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Southern China has long been considered to be an epicenter of pandemic influenza
viruses. The special environment, breeding mode, and lifestyle in southern China provides
more chances for wild aquatic birds, domestic poultry, pigs, and humans to be in
contact. This creates the opportunity for interspecies transmission and generation of
new influenza viruses. In this study, we reported a novel reassortant H1N2 influenza
virus from pigs in southern China. According to the phylogenetic trees and homology
of the nucleotide sequence, the virus was confirmed to be a novel triple-reassortant
H1N2 virus containing genes from classical swine (PB2, PB1, HA, NP, and NS genes),
triple-reassortant swine (PA and M genes), and recent human (NA gene) lineages. It
indicated that the novel reassortment virus among human and swine influenza viruses
occurred in pigs in southern China. The isolation of the novel reassortant H1N2 influenza
viruses provides further evidence that pigs are “mixing vessels,” and swine influenza virus
surveillance in southern China will provide important information about genetic evaluation
and antigenic variation of swine influenza virus to formulate the prevention and control
measures for the viruses.

Keywords: swine influenza virus, H1N2, reassortant, phylogenetic analysis, molecular characterization

INTRODUCTION

China is the biggest country for swine breeding and pork production, and the largest market for
the consumption of pork in the world. It is also the only region that frequently imports pigs from
other continents (Zhu et al., 2013; Kong et al., 2014). Swine influenza is an acute respiratory viral
disease characterized by coughing, sneezing, nasal discharge, elevated rectal temperatures, lethargy,
difficult breathing, and depressed appetite that decreases health and welfare of pigs and results in a
significant economic loss for the swine industry worldwide (Kothalawala et al., 2006). As the RNA-
dependent RNA polymerase could not proofread the newly synthesized gene segments, mutations
of influenza A viruses arise in each replication cycle (Nichol et al., 2000; Koger et al., 2013). It comes
as no surprise; the viruses never stop changing and generating new viral subtypes via mutation,
recombination and reassortant. Currently, HIN1, H3N2, and HIN2 swine influenza viruses (SIVs)
are mainly circulating in the swine population in China, but H3N8, H4N8, H5N1, H6N6, and
HON2 influenza viruses have been also isolated in swine in China (Kong et al., 2014). Overall,
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special breeding environments and features of the virus result
in various subtypes and genotype coexisting in China, which
would accelerate the genomics evolutionary and antigenic
variation of swine influenza viruses. Therefore, virologic and
serologic surveillance of swine influenza virus is urgently
required.

From January 2012 to March 2012, we carried out swine
influenza virus surveillance in southern China. We collected
300 samples from pigs on swine farms in Guangdong province.
One swine influenza virus was isolated. We analyzed the origin,
genetic composition, and antigenicity characteristics of the
hemagglutinin (HA) protein of the novel HIN2 subtypes isolated
from pigs.

MATERIALS AND METHODS

Sample Collection

From January 2012 to March 2012, we monitored swine influenza
virus in swine farms in Guangdong province of southern
China. We chose 30 swine farms and randomly collected 300
nasal swab samples from the 5 to 9-month-old fattening pigs,
and also from sows, weaning pigs, nursery pigs, and boars
which showed suspicious clinical symptoms. The samples were
sent to our laboratory, and stored at —80°C until analysis.
This study of nasal sampling from pigs was carried out in
accordance with the recommendations of the experimental
animal administration and ethics committee of South China
Agriculture University of guidelines. The protocol was approved
by the biosafety committee of South China Agriculture
University.

Virus Isolation and Identification

The collected samples were inoculated into amnionic and
allantoic cavities of 9-10-day-old specific-pathogen-free (SPF)
embryonated chickens eggs. After incubating for 48 h at 37°C,
the allantoic fluids were harvested, and the reverse-transcription
polymerase-chain reaction (RT-PCR), hemagglutination test,
and hemagglutination inhibition (HI) test were performed to
identify and subtype the positive influenza samples as described
previously (Song et al., 2015). Finally, virus allantoic fluids were
harvested and stored at —80°C before use. All experiments were
carried out in ABSL-3 facilities in compliance with the biosafety
committee of South China Agriculture University protocols. All
experiments handling was performed in accordance with the
experimental animal administration and ethics committee of
South China Agriculture University guidelines.

