdm/09 H1N1

/Swine/Indiana/P12439/2000(H1N2)
A/Swine/Minnesota/593/1999(H3N2)
Alswine/Texas/4199-2/1998(H3N2)
Alswine/Guangdong/1/2010(H1N1)
Alswine/Shanghai/1/2007(H1N2)
Alduck/NY/13152-13/1994(H1N1)
100, A/swine/Belgium/WVL2/1983(H1N1)
A/swine/England/WVL7/1992(H1N1)
100, A/swine/Guangdong/1605/2010(H1N1

Triple reassortant

97

_|

0.02

98

A/Memphis/12/1986(H1N1)

1 A/swine/Guangdong/1623/2010(H1N1
96, Alswine/Jiangsu/40/2011(H1N1)
Alswine/Shaanxi/s2/2012(H1N1)
A/swine/Shandong/62/2008(H1N1)
A/swine/Shandong/692/2008(H1N1)
A/swine/Fujian/58/2008(H1N1)
Alswine/Beijing/ 08(H1N1)
A/swine/Zhejiang/1/2007(H1N1)
Alswine/Hubei/101/2009(H1N1)

/ anjin/6/2011(H1N1)
ianjin/7/2012(H1N1)
ngsu/s15/2011(H1N1)
u/zg6/2010(H1N1)
A/swine/Shandong/275/2009(H1N1)
Alswine/Shandong/327/2009(H1N1)

Alswine/Tianjin/2/2009(H1N1)
A/swine/Tianjin/3/2009(H1N1)
1001 a/sviine/Tianjin/1/2009(H1N1)
A/Denmark/11/2001(H1N1)
Al/swine/Fujian/0325/2008(H1N1)
A/swine/Tianjin/01/2004(H1N1)

100

aY|-UeiAe uBliseing

Alsv

Human seasonal

Alswine/Wisconsin/1/1967(H1N1)

99 Alswine/Beijing/156/1991(HIN1)
L Alswine/Hubei/02/2008(H1N1)

Alswine/Guangdong/L6/2009(H1N1)
91 Alswine/Guangdong/109/2008(HIN1)
99| || A/swine/Guangdong/01/2008(H1N1)
Alswine/Guangdong/11/2009(H1N1)
Alswine/Guangdong/322/2006(H1N1)
A/swine/Guangdong/33/2006(H1N1)
A/swine/Shandong/1112/2008(H1N1)
Alswine/Shanghai/1/2005(H1N1)
Alswine/Shanghai/2/2005(H1N1)
Alswine/Shanghai/3/2005(H1N1)
Alswine/Tianjin/5/2010(H1N1)

Classical swine

Fig. 1. Phylogenetic and pathogenic analysis of the reassortant EA HIN1 SIV (A/swine/Shandong/L1/2018, SD/18). A Phylogenetic tree of HA gene for SD/18
suggested it belongs to EA HINI1 lineage. B Phylogenetic tree of the PB2 gene for SD/18 suggested it belongs to 09/pdm HIN1. The black dots indicate the viruses
characterized in this study. Phylogenetic trees were performed using the maximum likelihood method with 1000 bootstrap replicates in MEGA7. C Body weight
change and (D) survival curves of the mice after viral infection. Experimental groups of mice were infected with 10° TCIDs, of SD/18 in a volume of 50 pL, and mice in
the control group were inoculated with 50 pL of PBS. E Virus titers were titrated with MDCK cells. At 3, 5, and 7 dpi, the lungs of two groups of mice were collected and
titrated with MDCK cells. F Histopathology of the lungs from mice inoculated with SD/18 viruses, or PBS at 3, 5, and 7 dpi by H&E staining. Scale bar = 100 pm. More
details about these experiments are provided in Supplementary Material.
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Fig. 1. (continued)

an identity of 99.16% and 99.08%, respectively. The results suggested that
SD/18 belongs to the lineage of EA HIN1 SIV.

