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swine virus (Afswine/Guangdong/96/06) was isolated from pigs in Guangdong province, which was
reported in China for the first time. To get further evidence for infection of pigs with human-like

H1N1 iofluenza viruses, we analyzed eight gene segments of three human-like swine HIN1 viruses

(Afswine{Guangdong/{96{06, Afswine/Tianjin{01/04 and Afswine/Henan/01/06) isolated in China. All the
eight genes of the three viruses are highly homologous to recent {about 2000) and early (1980s) human

" HIN1 influenza viruses, respectively. Phylogenetic analyses revealed that AfSwine/Guangdong/96/06

was directly derived from about 2000 human HIN1 influenza viruses, while Afswine/Tianjinf01/04 and
Afswine/Henan{01{06 seemed to be descendants of human H1N1 viruses circulating in 1980s. Seropreva-
lence of our isolate (Afswine/Guangdong/96/06) confirrned the presence of human-fike H1IN1 virus in
pigs in China. Existence of these influenza viruses, especially older viruses (Af/swine/Tianjin/01/04 and
Afswine{Henan/01/06), indicates that human-like HiN1 influenza viruses may remain invariant for long
periods in pigs and provides the evidence that pigs serve as reservoirs of older influenza viruses for human

pandemics.

© 2008 Elsevier B.V. All nghts reserved.

1.' Introduction

Swine influenza is an acute respiratory disease caused by
influenza A virus within the Orthomyxoviridae family. The primary
clinical manifestations of viral infection are fever and acute respira-

tory distress. Currently, three main subtypes of influenza viruses are-

circulating in the swine population throughout the world: subtypes
H1N1, H3N2 and HIN2 {Brown, 2000). These include classical swine
H1N1, avian-like HIN1, human-like or avian-like H3N2, reassortant
H3N2 and various genotype HIN2 viruses (Brown, 2000; Qi and
Lu, 2006; Webby et al., 2000). These viruses have remained largely
endemic in pig populations worldwide and have been responsible
for one of most prevalent respiratory diseases in pigs.

Chjna, especially southern China, is regarded as an epicenter
of pandemic influenza viruses throughout history (Shortridge and
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Stuart-Harris, 1982). The tracheal ep.itlielium in pigs expresses
receptors for both human and avian influenza viruses, and this pro-

vides-a biological basis for the susceptibility of pigs to both avia=-

and human influenza viruses (Ito et al.,, 1998; Peiris et al., 2001 ). Pis.
can therefore function as intermediate hosts or “mixing vessels™

in establishing new influenza virus lineages by supporting coin--

fection, replication, and reassortment @mong-human, avian, and

swine influenza viruses (Brown, 2000; Landolt et al., 2003). In the
" past, a nuimber of influenza viruses have been isolated from pigs in

China. These mainly include classical swine H1N1 viruses, avian- -

like HIN1 viruses, human-like H3N2 viruses, double-reassortant
H3N2 viruses containing genes from the human'and avianinfluenza
viruses, triple-reassortant H3N2 viruses containing genes from the
human, classical swine and avian viruses, avian-like HON2 viruses,
and double-reassortant HIN2 virus ¢ontaining genes similar .to
those of human and swiné viruses (Guan et al., 1998; Peiris et
al., 2001; Shortridge and Webster. 1979; Xu et al,, 2004; Yu et al,;
2008ab).

Human H1N1 viruses can infect pigs and pig-to- pigtransmission

has been demonstrated under experimental conditions {Brown,

2000). Serological surveillance studies worldwide suggest that the .

prevallmg human H1N1 strains are readily transmxtted to pigs and
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have resulted occasionally in the isolation of virus (Katsuda et al.,
1995: Nerome et al,, 1982; Yu et al., 2007). In 2006, a human-like
H1N1 swine virus (Afswine/Guangdongf96/06) was isolated from
pigs in Guangdong province, which was reported by us in China for
the first time (Yu et al., 2007). To get further evidence for infec-
tion of pigs with human-like HIN1 influenza viruses, we made
full use of our isolate and another two human-like HIN1 swine
influenza viruses isolated and sequenced by scientists of Huazhong
Agricultural University of China, and we analyzed their genetic evo-
lution. In this study, we summarize and report, for the fist time, the
coexistence of recent (about 2000) human-like and early (1980s)
human-like swine H1N1 influenza viruses in pigs in China.