Gene Sequence and Molecular Analysis
Viral RNA was extracted from allantoic fluid with Trizol LS
Reagent (Life Technologies, Inc.) and transcribed into cDNA
with SuperScript III reverse transcriptase (Invitrogen, China).
PCR was performed as described previously (Song et al., 2015).
The products were purified with the QIAquick PCR purification
kit (QIAGEN) following the manufacturer’s instructions and
sequencing was performed by using an ABI Prism 3730
genetic analyzer (Applied Biosystems) by Shanghai Invitrogen
Biotechnology Co., Ltd.

Sequencing data were compiled with the SEQMAN program
of Lasergene 7 (DNASTAR). All the referred sequences of this
article were downloaded from NCBI databases. BLAST analysis
was carried out on NCBI. The consensus sequences of each
lineage were obtained using MegAlign and then compared with
MEGA (version 4.0) using Clustal W Method. Phylogenetic
trees were generated with MEGA program (version 4.0) using
neighbor-joining analysis. Bootstrap value was calculated on 1000
replicates of the alignment. The nucleotide sequences in this
study are available on GenBank (accession number KX269879-
KX269886).

RESULTS

Virus Isolation and Identification

The virus was isolated from nasal swab samples of nursery pigs,
and identified by the reverse-transcription polymerase-chain
reaction (RT-PCR), hemagglutination test, and hemagglutination
inhibition (HI) test and confirmed by genomic sequencing and
the nucleotide BLASTn analysis. According to the results, the
virus was identified as swine influenza A (HIN2) virus and
named as A/swine/Guangdong/1/2012(HIN2).

Homology Analysis of Nucleotide

Sequences

To wunderstand whether the swine HIN2 isolate
[A/swine/Guangdong/1/2012(HIN2)] is related to the
previous swine HIN2 viruses, eight gene segments of the
virus were sequenced, and the homology was determined
by comparison with the sequences available in GenBank.
Viral homology analysis of nucleotide sequences of the virus
was presented in Tablel and Figure9. The PB2 gene of
the virus shared the highest nucleotide sequence identity
with a triple-reassortant swine (TRIG) HIN2 influenza virus
(Vijaykrishna et al., 2011), A/swine/Hong Kong/NS30/2004
(HIN2), with a homology rate of 97.5%. The PB1 shared
the highest nucleotide sequence identity with another TRIG
HIN2 influenza virus [A/swine/Hong Kong/NS1890/2009
(HIN2)], with a homology rate 96.9%. The PA and NP genes
both shared the highest nucleotide sequence identity with

TABLE 1 | Nucleotide sequence identity between the isolate virus and
reference strains available in GenBank?.

GeneP Virus with the greatest similarity Identity (%)
HA A/swine/Hainan/1/2005(H1N2) 96.8
NA A/swine/Hong Kong/294/2009(H1N2) 97.1
PB2 A/swine/Hong Kong/NS30/2004(H1N2) 97.5
PB1 A/swine/Hong Kong/NS1890/2009(H1N2) 96.9
PA A/swine/Hong Kong/1111/2004(H1N2) 97.6
NP A/swine/Hong Kong/1111/2004(H1N2) 97.1
M A/swine/Hong Kong/NS623/2002(H1N2) 97.9
NS A/swine/Hong Kong/NS623/2002(H1N2) 97.1