Phylogenetic analysis of the eight gene segments of SD/18 were
constructed by the software MEGA7 (www.megasoftware.net) and the
reliability of the phylogenetic trees were assessed by bootstrap analysis
with 1000 replicates. Reference strains used in this study were listed in
Supplementary Table S2. Phylogenetic analysis of the HA (Fig. 1A) and
NA (Supplementary Fig. S1A) gene segments indicated SD/18 was
classified into EA H1N1 SIV lineage, which was the predominant sub-
type virus circulating among swine population in China before 2014.
And phylogenetic analysis of polymerase basic 2 (PB2), polymerase
basic 1 (PB1), polymerase acidic, nucleoprotein, matrix and nonstruc-
tural genes showed they all clustered into the pdm/09 lineage (Fig. 1B,
Supplementary Figs. SIB-1F), and all the six internal genes showed
high similarity to the reference strains previously isolated in the
mainland of China. Taken together, the results of phylogenetic analysis
indicated that SD/18 was a reassortant SIV between EA HIN1 SIV and
pdm/09 virus, and containing the whole internal gene cassette of pdm/
09 virus.

A few key amino acids related to the influenza A virus mammalian
adaptation had been detected in previous studies. Based on the results of
genetic alignments, multiple substitutions might contribute to mamma-
lian adaptation of SD/18 virus found in this study (Supplementary
Fig. S2). We found that HA gene of SD/18 virus contained substitution
K142N, which was reported to cause antigenic change (Parys et al.,
2021). T271A, G590S, and Q591R in PB2 gene were also found, which
might increase the replication capacity in mammalian cells (Peacock
et al., 2020). In addition, we found amino acid substitution T652A in PB1
gene, which may also have an impact on mammalian adaptation of
SD/18 virus (Parys et al., 2021).
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To further evaluate the virulence of the reassortant EA HIN1 SIV, we
used BALB/c mice as the model. Experimental groups of mice were
inoculated with SD/18 at a dose of 10° TCIDsq and the mice in the control
group were inoculated with PBS for mock infection. Body weight and
clinical signs were recorded daily during the 14-day course of the
experiment. It showed that mice in the control group had no obvious
clinical symptoms. In contrast, experimental groups of mice inoculated
with SD/18 exhibited severe clinical symptoms, including dyspnea,
huddling, ruffled fur, hunched posture and drastic weight loss, and all
mice died at 9 days post-infection (dpi) (Fig. 1C and D). Viral titers in the
lungs of mice at 3, 5, and 7 dpi were titrated with MDCK cells. The results
showed that SD/18 could be detected and reach the high level of 10°
TCIDsg at 3 dpi and 5 dpi (Fig. 1E). These results suggested that SD/18
could replicate efficiently in mice without adaptation and cause serious
clinical symptoms and high mortality.

In addition, we further analyzed the histopathology in the lungs of the
mice at 3, 5, and 7 dpi. The H&E staining results showed that no obvious
pathological changes were observed in the control group. However, SD/
18 induced severe pathological changes of the lungs, characterized by
extensive vascular congestion, thickened alveolar walls, significant intra-
alveolar edema, with a small amount of inflammatory cell infiltration
(Fig. 1F).

Recently, a case of human infection with EA HIN1 SIV was reported
in the Netherlands, and the virus could be isolated from human and pigs,
which suggested the possibility of EA HIN1 SIV transmission from swine
to humans (Parys et al., 2021). In addition, Sun et al., recently reported
the genotype 4 reassortant EA HIN1 viruses have acquired increased
human infectivity in China (Sun et al., 2020). Taken together, the po-
tential risk of EA lineage SIVs to humans is very high and we need to pay
enough attention to the different reassortant EA HIN1 viruses.
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In summary, this study reported the genetic characterization of a
reassortant EA HIN1 SIV which isolated from swine in north China. Our
findings indicated the whole internal gene cassette of pdm/09 virus could
be naturally incorporated with HA and NA genes of EA HIN1 SIV lineage.
Moreover, we also evaluated the pathogenicity and replication of the
reassortant SIV in mice. The results showed that the virus could replicate
efficiently in the lungs of mice and the mortality rate in mice could reach
to 100%. On account of the potential risk of a human pandemic, the
surveillance of the reassortant EA HIN1 SIV in swine should be
strengthened.

Footnotes

This study was supported by grants from National Natural Science
Foundation of China (31970175) and China Agriculture Research System
of MOF and MARA (NYCYTX-009). The authors have no conflicts of in-
terest to declare. This study was approved by the Ethics Committee of
Animal committee of Shanghai Veterinary Research Institute (permit
number SHVRI-SZ-20200420-05) in China and the related procedures
were performed according to the guideline of National Influenza Sur-
veillance Program (Edition, 2017). All the data generated during the
current study are included in the manuscript.

Supplementary data to this article can be found online at https://do
i.org/10.1016/j.virs.2022.04.009.
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