2. Materials and methods

2.1, Viruses

Alswine/Guangdong/96/06(H1N1) was isolated from pigs ina -

farm of Guangdong province of southern China, by inoculation into
and subsequent passage in the allantoic cavity of 10-day-otd SPF
embryonated chicken eggs (Yu et al., 2007). Viral gene sequenc-
. ¥ was carried out as follows. In brief, viral RNA was directly
" .atracted from infected allantoic fluids using RNeasy Mini Kit
(Qiagen, Chatsworth, CA) and reverse transcription {RT) were car-
ried out under standard conditions using Uni12 (AGCAAAAGCAGG)
primer. PCR was performed using specific primers for eight genes
{primer sequences are available on request). PCR products were
purified with the QIA quick PCR purification Kit (Qiagen, Inc.) and
cloned into pMD18-T vector {TaKaRa, Dalian), then sequenced using
synthetic oligonucleotides by Invitrogen Company.

In addition, Afswine/Tianjin/01/04(H1N1) and A/swinefHenan/
01/06(H1N1) were isclated and sequenced by scientists of
Huazhong Agricuitural University of China. The nucleotide
sequences were made availablé in GenBank under accession num-
bers: EU004440-EU004455.

2.2, Serum samples of pigs

-From 2006 to 2007, we carried out swine influenza virus surveil-
ance in China, a total of a total of 717 serum samples were randomly
collected from apparently healthy pigs from nine provinces (Hei-
longjiang, Henan, Shandong, Zhe_nang. Anhui, Jiangxi, Guangdong,
_ _f‘uang}u and Beijing).

‘z.3. Sequence analysis

All eight-gene segments of these three HIN1 swine influenza
viruses were characterized and phylogenetically together with the
representative sequence data available in GenBank. Sequence data
were compiled and edited by using the Lasergene sequence analysis
saftware package (DNASTAR Inc., Madison, WI). Multiple sequence
alignment was carried out by using CLUSTAL W, and the unrooted
phylogenetic trees were genierated by the distance-based neighbor-
joining method using MEGA 3.1. Bootstrap values were calculated
on 1000 replicates of the alignment,

2.4, Serology tests

All sera were pretreated with the “Trypsin-Heat-Periodate”
method to abolish interference by nonspecific serum inhibitors
and used for hemagglutination inhibition (HAI) tests using chicken
erythrocytes (World Health Organization, 2002). Neutralization
tests were carried out by mixing 100 50% tissue culture infective
doses of the virus with serial dilutions of serum and incubating
. for 2h followed by inoculation onte MDCK cells grown in 96-well
microtiter plates. After adsorption of the virus-sérum mixture for

1136

2h, the inoculum was removed and fresh serum-free tissue cul-
ture medium containing trypsin (2 pgfml) was added. Complete
neutralization of cytopathic effect (read under an inverted micro-
scope) was considered evidence of neutralizing antibody (Peiris et
al., 2001; World Health Organization, 2002).

3. Results
3.1. Homology anelysis of nucleotide sequences

Analysis of the homology of nucleotide sequences of eight genes
of ourisofate (AfswinefGuangdong{96/06) and another two isolates
(Afswine/Tianjin/01/04 and Afswine/Henan/01/06) was performed
by comparison with sequences available in GenBank (Table 1).
All eight-gene segments of Ajswine/Guangdong(96/06 were sim-
ilar to H1IN1 influenza viruses circulating in human in 2000 or
2001, with homologies ranging from 98.8 to 99.6%. But inter-
estingly, Afswine/Tianjinf01/04 and Afswine/Henan/01/06 were
closely related to human HIN?T viruses isolated in 1980s, with
homologies ranging from 98.2 to 100%.

3.2. Phylogenetic relationship of H1N1 swine influenza viruses
from China

In the swine influenza virus surveillance in eight provinces
(Heilongjiang, Henan, Shandong, Guangdong, Zhejiang, Anhui,
Jiangxi, and Beijing) during 2005-2006, one human-like H1N1
influenza virus (A/swine/Guangdong/96/06} was isolated from
pigs, which was reported in China for the first time (Yu et al.,
2007). Recently, the sequences of two human-like HIN1 swine
viruses (Afswine[Tianjin/01/04 and Afswine{Henanf01/06) were
published in GenBank. To characterize the gene segments of the
three hurnan-like H1N1 influenza viruses from pigs more pre-