ahttp://www.ncbi.nim.nih.gov/.
bHA, hemagglutinin; NA, neuraminidase; PB, polymerase basic subunit; PA, polymerase
acidic subunit; NR, nucleoprotein; M, matrix; NS, nonstructural.
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FIGURE 1 | Continued
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A/swine/Hong Kong/1111/2004 (HIN2), which was another
TRIG HIN2 influenza virus isolated in Hong Kong, with a
homology rate ranging from 97.1 to 97.6%. The HA gene
was the most closely related to the classical swine (CS) HIN2
viruses (A/swine/Hainan/1/2005 (HIN2; Yu et al., 2009), with a
homology rate 96.8%. The NA gene showed a close relationship
with A/swine/Hong Kong/294/2009 (HIN2; with a homology
rate 97.1%), which was a TRIG HIN2 influenza virus that
acquired the HA gene from the CS viruses (Smith et al., 2009).
The M and NS genes shared the highest nucleotide sequence
identity with another TRIG HIN2 influenza virus (Smith
et al., 2009), A/swine/Hong Kong/NS623/2002 (HIN2), with

a homology rate ranging from 97.1 to 97.9%. Thus, the results
of the homology analysis suggested that the virus might be a
multi-reassortant virus.

Phylogenetic Analysis of the Virus

To understand the genetic origin of the gene segments
of the virus more precisely, eight phylogenetic trees were
constructed using the nucleotide sequences of the virus
and the genes of reference viruses available in GenBank,
which included viruses isolated from poultry, human, and
swine.
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The phylogenetic analysis results showed that the PB2, PB1,
HA, NP, and NS genes of the novel HIN2 virus all fell into
the classical swine lineage (Figures1, 2, 4, 5, 8). The PA and
M genes of the virus belonged to the TRIG lineage (Figures 3,
7). The NA gene of A/swine/Guangdong/1/2012(HIN2) was
special and segregated into recent human lineage, early human
lineage, earliest human lineage, and avian-like swine lineage
(Figure 6). Though the NA gene of the virus was closely
related to that of those TRIG HIN2 influenza viruses, it
fell into the recent human lineage, which containing human
H3N2 influenza viruses isolated from the 1990s and the
Twenty-first century. Therefore, according to the phylogenetic
trees and homology of the nucleotide sequence, the virus
was confirmed to be a novel triple-reassortant HIN2 virus

containing genes from classical swine (PB2, PB1, HA, NP, and NS
genes), TRIG (PA and M genes), and recent human (NA gene)
lineages.

Molecular Analysis

In our study, the deduced amino acid sequences of the HA region
of the novel HIN2 virus and other representative influenza
viruses from China were aligned and analyzed. The novel HIN2
virus and other representative viruses all contained an amino
acid motif PSIQSR|G at their HA cleavage sites, which is a
characteristic of low pathogenic influenza viruses. Five potential
glycosylation sites (N-X-S/T) were conserved at positions 27,
28, 40, 498, and 557 (H1 numbering) in the HA protein of all
analyzed viruses (Figure 10). The viruses from human, classical
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swine, and 2009H1NI1 lineages also had conserved glycosylation
sites at positions 104 and 304 (H1 numbering). One potential
glycosylation sites at position 293 (H1 numbering) only existed
in some viruses. The K136N (H1 numbering) mutation brought a
new potential glycosylation site at position 136 in the HA protein
of the novel HIN2 virus. In addition, the viruses of the human,
classical swine, and 2009HINT1 lineages had more glycosylation
sites than those of the avian-like lineage. The novel HIN2 virus
had the same D at positions 225 of HA as the 1918 human strain,
suggesting that the virus may have potential to infect humans.
Antigenic sites are regions of molecules involved in antibody
binding. Several mutations were found in the antigenic sites
of the A/swine/Guangdong/1/2012(HIN2) virus (Figure 10):
GI158E at site Sa; S188N, A189I, and D204E at site Sb; S140P,
H141Y, N145R, 1169L, S206T, K224R, and Q240G at site Ca; and
S74F and N778 at site Cb (H3 numbering).

In our study, we found five glycosylation sites in the NA
protein in the novel HIN2 virus. Two were in the linker region

(N61 and N70) and the other three were in the NA domain
(N146, N200, and N234). The amino acid substitutions (E119G,
H274Y, R292K, and N294S) were not observed in the NA protein
of the novel HIN2 virus, which suggested the virus was still
sensitive to NA inhibitors.

Analysis based on the deduced amino acid sequence of
A/swine/Guangdong/1/2012(HIN2) and its potential donor
virus, the novel HIN2 virus and its potential donor virus
[A/swine/Hong Kong/NS30/2004 (H1N2)] both contained 271A,
5908, 591R, 627E, and 701D in the PB2 protein. The isolate and
its potential donor virus [A/Hong Kong/NS1890/2009(HIN2)]
both contained a truncated PB1-F2 protein (57aa) and a PBI-
N40 protein (718aa). The PA-X protein of swine influenza viruses
usually exists in either full length or a truncated form (either 61aa
or 4laa). The novel HIN2 virus and A/Hong Kong/1111/2004
(HIN2) both possessed a full-length PA-X. The amino acid
substitutions (26, 30, 31, and 34) were not observed in the M2
protein of the novel HIN2 virus and its potential donor virus
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both occurred in the M2 protein of them.

DISCUSSION

Swine influenza was first observed as a pertinent disease of
swine in 1918 at the time of the human pandemic, and the
virus was isolated and identified in 1930. This is known as the
“classical” HIN1 swine virus. From 1918 to 1919, the classical

swine influenza virus caused a high mortality among pigs in
Chinese coastal cities. The classical swine virus was first isolated
in Hong Kong of China in 1974 and continued to presence
in apparently healthy pigs in Hong Kong and Mainland China
(Zhu et al., 2013). Recently, classical HIN1 swine virus emerged
in humans as a reassortant (2009/HIN1) and caused the 2009
HIN1 influenza pandemic (Dawood et al., 2009). Reassortant
HIN?2 influenza A viruses derived from human-like swine H3N2
and classical swine HIN1 viruses were first isolated in Japan
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in 1978 and became endemic in Japanese swine populations
(Sugimura et al., 1980). Then, these reassortant swine HIN2
influenza viruses have also been isolated and demonstrated
in many countries, such as France, the United Kingdom, the
United States, Korea, Spain, Germany, Thailand, and so on (Yu
et al., 2009). However, these reassortant HIN2 viruses were not
reported until 2004 in China (Qi and Lu, 2006).

In our study, a reassortant swine influenza virus
(A/swine/Guangdong/1/2012) was isolated from nasal swab
samples of nursery pigs when we collected a total of 300 samples

from pigs in swine farms of Guangdong province during swine
influenza virus surveillance between January 2012 and March
2012. Homology analysis showed that the HA gene was most
closely related to the classical swine (CS) HIN2 viruses and
the NA gene showed a closer relationship with a TRIG HIN2
influenza virus that acquired the HA gene from the CS viruses.
Phylogenetic analysis showed that the PB2, PB1, HA, NP,
and NS genes of the virus fell into the classical swine lineage,
and the NA gene belonged to the recent human lineage. The
PA and M genes of the virus belonged to TRIG lineage. The
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data confirmed that A/swine/Guangdong/1/2012(HIN1)
was a novel triple-reassortant HIN2 virus, and the
recombination event occurred in swine populations of southern
China.