_ cisely, we constructed the phylogenetic trees using the nucleotide

sequences of the HA, NA, PB1, PB2, PA, NP, M and NS genes available
in GenBank and the information from the trees was analyzed.
Phylogenetic analysis of the HA gene reveals that all of the HIN1
swine viruses isolated in China can be separated into three lineages,
including human strains, classical swine strains and avian strains
(Fig. 1). Previously most of the HIN1 swine influenza viruses,
isolated in China, belong to classical swine or avian lineage. Clas-
sical swine lineage mainly includes Afswine/Guangdong/711/01,
Afswine/Hong Kong/273({94, AlswineBeiing{47[91, Afswine{Hong
Kong{172/93 and so on. AfswinefHong Kong{i68/93 and
AlswinefHong Kongf176/93, had emerged in China, belong to
avian lineage. Afswine/Guangdong/96/06, AfswinefTianjin/01/04
and AfswinefHenan/01/06 are incorporated into the human
lineage, Our isolate (AfswinefGuangdong/96{06) was closely
related to A/Dunedinf2/00, while Afswing/Tianjin/01/04 and
‘Afswine{Henan {0106 were derived from AfMemphis{12{86.
Phylogenetic analyses of NA, PB1, PB2, PA (Fig. 2), NE M
and NS {data not shown) genes showed a clear division of
each of these genes into different lineages including classical
swine lineage, human lineage and avian lineage, similar to the .
HA gene. A[swmelGuangdong[QGlOS Afswine[Tianjin/01/04 and
Afswine/Henan/01/06 belong to human lineage in the seven phylo-
genetic trees. Because of the lack of sequence data of swine HIN1

. influenza viruses isolated in China, these genes of classical swine

lineage and avian lineage of China were not analyzed. :

Based on the phylogenetic trees and homology of the
nucleotide sequence of gene segments of the three viruses,
AfSwine/Guangdong/96/06 was directly derived from aboug, 2000
human HIN1 influenza viruses. But, A]swxnefﬁamm]l)l[gai “and

- Alswine/Henan/01/06 seemed to be descendants of human H‘l N1

o

viruses cnrculat: ngin 1980s.
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Table 1

Genetic homology of the human-like swine influenza viruses isolated in China with related sequences available in GenBank.

Viruse

Alswine/Giangdorigid6ios -~ . P2

Afswing/

rwzzs,roo(mmj= .
rk}443[01(HlN1] o

A Alswine/Guangdong96/06
L a/Dunedinzon
AHong Keng/11347/9¢8
AMNanchang47/96
AW Uhan3T195
ATexasfisie ’

A AlswineHenan0106

L A ArswineTIan)in1.04
AMemphis/12/86
L/Singaporegigs
ABaylorf11735/82
AMempRisi {78

o § Adong KongM 1777

HA

Human

AxzwineHong Kongtes:93
_____[{ﬁ.; swine/Hong Kong$ 7683
Adusk/Hokkaido5536 -
AswineBelgium/ 1796
AlswineNethartandsA285
Aswinedletheriands/3.80
AmwnefraneeD51484
AMwkeyGermany2482.90
AfchickenHong Kongi4/76

0.0%

Fig. L. Phylogenetic tree of the HA (positions 84-1061) gene of the HINI influenza

viruses. The uarooted phylogenetic tree was generated by the distance-based

neighbor-joining method using MEGA 3.1 Reliability of the tree was assessed by

. bootstrap analysis with 1000 replications, only bonrsrraps values >90% were shown.
' Different lineages are marked with different colors : - .

) 137 -

A[Memphls]12186 respecnvely

3.3. Molecular analysis

To try to identify possible determinants of interspecies trans-
mission of HIN1 influenza viruses from human to pigs, the
deduced amine acid sequences of HAl region were aligned.
The proposed antigenic sites {Caton et al., 1982; Lubeck andr
Gerhard, 1981; Olsenetal,, 1993), receptor-binding sites (Nobusawa
et al., 1991) and potential glycosylation sites were analyzed
(Fig. 3).

Antigenic sites are regions of molecules involved in antibody
binding and four sites {Sa, Sb, Ca and Cb) of HIN1 influenza
virus have been defined (Caton et al, 1982; Wiley et al, 1981).
A[swmequ%ngﬂongféE]ﬁG ‘and AfDunedin{2f00 have the same
amino acids- in antigenic sites, while Afswine/Tianjin/01/04,
AfswinefHenanf01/06 and A/Memphisf12/86 also have the
same amino acids in antigenic sites, which indicate these
three viruses may have the similar antigenicity to rec&”’ \
(about 2000) and early (1980s) human HIN1 influenza vnrusz‘_“
respectively,