In general, species barriers prevent the movement of influenza
viruses from one host into another host. For complete adaptation
and further transmission between species, influenza A virus
must overcome species barriers including spatial, physiological,
and molecular in origin (Koger et al., 2013). When influenza

A virus shed by one host to infect another, it must breach
entry barriers. The specificity of receptor molecules usually
governs viral entry into cells. It is well-known that avian
influenza viruses preferentially bind to sialic acids (SA)-a-
2,3-Gal-terminated glycoproteins, whereas human influenza
viruses bind SA-a-2,6-Gal-terminated glycoproteins. In humans,
epithelial cells of the upper airway predominantly express
SA-a-2,6-Gal-terminated glycoproteins. These differences may
be responsible for restricting replication of avian viruses
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in humans. However, respiratory epithelia of pigs express
both SA-a-2,3-Gal-terminated glycoproteins and SA-a-2,6-Gal-
terminated glycoproteins. Thus, pigs are susceptible to infection
with both avian and human influenza virus suggesting that
pigs are a potential source for generating novel reassortant
influenza viruses and are more frequently involved in interspecies
transmission of influenza A viruses than other animals.
Therefore, pigs are always considered “mixing vessels” (Brown,
2001; Kuiken et al., 2006). The outbreak of the swine-origin
triple-reassortant HINT influenza virus in 2009, which contained
the genes from human, avian, and swine influenza viruses, is a
representative example of emerging viruses that are recombined
and adapted in pigs before transmission to humans (Smith et al.,

2009). In our study, the isolate had the same D at positions
225 of the receptor-binding property of HA protein as the 1918
human strain, suggesting that the virus may have potential to
infect humans.

The antigenic evolution of the influenza virus via genetic
processes of antigenic drift and shift increases antigen variably
and leads to epidemics and pandemics. Antigenic drift usually
occurs in the antibody-binding sites in the HA protein, the NA
protein, or both. It is responsible for the selection pressure to
evade host immunity. Lacking immunity in the newly drifted
virus will result in a more severe, early-onset influenza epidemic,
and increased mortality (Zambon, 2001; Carrat and Flahault,
2007). In our results, we found some changes in the antigenic
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FIGURE 8 | Phylogenetic trees of the PB2, PB1, PA, HA, NP, NA, M, and NS
method using MEGA 4.0 software based on the following sequences: PB2 gene (1

1000 replicates of the alignment.

genes of influenza A viruses. The virus marked with “A” is the swine H1N2 virus

[A/swine/Guangdong/1/2012 (H1N2)] isolated and sequenced in this study. The unrooted phylogenetic trees were generated by the distance-based neighbor-joining

), nt 1-2280; PB1 gene (2), nt 1-2274; PA gene (3), nt 1-2151; HA gene (4),

nucleotides (nt) 33—-1733; NP gene (5), nt 46-1542; NA gene (6), nt 20-1429; M1 (7) gene, nt 11-982; NS1 gene (8), nt 1-660. Bootstrap value was calculated on

sites of the A/swine/Guangdong/2012 virus: G158E at site Sa;
S188N, A189I, and D204E at site Sb; S140P, H141Y, N145R,
1169L, S206T, K224R, and Q240G at site Ca; and S74F and
N77S at site Cb (H3 numbering). More studies should be done
to determine whether these changes in antigenic sites would
prompt the reassorted swine virus to infect swine and other
hosts.

The amino acid at 627 of PB2 is a key factor for host
range, and all human influenza viruses (HIN1, H2N2, and
H3N2) have K at this position, whereas the majority of avian
influenza viruses have E (Qi et al., 2009). 271A with the 590/591

SR polymorphism in PB2 protein helps pHINI and triple-
reassortant swine influenza viruses overcome host restriction
and efficient replication and adaptation in mammals (Liu et al.,
2012). When avian-like signature 627E remains stable rather than
changing to the mammalian-like signature 627K, a compensatory
D70IN substitution increased the polymerase activity and
enhanced virulence in mice and enhanced transmission between
guinea pigs (Li et al., 2006; Zhou et al, 2013). In our study,
the A/swine/Guangdong/1/2012 contained 271A, 590S, 591R,
627E, and 701D in the PB2 protein. The 2714, 590S, and 591R
may help our isolate overcome host restriction and efficient
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FIGURE 9 | Putative genomic compositions of the novel swine influenza (H1N2) virus (A/swine/Guangdong/1/2012). The eight genes of these viruses were
represented by horizontal bars. From top to bottom, PB2, PB1, PA, HA, NP, NA, M, and NS are indicated. Each different color represents a distinct origin.

replication and adaptation in mammals. PB1-F2 is encoded in The prevention and control of influenza virus mainly relies
an alternative reading frame of the PB1 gene and a small protein ~ on antiviral drugs and vaccines. Amantadine, an adamantane
which is transported to the mitochondria and nucleus. PB1-F2  derivative, is an antiviral compound effective against influenza
could induce apoptosis in the host cell and increase virulence  virus. Despite certain side-effects and a rapid induction of
and the risk of secondary infections (Chen et al., 2001; McAuley  resistant strains, amantadine is licensed for the prophylaxis and
et al., 2007). PB1-F2 protein has variable sizes with truncations  therapy of influenza in various countries. It inhibits the function
either at the C- or N-terminal ends (Vasin et al,, 2014). Studies  of the influenza virus M2 proton channel and single amino
demonstrated that H5Nlinfluenza A virus containing a PB1-  acid substitutions at positions L26F, V27A(T), A30T, S3IN,
F2 was more virulent for BALB/c mice than a closely related  and G34E of the M2 protein to confer resistance against it.
H5N1 containing intact PB1-F2 (Kamal et al., 2015). However,  Single mutant with S31N or double mutants with the S31N and
a truncated PB1-F2 did not affect the pathogenesis of HIN1  either of the L26F, V27A, or V27T substitutions both confers
seasonal influenza virus (Meunier and von Messling, 2012). In  amantadine resistance (Abed et al., 2005; Krumbholz et al., 2009),
our study, the isolate and its potential donor virus both contained ~ However, the significance of V271 exchanges need further study.
a truncated PB1-F2 protein (57aa), the role of truncated PB1-  On the other hand, oseltamivir is used as an NA inhibitor in
F2 of them should be studied in the future. PA-X protein is  the treatment of infecting influenza H5N1viruses. Moreover, if
expressed from a second open reading frame of the PA gene.  the substitutions E119E, H274Y, R292K, and N284S in the NA
Studies demonstrated that PA-X decreased the pathogenicity of  protein happen, the influenza virus may not be sensitive to the
pandemic 1918 HINI virus, 2009 pandemic HIN1 (pHIN1), NA inhibitors. In our study, the isolate was still sensitive to NA
and highly pathogenic avian influenza H5N1 viruses in mice  inhibitors.

by modulating the host response (Jagger et al., 2012; Koger Although swine influenza is widespread and is endemic
et al,, 2013; Gao et al,, 2015; Hu et al., 2015). However, Gao  throughout the world, isolating swine influenza viruses is
et al. demonstrated that PA-X protein in HIN2 virus was  relatively difficult and is dependent on the time of sampling.
a pro-virulence factor in facilitating viral pathogenicity (Gao  And the continual co-circulation of antigenically diverse swine
et al,, 2015). In our study, the novel HIN2 and its potential  influenza virus is a challenge to the production of efficacious
donor virus both possessed a full-length PA-X. The pro- or  and protective vaccines. Antigen-specific antibodies induced by
anti-virulence role of PA-X of them should be studied in the  current vaccines provide limited cross protection to heterologous
future. challenges. Moreover, many studies have demonstrated that the
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FIGURE 10 | Molecular analysis of HA amino acid sequences of the isolated virus and reference strains. Red boxes are potential glycosylation sites.
Previously defined antigenic sites are indicated: site Sa (lime shade), site Sb (yellow shade), site Ca (pale green shade), site Cb (canary shade). Residues marked with

vaccine is correlated with an increased risk of influenza-like-
illness in swine. Thus, this is why the vaccine is rarely used in
swine populations in China. Therefore, it is important to develop
new vaccines with high efficacy and safety to protect the swine
from influenza viruses in the future.
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