The host range of influenza A viruses is associated with differ-
ences in specificity of HA for attachment to sialic acid-containing
receptors on susceptible cells. So the receptor-binding property
of the HA protein of influenza virus is an itnportant molecular
determent of host-range restrictions {(Matrosovich et al., 2000;
Weis et al., 1988), The amino acids at positions 91, 131-135,
150, 180, 187, 181, 192, and 221-226 (98, 134-138, 153, 183,
190, 194, 195, and 224-229 according to H3 number) are com-
ponents of Teceptor-binding sites of the HA of HIN1 influenza
viruses (Nobusawa et-al, 1991). The three human-like HIN1
swine influenza viruses and the two reference human viruses
(A/Dunedin/2{00 and AfMemphis{12{86) had the same amino
acids at YSI' GB]. V132' A‘l34. 5135' W‘ISO' TISZ' HIBO' Yt92' RZZ‘I'
Q223, B4 G225 and R¥S (receptor-binding sites). At position .
133, the three swine influenza viruses and AfDunedin/2{00 had
the same amino acids (S). At position187, AfswinefTianjin/01/04
and Afswine/Henan{01/06 had the unique amino acid (E)..The -
two amino acids of the three human-like swine influenza viruses'
at positions 191 and 222 were identical to A}'Dunedlﬂizj()() and

.', N
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Fig. 2, Phylogenetic trees of the NA (positions 93-1415), PB1 (positions 14-2286), PB2 (posmons 52—2295) and PA {positions 40-2175) genes of the HiNl mfluenza viruses.
The method used is as given in the legend of Fig. 1. Different lineages are marked with different colors.

~ Some glycosylation sites have a significant effect on.receptor-
binding property of the influenza virus HA protein, and glycosy-
lation is therefore an important process in the generation of new
_virus (Schulze, 1997). Eight potential glycosylation sites (N-X-5/T)
were conserved at positions 10, 11; 23, 54, 87, 125, 160, and 287
in the HA1 protein of the three human-like HIN1 swine mﬂuenza

- viruses and the two reference human wruses ' B

34. Seroprevalence of the human-like HIN1 mﬂuenza viruses in
swine populations of Ching )

The'isolati:on and genetic characterization of hum'an-liké HiN1
influenza viruses in pigs suggested that these viruses mlght form
a stable lineage in swine populations in China. So we conducted

‘a serological surveillance to get some usg_ﬁ;l information about .
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Table 2
Seraprevalene of the human-hke HINI influenza virus in swine populations of
Chma.‘I

a HAI and neutralization positives were taken as titers of 1/80 or more.
b NT, neutralization test.

seroprevalence of the human-like HIN1 influenza viruses in swine
populations of China. A collection of 717*pig sérum saihples from
nine provinces in China was analyzed in HAl and neutralization tests
for the presence of an‘ubody to human-like HINT swine influenza
virus (Afswine/Guangdong/96/06) (Table 2). Serological surveil-
lance results indicated that the human-like HIN1 swine influenza
virus might sporadically infect pigs in China, In the HAI test anti-
body to Afswine/Guangdong/96/06 was detected with prevalence
ranging from 0 to 20.8%, while in the neutralizing test antibody to
the H1N1 virus was relatively low with prevalence ranging from 0
to 13.9%,

4. Discussion

Influeinza virus infection is an important cause of respiratory
disease amorig pigs throughout the swine producing regions of the
world (Karasin et al., 2000). Swine influenza was first observed in
1918 at the time of the human pandemic and the virus wasisolated
and identified in 1930 by shope (Brown, 2000; Shope, 1931). This
virus was the prototype strain of a group of viruses now known as
classical swine influenza viruses. Virologic and serological surveil-
tance has shown that classical swine HIN1 is prevalent throughout
the major pig population of thé world (Brown, 2000; Chainbers et
al., 1991; Guan et al., 1996; Hinshaw et al., 1978). Since 1979, classi-
cal swine influenza viruses have been replaced by avian-like HIN1
viruses that are antigenically distinguishable from classical swine
~ HIN1 vifuses in Europe. Hurnan HiN1 viruses can infect pigs and
"pig-to-pig transmission has been demonstrated under experimen-

1

tal conditions. Serological surveillance studies worldwide sugg= ?
that the prevailing human H1N1 strains are readily transmitted'
pigs (Brown, 2000), but there are a few reports about isolation
of the human-like swine HIN1 viruses. In China, classical swine

"H1N1 viruses were the predominant influenza virus infecting pigs

and circulated in pigs in China in northern, central {Henan and
Jiangxi), and southern (Guizhou and Guangdong) provinces {Guo et
al., 1992). Since 1993, avian-like swine influenza viruses had been
isolated from pigs and circulated with classical HIN1 viruses (Guan
et al, 1996). In 2006, human-like swine H1N1 influenza viruses
were reported by us for the first time. In this study, we summarized
and reported coexistence of recent {about 2000) and eariy (19805):
human-like swine H1N1 influenza viruses, which provides further
evidence for infection of pigs with human—hke H1N1 influenza
viruses in China.

Serological surveillance had indicated that classical swine H1
and human-like H3 subtype influenza infections widely existed in
the pig populations in-China, and avian H4, H5 and H9 influenza
viruses had been transmitted to pig populations in southeastern
China (Li.et al., 2004: Ninomiya et al, 2002). No type of swine
influenza vaccine has been used in pigs in China, and therefore
the serological surveillance'of human-like HIN1 swine influenyz,
viruses conducted in this study could reflected the real situat]
of swine influenza infection, In this study, a total of 717 pig serum
samples from nine provinces in China were detected in HAI and
neutralization tests for the presence of antibody to human-like
H1N1 swine influenza virus (A/swine/Guangdongf96/06). In the
HAI test antibody to Afswine/Guangdong{96/06 was detected with -
prevalence ranging from 0 to 20.8%, while in the neutralizing test
antibody to the HiN1 virus as relatively low with prevalence rang-
ing from @ to 13.9%. All these indicated that the human-like HINT
‘swine influenza virus might sporadically infect pigs in China. -

Influenza virus genomes are well known to undergo anti-
genic drift or antigenic shift that enable escape from preexisting
immunity and cause new outhreaks- of influenza in animails
and even humans (Chi et al, 2005; Potter, 2001;. Subbaral
and Joseph, 2007), so influenza viruses exhibit the greatest

- genetic diversity and change every year. In this study, we ana-

lyzed eight gene segments of three human-like swine HIN1
viruses -(AfswinefGuangdong{96/06, A/swine/Tianjin/01/04 and
AfswinefHenanf01 !06) isolated in China. Why were all the ejght -
genes of the three viruses closely related to recént (about 2000) -
or early {1980s) hurnan H1N1 influenza viruses? A p0551ble expla- -
nationn may be that these influenza viruses were{mtroducgd inte
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pigs at the time they circulated in huraans and have persisted
in pigs without antigenic drift. In China, Pigs have a short lifes-
pan (approximately 6 months) and are not inoculated any type of
swine influenza vaccine, Once the influenza viruses were intro-
duced into pigs, these viruses might appear tc have been under
less immune selection pressure and all genes evolved more slowly
than in humans and poultry. We describe here genetic relatedness
of these swine isolates with recent:(about 2000) or early (1980s)
human H1N1 influenza viruses and provide evidence of long term
conservation of human HI1N1 influenza viruses in pigs.

Of the four pandemic strains of human influenza A virus
occurred in the 20th century, the 1977 pandemic strain was very
similar in all eight genes to a 1950 human HIN1 strain {Kilbourne,
2006). Therefore, pandemic strains of influenza A virus could arise
by re-emergence of these older viruses that may have caused an
epidemicmany years earlier. In this study, we phylogenetically ana-
lyzed eight gene segments of three human-like HIN1 influenza
viruses isolated from pigs in China, AfSwine/Guangdong{96/06 was
directly derived from about 2000 human H1N1 influenza viruses.
But Afswine/Tianjin/01/04 and Af{swine/Henan/01/06 seemed to be

-descendants of human HIN1 viruses circulating in 1980s, which
~ pwed the possibility that pigs serve as reservoirs for older
“influenza viruses.

China, especially Southern China, is thought to be the epicenter
for the human influenza pandemics throughout history {(Shortridge
and Stuart-Harris, 1982). The special environment and lifestyle
in southern China provide more chances for wild aquatic birds,
domestic poultry, pigs and humans to contact closely, and create the
opportunity for interspecies transmission and generation of new
reassortment influenza viruses. Although, it is virtually impossi-
ble to prevent new outbreaks of influenza in human and animals,
it is now welt recognized that animal influenza virus surveillance
can play a key role in the early recognition of outbreak threats.
So it is of great significance to carry out swine influenza virus
surveillance. Existence of these influenza virises, especially older
viruses (A/swinefTianjin/01/04 and A/swine/Henan{01/06), in pigs

. provides the evidence that pigs serve as reservoirs of older influenza
viruses for human pandemics and emphasizes the importance of
reinforcing swine influenza virus surveillance in China.
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